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FOREWORD

In recent years there has been a great surge of interest and activity in the
field of biological nitrogen fixation. Rightly so, since the increased cost of
energy and the growing demand for nitrogen fertilizer is expected to cause
dramatic increases in the price of this commodity in the years ahead. As we
struggie to feed a growing and hungry world, the need for a better
understanding and a fuller application of the mechanism of biological
nitrogen fixation is, however, of perhaps even greater importance than is
apparent from the problems of cost and supply mentioned above, Most of the
food in the tropical developing countries is produced by subsistence farmers,
whose resource base is so small, and whose physical access to supply markets
so limited, that they cannot take full advantage of new technologies that are
overty dependent on purchased inputs. Biological nitrogen fixation, used
appropriately, could reduce the production constraints facing these farmers in
the many nitrogen-deficient soils of the workd,

The importance of this subject wag illustrated by the attendance at this
meeting: 178 participants from 33 countries. But this was not just another
international conference on biological nitrogen fixation, As its title indicates
this was 4 workshop — notjust a presentation of formal papers, but a series of
discussions on what to do with this knowledge, and how to work together in
its development and application. Indeed, one of the stated objectives of the
workshop was to develop cooperative links, and in this [ believe it has been
highly successful. Also important was the applied nature of the workshop,
which has been involved with seeking technology for tropical agriculture —a
task relevant to the many hungry regions of the world.

All of CIAT’s programs adhere to the common philosophy of relevance,
complementarity, and minimum inputs, Refevance, because CIAT is an
mstiute dedicated to the generation of technology that will enhance
agricultural production and productivity, Complermentarity, becanse CIAT
recognizes that it is only one link in the cooperative network of national
programs and instituttons working in the field of scientific research and
agriculturai development, and that it will play its part effectively only if it
works in ¢lose collaboration with other institutes. Minimum inputs to keep
the production costs of all new technology within the reach of the small and
less advantaged farmers. Since these three elements of CIAT"s philosophy
were all central to the biological nitrogen fixation workshop, CIAT was
delighted to share with the University of Hawaii NifTAL Project and
ICRISAT the co-sponsorship of the workshop, and to host it.

I would like to thank the co-sponsors for this very successful cooperative
effort and to record their gratitude for the cooperation received from ADAB,
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the Boyce Thompson Institute, Cornell University, the East-West Center,
ICARDA, INTSOY, IRRI, North Carolina State University, UNESCOQ,
University of Puerto Rico, USAID and USDA. I am sure I speak for all the
cosSponsors, cooperators and participants, in expressing the hope that these
proceedings will stimulate greater cooperation in the application of our
knowledge of nitrogen fixation to the benefit of farmers and consumers in the
tropics.

JOHN L. NICKEL
Director General
CENTRO INTERNACIONAL DE AGRICULTURA TROPICAL
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KEYNOTE ADDRESSES




BNF Technology for Tropical Agriculture

BIOLOGICAL NITROGEN FIXATION —-PROBLEMS AND
POTENTIAL

A. App and A, Eaglesham!

The ultmate goa! of this Workshop on Biological Nitrogen Fixation
Technology tor Tropical Agriculture is to increase vields in farmers” fields. We
are specifically interested inincreasing the supply of nitrogen (N} available for
crop production in the tropics. There are three principle sources involved:
N fertilizers, organic wastes and green manures, and biclogical N> fixation
(BNF), How eifective is each of these agents in the LIDCs (less developed
countries)’

Figure I shows the refationship between cereal production and fertilizer
ugage over the period irom [930-1974 and clearly indicates the value of
fertilizer N for mcreusing crop vields {Hardy, 1975). Estimates vary as to the
relative importance of N fertiizers in stimulating world cereal vields, but
perhaps one-third to one-half of the increase in yields during the past thirty
years can be attributed 1o the use of N fertilizers (Engibous, 1975; Hardy,
1975; Herdt & Barker, i975). Roughly 20 militon tons of N fertilizer, a third of
the world’s total consumption, is currently being utilized in the LDC's
(Stangcl, 1979),

Figure 2 gives a summary of world prices for fertilizer N over the past
fifteen years. Note the serious increase in prices experienced during the energy
crisis of 1974-1975. No one knew what the future would bring as faras N
fertilizer prices were concerned, and there was genuine fear that farmers
employing modern technology would soon find fertilizer prices too expensive
relative to the risk and potential benefits, We now see that prices have receded,
but ne one knows how long thus situation will exist.

It is much more dithicult to ducument the importance of nitrogenous wastes
and green manures tor crop production in the LDCs. These sources have been
employed in traditional agricelture for centuries, and currently are very
important in the People’s Republic of China. It is estimated that
approximately two-thirdx of the N applied to rice in the People’s Republic of
China is from organic wastes, green manures, composts, ete. (IRR1, 1980}

! Boyce Thompson Institute at Cornell University, Ithaca, N. Y., USA.
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Table 1 contains some estimaltes of the amounts and types of waste available
{or employed) in the Peopic’s Republic of China and in the LDC's (Stangel,
1979). The total quantity of N contained in these materials appears to be more
than three times the gquantity of N fertilizer used in these regions during 1980,
However. it would be a seriaus mistaks to attempt to employ these sources of
N in other regions of the world without recognizing the social, cultural, and
economic setting in which they are now utilized.

LABLE 1. Total annual production of N through organic wastes in developing
countriss {1971-1980) and usedin the People’s Republic of Ching
{1976} (Stangel, 1979}

Source People’s Republic of China  Developing world'

Quantity Ncontent Total N Total N (107 1)
(10° t) (%) (10° 1)

1971 1980

Human waste
Night soil (60%
available N} 127 .60 762 12,250 15,260
Animal waste
Cattle manure (70%

available N) 411 0.60 2,460 17,800 22,250
Pig manure 571 4.50 2,855%
Goat manure 65 .60 390
Poultry manure 23 1.46 366
Farm compost 8,540 11,830
Plant resicues 273 0.30 819
Green manure 48 0.40 192
Mud silt 144 .25 360
Urban compost 430 6500
ity garbage 13 0.60 78
Urban sewage 1,430 1,790
0Oil seedcakes 4 7.00 28
Others {(bonemeal,
hagasse, etc.) 10 06,40 40 6,620 R,290
Total 1689 8,320 48,120 &0,120

e xcludes Central America and Oceania, but includes socialist Asia.




We now come to BNF, the topic of immediate concern to this workshop.
We have seen that both N fertilizers and organic wastes do make an impacton
crop vields. and especially on cereal yields. But the situation with BNF is not
so clear. For example, can we demonstrate that BNF is the most limiting
factor for grain legume yields in the tropics? Will rhizobia inoculants increase
yields? Brought, pests, soil problems, and topography are frequently more
serious problems than N deficiency, and may explain why farmers’ vields of
grain legumes are roughly omne-third to one-half those obtained on
experimental plots (App ef af, 1980}, This is not to say that a reasonable
degree of nodulation and N, fixation is not needed in order to realize the best
yields that are currently being obtained on farmers’ fields. Forexample, there
arc reports of N fertilizer responses by tropical legumes which are not
nodulated or are poorly nodulated (App ef al,, 1980}, This fertilizer response
can be eliminated if those grain legumes are properiy inoculated with an
effective strain of rhizobia.

Perhaps the {atlute to obtim larger vields of grain legumes with inoculants
or N fertilizers is partially due to a “yield barrier.” Soybean vields in the USA
have increased only 14 1o 21%; in the past twenty-five vears, while cereal grain
yields have increased approsmately 5010 758 fduring this same period of time
(Summerfield o1 ¢/ 1975, Tropweal kgyme breeders are more interested in
increasing yields and i developing pest tolerance, than in developing
varietics with increased potential for BNF (Kawano & Jennings 1980), High
rates of BNF are not a primary selection factor. However, if the vield barrier
can be broken, greater inputs of N and other nutrients may be necessary to
exploit this enhanced yield potential.

There are problems in attermpling (o assign a high pniority to BNF research
in the developing areas ot the tropies. Research on BNF is often long-termand
expensive. It is not always possible to evaluate the benelits of BNF on crop
production in 4 smgle season. A better estimation of the impact is usually
possible if the N ecenoems and productivity of the complete cropping eycele is
examined. Higher priotiy s often given 1o other areas of research where
direct impact on vield s more obvious in the short term,

For forage legumes. the estumation of productivity is even more difficult
sinee Hivestock must be included in order to efficiently utilize the forages. The
type of research suggested here reyuires a coordinated effort by crop
physiologists. agronomnis. ccononusts, livestock speqalists, microbiologists,
and plant breeders. BAE & only one component of a larger research package
for erop improvement.

It is also not clear who the primary users of the BNF technology in the
LDCs will be. Many suggest thiat the “subsistance” or less-advantaged farmer
in remote regions on poorer soil, limited in capital or on a small farm, will
utilize this techpology. Smee he is currently using “traditional” cultural
practices. improved systems of BNI should be attractive and appropriate for
his agricuttural operation. Unfortunately, BNF systems do require inputs for



optimum performance: good seed and inoculants, proper soil amendments,
some water control, available livestock, and management by the farmer is
often needed. In addition, crop selection by the farmer may be based on yield
or yield stability, the economic value and desirability of the product as a
food) fiber source, suitability to a particular soil. or how well it fits intoa crop
rotation. BNF i3 not envisioned as 4 primary selection factor and would
certainly require other modifications to his traditional practices. Farmers
who are currently using madern technology, who are located on productive
soils, and who are properly financed and served by an adequate infrastruc-
ture. are another possible user group. However, they usually use N fertilizer.
The yearly quantity of fertilizer employed in the developing tropical world s
stitl mncreasing.

What would happen if we should suddenly find that N fertilizers were no
longer a feasible source of N i the developing areas of the tropics? A recent
study compared farms in the 1.5, corn belt that used "orgamic™ methods of
farming (no fertilizer N, pesticides, etc.) with their neighbors who used
conventional pract:ces that included N fertilizers (Lockeretz, Shearer & Kohl,
1981). Selected data from this report are contained in Table 2. With the
exception of the hay and oat crops, which usually receive little or no fertilizer,
all yields were lower. Wheut was down 259, but the authors note that this was
a mnor crop on all the tarms studied, and usually received complete
fertilization on conventional farms. Livestock numbers were higher on the
organic farms in order to utilize the farage that was produced as a result of
inclusion of legumes in the crop rotations. Profits were approximately equal
since lower costs tor olf-larm inputs roughly equaled the economic loss
resuiting from reduced vields. Theauthors of this study suggested that neither
of the situations examined tn their study may be the best option. In particular,
they suggest that usage of a modest amount of fertilizer N by the organic
farmers would likely Have asubstantial impact on their vields. In other words,

TABLE 2: Yislds, Hyvestock numbers, and profitability of organic
{farmers relative to conventional farmers. {Lockerelz,
Shearer & Kohl, 1981).

Crop Organic Farmer
Maize  (yield} -0 %
Wheat * -25 %
Soybeans “ -8 %
Hay » 4

Qats ” 0
Livestock Greater numbers

Profits Approx, equal




the combined use of both BNF and moderate amounts of fertilizers may be the
optimum choice. This balanced approach may be worth more consideration
in the developing arcas of the tropics. Research on increasing the efficiency of
utilization of tertilizer N shouid also be included.

In summary. it is time to do the tield research necessary to prove that BNF
can make a measurable impact vn erop production in the tropics. This kind of
research witl alse help us detine who the logical users of the improved BNF
technology may be hinallv. added research emphasis onthe optimum use of
both BNF and N fcrulizers i cropping systems is suggested.

Several new research projects and programs on BNF were initiated during
the 1974 energy crists and shortly thereafter. Prior to the energy crisis, very
few laboratories were domng research in BNF. We have had sufficient time to
establish our programs. and 1t 15 now time to demonstrate that BNF can
effectively increase vields i tarmers” fields.
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BNF Technology for Tropical Agriculture g

A ROLE FOR LEGUMES IN TROPICAL AGRICULTURE

M.JT. Kormant

Summary

This paper reviews the economic, nutritive, and biological role
for both grain and pasture legumes in tropical agnculture.
Particular attention is paid to the importance of legumes in
muitiple crepping systems and to the role of forage legumes in
Cropmng systems.

INTRODUCTION

In this introductory paper | shall interpret the role of legumes in three ways:
economic, nutritive, and biclogical. By the economic role of legumes I mean
their place in the tropical world’s agriculture: the areas where they are grown
{and we know these with some degree of accuracy only for crop legumes), how
the area sown to legumes in a particular region varies over time, and the
degree to which crop legumes enter the world trade. | shall then deal with the
place of legumes in the diet of both humans and stock, though with an
emphasis on pasture legumes as a component of ruminant nutrition. Last, by
the biological role of legumes I mean their place in tropical farming systems.
With respect to crops thisincludes temporal and spatial relationships between
legumes and nonlegumes in cropping systems and the consequences of their
inclusion in. or exclusion from, crop patterns. For pastures the biplogical role
includes the capacity of legumes to raise the productivity levels of tropical
grasslands and the constraints to full realization of that capacity.

THE ECONOMIC ROLE OF LEGUMES
Grain legumes

Tables 1, 2, and 3 illustrate significant features of the production and trade
of grain legumes in the developing world and China. The tables are deficient in

© Dept of Agromomy and Horticultural Science, Univ. of Sydney, Sydney, 2006 Australia.




TABLE 1: Harvested areas of crop legumes and cereals in the developing world and China: averages for 1969-71 and

1977-9 (1000 ha). Source: FAO (1980a)

Crop Developing countries China
Africa Latin America Near East Far East

69-71  77-79 69-71  77-79 69-71  17-79 69-71 77-79 69-71 77-79

LEGUMES:
Soybeans 176 224 1568 9252 15 94 1015 1385 13859 14328
Groundnuts 6206 3068 1127 868 546 1072 8531 8594 2165 2390
Dry beans' 1813 2045 6419 7265 246 219 8407 9330 3381 4116
Other grain legume52 8878 91295 942 959 1174 1378 16842 17792 8440 9717
Totai 17073 16632 10056 18344 1981 2763 34795 37101 27845 30551
Change in Total (%} -2.6 +82.4 +39.5 16.6 +5.7

CEREALS:
Wheat 6213 5532 8555 9547 19999 20863 23617 28746 28336 37001
Barley 4042 4474 1235 1189 6106 6653 3633 2769 12834 14568
Rice 3518 4185 6394 7700 1217 1145 76564 81916 34622 37735
Maize 12349 14111 25852 25844 1824 2079 12933 14432 10521 11707
Sorghum 10657 11136 3525 4779 3256 3942 18167 16667 8571 8570
Millets 14401 15105 160 246 1211 1606 20747 19053 13072 14170
Total 51180 54543 45721 49303 33613 36288 155661 163583 107956 123751
Change in Total (%) +5.6 7.8 +8.0 5.1 +14.6

1Largely Phgseolus and Vigna (except cowpeas).

2A[l prain legumes except dry beans: e.g, peas, lentils, chickpeas, pigeon peas, cowpeas,

01
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that it is only possible to present data for four crop legume groups from the
Food and Agriculture Organization’s (FAQ) statistics; furthermore, the FAQ
regional grouping obscures the boundaries between tropical and temperate
zones. However, a reasonably clear global picture emerges,

In Table 1, changes in crop area aver the past eight years for the four crop
legume groups and the six major cereals are contrasted. It is said that, in times
of food shortage, farmers of the developing world tend to substitute cereals
for legames: if subsistence farmers, in order to secure their food energy base;
if cash crop farmers, m order to take advantage of higher cereal prices. While
this may occur regionally and over a short-term stress period, Table [ does not
suggest any general shift in the recent past, In the Far East and China the rate
of increase in total crop legume area over ¢ight vears is of the same order as
that of cereals; in the Near East it is about four times as great, and in Latin
America ten times 4s great as in cereals. The mamn focus of crop legume
expansion in the Near East, as defined by FAQ, has been in groundnuts in
the Sudan. while in Latin America it has been in soybeans, particularly in
Brazil but also in Argentina and Paraguay. Only in Africa has a decline in
crop legume area been registered; a decline due largely to a fall in Nigerian
groundnut preduction, For grain legumes, both dry beans and others. rates of
increase in crop area have been broadly similar to those of cereals in all
regions.

Table 2 gives vield and production data for the same legume groups,
regions, and time periods, While | appreciate that even three-year averages
may be insufficient 1o Iron out seasonal variation for rainfed crops, the table
shows one or two interesting changes that may be regarded as real. In Africa,
the yield of groundnuts has declined while that of other ¢rops has remained
static: this translates the 2.6% fall in total crop legume area to a 7.0% fallin
praduction. In the Near East and China the general vield trend has been
upward: percentage increases in production are, therefore, somewhat greater
than the increases in area given in Table 1. In Latin America, substantial vield
increases in soybeans. and, to a lesser extent in groundnuts, have reinforced
the expansion i area to the point where total production of erop legumes has
increased by over 1309 m eight vears.

f.ooking to the future, it is virtually impossible to predict changes in the
area sown to crop legumes relative to other crops. However, it is appropriate
at this point to update Khan's (1977) view of the vield potential for legumes
and to look briefly at global trends in yield. For the developing countries the
average annual rate of change in yield over the past eight years (1969-71 means
of. 1977-79 means) for soybeans is +5, 199, for groundnuts +0.59%, for dry
beans - 0.149, for all grain legumes — 0.16%, and for cereals +1.90% (FAOQO,
1980a). Since the major contributor to the substantial increase in soybean
yield has been the sub-tropical region in Latin America, there is certainly no
cause yet for rejeicing among tropical crop legume breeders and agronomists.



TABLE 2: Yield and production of crop legumes in the developing world and Chiga: averages for 1969-71 and 1977-79,

Crop Developing countries China
Africa Latin America Wear East Far East
69-T1 T 69-71 1779 69-71 7779 6971 7778 69-71 7779
YIELD (kg/ha):
Soybeans 396 411 1278 1561 1124 2074 754 885 822 887
Groundnuts' 778 765 1225 1250 883 1025 824 875 1216 1110
Dry beans 573 573 604 554 1174 1345 313 339 728 894
Other grain legumes 358 360 672 737 11111 1107 627 610 1015 033
PRODUCTION (10001}
Sovbeans 7 92 20603 14347 17 197 766 1226 11398 12714
Groundnuis 4827 3870 1381 1169 483 1098 7027 751% 2634 2654
Dry beans 103¢% 1172 IR76 4023 289 204 2632 3163 2460 3684
{ther grain legumes 3176 3343 633 07 1304 1525 105646 10851 8567 10033
Total 2112 8477 7893 20246 2093 3114 2991 22759 25059 29088
Change in Total (%) <740} +1386.5 4488 +5.4 +16.1

1In shell.
(Source: FAQ, 19803

[
[a=]
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Table 3 is concerned with current exports of crop legumes and their
products from the developing countries and China. (Since trade volumes
change so rapidly there seemed to be littie point in comparing the 1977-9
figures with those of another arbitrarily chosen three-year period). The table
illustrates the dominant position of Latin America as an exporter of soybeans,
soybean products and grain legumes, and the no-longer-dominant position of
Africa, excluding the Sudan, as an exporter of groundnuts and groundnut
products.

TABLE 3: Exports of crop legumes and crop legume products from the devel-
oping world and China: average for 1977-79 (1000t}

Crop or Developing countries China
crop product
Africa Latin Near Far
America East East
Groundnuts’ 116.7 71.4 114,1 40.6 22,7
Groundrui meal 2997 229.5 1634 6183 .
Groendnut oil 170.6 171.8 31.5 9.4 120
Soybeans i 33601 0 346 190.9
Soybean meal 1.4 5684.3 8.3 137.2 8.7
Soybean oil 1 337.9 i 56 3.8
Grain legumes 2084 4180 241.0 2239 74.7

‘Raw nuts both in shel) and shelled, expressed as sheited,
{Seurce: FAQ, 1980b).

Pasture legumes

Comparable data on pasture and forage legume production are not
available, Even where countries report “sown pasture” areas, it is rarely
known whether legumes have been sown. Furthermore, whereas an arable
crop is definable, there are all levels of pasture improvement frem a full
replacement of the native vegetation by sown species to a hopeful scattering of
alimited amount of seed with little or no cultivation or fertilizer. However, the
most impaortiant contrast is between the roles of crop and pasture legumes: the
former are established components of developing country cropping systems
and have been so for centuries, whereas the improvement of tropical and
subtropical lands with sown pasture legumes is still very much a pioneger
activity.

Thus, in Australia, where tropical and sebtropical pasture improvement
has proceeded fastest and fucthest, the area sown increased from 0.85 million
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ha in [945 to 1.2 million ha in 1960, an annual growth rate of 2.5%, and then
increased to 3.8 million ha by 1975, an annual growth rate of gver 8%,
However, the 1975 area represented only about 4% of the available land with
more than 800 mm rainfall, and less than 30% of the pastures contained
legumes (Pulsford. 1980). From 1973 to 1975 beef prices fell by 709%, and
between 1974 and 1976 phosphatic fertilizer costs increased 214-fold, These
catastrophic changes in input-output balance brought pasture improvement
in Australia virtually to a standstill, a situation from which it I8 only now
beginning Lo recover.

Mannetje (1978} has been brave enough, not to predict the rate at which
sown tropical pastureland is likely to increase (a task beyond any scientist or
economist); but to predict what a given expansion is likely to mean in terms of
animal production. He estimates that within the tropics with more than 414
months of wet season. plus subtropical regions with year-round or summer
rainfall, there are 4.5 billion ha, of which 239 are grazing lands. The number
of cattle is 566 million and beef production 7.7 million tons - only about 7
kg/ha of grazing land. Using data from Stobbs (1978), Mannetje calculates
that the improvement of 253% of the existing grazing lands of Africa and Latin
America wonld increase their combined output of beef from 6.1 to 13.6
millton tons.

At the workshop where Khan (1977} presented his paper on crop legume
yield, Jones (1977) made a comparable analysis of pasture legume yield
potential. Jones recailed that Colman (1971} had found the vield of pasture
legumes 10 be about half that of nitrogen {N) fertilized grass in various regions
of tropical Australia. Ludlow & Wilson (1972) quote transpiration ratios of
305-340 for Nfertilized grass and 700 for legumes, and on this basis one might
expect potential legume yields of 7-28 t/ha, according to location. In actual
practice yields seldom execed 10 t/ ha. On the other hand, management (the
defoliation regime) is-a major determinant of vield and one that does not
apply to crop legumes, Jones was of the opinion that in the wet tropics and wet
subtropics inadequate nutrition and poor management, rather than genotype,
were currently the dominant vield coastraints. However, for the wet-and-dry
tropics and, to a lesser extent, for the drier subtropics, native genetic resources
are still essentially unexplored, and yield improvement, even if confined to
selection within naturally occurring genotypes. is readily feagsible.

NUTRITIVE ROLE

Grain legumes

This section draws heavily on recent ¢xcellent reviews by Rachie (1977)and
Bressani & Elias {1980),

Estimating the daily energy requirement of tropical peoples at about 2100
calories per capita. a reasonable figure for daily protein need is 60 g, Overthe
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world in general, plants contribute about 709 and animals 30% to protein
consumption, but in developing tropical countries the average proportion of
animal protein consumed may be as low as 10%. In the tropics as a whale,
cereals account for 68% of total plant protein comsumption, legume grains
18.5% and roots, tubers, nuis, fruit, and vegetables 13.5% (legumes as
vegetables contribute substantially to the last figure).

There is, however, wide variation among tropical countries, according to
the spectrum of crops grown, the importance of animals in the rural economy,
and the contribution of the main categories of crop and animal product to
human energy and protein intake. This is evident in Table 4 for India and
Uganda.

TABLE 4: Contribution of crop and animal producis to human energy and
protein intake',

Product %of energy intake ¥ of protein intake
by country by country
India Uganda India Uganda
Cereals 68.6 23.2 $9.3 22.3
Legumes, nuts, oilseeds 16.1 159 27.1 366
QOther plant sources 8.7 54.8 1.0 18.0
Animal sources 6.6 6.1 12.6 23.1

Summarized from Rachie (1977).,

Thus, in India, where root and tuber crops contribute little to diet, cereals
account for over two-thirds of the energy intake and nearly 60% of the protein
intake, whereas in Uganda, where large guantities of roots, tubers, and
plantains are consumed, the contribution of cereals to both energy and
protein intake is only about one-third that in India. Because of the low protein
content of roots and tubers relative to cereals, the proportion of total protein
intake from legumes and oilseeds {and from animal products) is substantially
higher in Uganda than in India, even though the legume contribution to
energy intake is about the same. Rachie also presents data from Nigeria,
where the legume contribution 1o both energy and protein intake is
significantly lower than for India or Uganda: 7.3 and 14.1% respectively,

In discussing briefly the nutritive value of legume seeds Tor humans and
stock, limitations of time and space preclude a consideration of legume

oilseed meals, important as they are in stock-feed ?txm @s fe e

N7
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The protein content of grain legumes ranges from 17 to 40%, though forthe
important species the span is smaller — from 21 to 35%. They are all rich in
iron, fairly lngh in phosphorus, but deficient in calcium. In general, protein
cantent is genetically modifiable, but in Phaseolus and possibly olher
legumes, the percentage of protein is often, but not always, negatively
correlated with grain vield. Phosphate amelioration can have positive effects
on protein content, but other agronomic influences appear to be small
{Bressani & FElias, 1980).

The major nutritional limitation in legume seeds is, of course, their
deficlency of sulfur amino acids; the compensation is a relatively high lysine
content. Our knowledge of genetic factors determining the make-up of grain
legume protein is steadily increasing, and it is also now clear that the amino-
acid spectrum within a genotype is little affected by environmental factors.
However, we are just beginning to establish genetic control of protein quality,
though Boulter (1980) and Bliss (198() arc hopeful of the prospects of
breeding for higher quality protein.

Apart from amino-acid deficiencies — and all legume foods are improved
by methionine supplementation - legume protein is also relatively
indigestible; in cooked material, at least, this seems to be related to tannin
content. However, one wnportant nutritional advantage, both for humans
and stock, is the complementarity of legume seeds and cereals, largely an
effect of balancing out methionine and lysine content. Thus the maximum
protein efficiency ratio of rice; bean mixtures (both Phaseolus vuigaris and
Vigna mungo) is reached when 80%5 of the total protein comes from rice and
20% from beans. Similar results have been obtained with maize and
Phaseolus, soybeans, and cowpeas {Bressani & Elias, 1980).

Pasture legumes

There is no need to underline the role of legumes in determining the
nutritive value of tropical and subtropical grassland. With few exceptions, the
annual rate of soil N mineralization in the world’s tropical grazing lands,
which in the absence of widespread and effective native legumes governs the
protein available to the grazing animal, is extremely low. While we must bear
in mind free-living bacteria (Odu, 1977) and N,-fixing associations between
bacteria and grasses (Day, 1977, Neyra & Débereiner, 1977), we are still some
way from making accurate estimates of their contribution to the production
of N in unimproved grazing lands. On the other hand, the direct and indirect
contribution of the legume component (o sown pasture protein yield 1s
documented for a number of cases (Henzell, 1968; Henzell & Vaihs, 1977;
Whitney, 1977, Vallis, 1978) and may be inferred from numerous others.
Norman (1970} and Fvans {1970) have demonstrated, under widely diffaring
conditions, direct rejationships betwegen animal gain and pasture Jegume
content.
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A discussion of the total role of the legume in the pasture/soil/animal
system is appropriately reserved for the final section of this paper. What
conceras us here is the legume as a component of ruminant diet.

Minson (1977) summarized published data on the dry matter digestibility of
tropical pasture legumes: the range is from 36 1o 6%% and the mean 549,
values that are similar to those for the much wider range of tropical grasses
that have been studied (Minson & McLeod, 1970), The decline in digestibility
with age that occurs in grasses also oceurs in legumes, though the rate of
decline is generally less. The relationships established by Minson between
voluntary intake and dry matter digestibility did not show clear-cut
differences between tropical grasses and legumes, but, in mature feed, intake
of legume is tikely to be higher because the digestibility of the legume is likely
1o have fallen less with plant age.

A summary of published crude protein values for tropical legumes revealsa
range from 5.6% for mature Stwlosanthes humilisto 35 8% for leafy Leucaena
leucocephala, with an overall mean of 17.29% (Skerman, 1977}, This may be
compared with an overall mean of 7.7% from published data on tropical
grasses {Butterworth, 1967).

The most useful measure of protein digestibility is the quantity of protein
apparently digested per 100 units of feed (DCP). From published data,
Minson (1977) established the following relationship between DCP and crude
protein percentage {CPl for tropical legumes, which 13 compared here with the
corresponding equation for tropical grasses:

Legumes: DCP = 093 CP - 399 (r = 0.96)
Grasses : DCP = 090 CP - 3.25 {r = (0.98)

The similarity of these equations implies that the protein in legumes is
digested with approximately the same efficiency as that in grasses having a
similar crude protein content. However, as we have seen, the general level of
crude protein content is much higher in Jegumes. Hence the mean quantity of
digestible crude protein in legumes 15 12.0 g per 100 g of feed, whereas the
comparable value for grasses is 3.7 g per 100 g of feed { Butterworth, 1967). In
crude terms, a “global average mouthful” of tropical legume will provide the
cow with more than three times the digestible crude protein provided by a
“global average meouthful” of tropical grass.

EH

BIOLOGICAL ROLE
Legumes in annual cropping systems

Recent literature, both research papers and reviews, on tropical cropping
systems and the place of legumes in them is voluminous. Region-orientated
reviews tnclude Okigbo & Greenland {1976) and Okigbo {1977a) on Africa;
Pinchinat, Soria & Bazan (1976) and Pinchinat (1977) on Latin America;
Harwood & Price (1976} and Moomaw, Park & Shanmugasundaram (1977)
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on Asia; Okigho (1977h) on the humid tropics; Dart & Krantz (1977) en the
semi-arid tropics; and Gomez & Zandstra (1977) and Norman (1979) in
general. Importani reviews devoted to individual crops include Shan-
mugasundaram, Kuo & Nalampang (1980} on soybeans, Steele & Mehra
(1980) on cowpeas, Gibbons (1980} on groundnuts, and Francis, Flor &
Temple (1976) largely on Phaseolus.

Excluding legumes as shade or cover erops, there are four main situations
to consider; the first two are far more important in global terms than the
others:

Seed (grain and oilseed} legumes intercropped with nonlegumes;
Seed legumes in sequence with nonlegumes;

Green-manure legumes in seqguence with nonlegumes; and
Forage legumes in sequence with noalegumes.

It should be noted that the intercrop situation is listed first, since in
developing tropical countries it is the norm rather than the exception,
Gutierrez, Infante & Pinchinat (1975) reported that in Colombia 90%; of the
Phaseolus is intercropped, largely with maize, while Pinchinat (1977),
summarizing data from six Latin American countries, recorded that in five of
the six the proportion of Phaseoius intercropped was over 509. In West
Africa perhaps 90% of cowpeas are interplanted with sorghum and pearl
millet (Okigho & Greenland, 1976; Steele & Mehra, 1980}, and the same
pattern is common {or cowpeas in semi-arid India, though less so in higher
rainfall regions or under rrigation (Steele & Mehra, 1980). In Nigenia and
Uganda 95% and 56%, respectively, of groundnuts are intercropped {(Okigbo
& Greenland, 1976). Pigeonpea in India is largely sown in combination with
sorghum, pearl miliet or cotton {Dart & Krantz, 1977}, and in Southeast Asia
soybeans are commonly intercropped with maize (Shanmugasundaram er al.,
1980).

There are a number of reasons why farmers intercrop, but the important
one in the context of this paper i5 that low-growing or climbing legumes may
be integrated into the architecture of tall, erect cereals - maize, sorghum or
pearl millet — without a major reduction in cereal yield and, in many
circumstances, with an increase in total yield compared with sole cropping
(Willey, 1979} and a significant increase in protein per ha. The tail-growing
pigeonpea is an exception: its main role as an intercrop component in wet-
and-dry climates is to utilize stored soil water after the rains have ended and
short-season cereals harvested (Dart & Krantz, 1977). Examples of the
biological advantages of legume intercropping include the weed-smothering
effect of cowpeas in millet, sorghum and maize in West Africa (Steele &
Mehra, 1980); reduction in insect attack relative to pure stands inmaize / bean
polycultures (Altieri ef al, 1978); and beneficial residual effects. Residual
effects have received little attention, but recently Searle er ol (1981} have
shown {admittedly in Sydney and not in the tropics) that N uptake by wheat
following maize/soybean and maire/groundnut intercrops without N
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fertilizer was about twice as great as that following maize alone without N,
and eguivalent to that following maize alone with 100 kg/ha N.

The mention of residual effects naturally leads us on to consider the central
problem of crop legumes grown in sequence with nonlegumes. Experiments
too numerous to mention have demonstrated that tropical nonlegumes
(usually cercals) yield better when they follow nodulated annual crop legumes
than when following noniegumes (often the same nonlegume crops), but
surprisingly little is known of the N balance of the sequence, or even of the
legume component in it. Wetselaar’s work at Katherine, Northern Australia
{1967) remains a model for the latter type of study. He not only demonstrated
major differences between annuallegume erops in post-crop soil N status, but
also explained them in terms of plant material removed from, or retained on,
the field and the consequent changes in total and available N. To give one
example of contrast: Bunting & Anderson {1960) long ago showed that 60-
70% of plant N is removed when only the nuts of groundnut crops are
harvested, and that 909 is removed when the whole crop 1s taken; on the other
tand, only 30% of the above-ground N of guar {Cyamoepsis terragonoloba) is
removed in the seed, and most of the remainder returns naturally to the soil as
Ieaf fall (Wetselaar & Norman, 1960},

Most of the experiments have compared nonlegume afier legume with two
successive nonlegume crops. The latter, however, is not a true control since
we rarely know anything of the negative effects of a preceding nonlegume; for
example the temporary immobilization of N may follow the incorporation of
tow-N crop residus. Furthermore, the role of naturatly mineralized soil N —
the annual amount of which may be of the same order as the amount of N
fixed by a short-season crop legume — Is rarely taken into account. Finally,
how often do we know how much of the legume crops N is denived from
fixation and how much from soil N uptake? Until we get betler answers to
these questions we shall not properly understand the true role of legumes in
tropical cropping systems, either in sequence or as infercrops,

On the §ubje<rt of annual legumes as green manure crops within arable
cropping | shall sav little. Green manures have always loomed larger in the
agronomist’s mind than in the farmers”, except in parts of China, and with
increasing pressure on the tropical world’s cultivated land for food
production, | cannot see them becoming any more significant. Their role in
increasing soil organic matter has in the past been grossly exaggerated: one
might hazard a guess that in the iropics the physical effect of a ploughed-in
green manure is not likely to last much longer than the duration of the crop
itself. The important consequence of green manure is the addition of N, and,
in the veroacular, there must be a better way: for example, greater fixation
efficiency, better inoculation, or more aftention to residue return of crop
[egumes grown for food or cash.

Finally, the question of forage legumes in cropping systems, There are two
distinct aspects to this: intensive and extensive. In India, for example {Indian
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Council of Agricultural Research, 1968; Ruthenbery, 1976), small-scale dairy
production is combined with annual irrigated cropping, and legume forages
such as berseem clover ( Trifolium alexandrimum}are grawn in the dry season.
Where this combination of circumstances — available irrigation water or
extended rainfall regimes and the demand for high priced ruminant products
~ oceurs in the tropics, such patterns will presumably be maintained. In
general, however. | cannot see any major expansion of thistype of cropping in
the face of increasing pressure on arable land.

The second aspect of integrated crop and forage legume systems is guite
different. At the back of the minds of many agronomists concerned with
rainfed shifting cultivation or semi-intensive cropping systems has always
been the possibility of lmproving the restorative value of the fallow break (and
providing better nutrition for ruminants) by the deliberate sowing of pasture
legumnes at the end of the cropping period. At present it is little more than a
concept, and to populanze if, a greater incentive than higher fertility and
better fed cattle and sheep is perhaps needed — seed production. (I have
myself been associated with a project in the North Thailand hills, which, as
one of its components, included an attempt to interest opium-growing shifting
cultivators in growing greenleal desmodium for seed as a fallow break.) Asa
feasible future pattern it deserves far more attention than it is receiving at
present.

Legumes in pasture systems

In this concluding section | want to draw attention to the two primary
ecological constraints to pasture legume growth in the tropics; to the range of
forage utilization systems; and to the central problem of the pasture legume as
supplier of N 1o the soil; plant/animal complex,

1 believe that the two most important ecological limitations, on a global
scale, are acid soils and Jong dry seasons. The former topic was thoroughly
explored at a recent seminar (Sdnchez & Tergas, 1978}, and I need scarcely
remind you that tropical America alone has 850 million ha of acid infertile
Oxisols and Ultisels (Centro Internacional de Agricultura Tropical (CIAT),
1978} with their attendant problems of aluminum toxicity and deficiencies of
phosphorus, potassium, suiphur, calcium, magnesium, zinc, molybdenum,
boron, and copper. The relevant research priorities have been summarized by
Sanchez (1978): the selection and, later, breeding of tolerant genotypes,a
clearer definition of mineral nutrient requirements, ete.

Australia, the nation with the largest proportion of the semi-arid tropics
(199) within its boundanegs {Dart & Krantz, 1977), has pioneered the
improvement of native grasslands through the introduction of pasture
legumes, particularly Srylosanrhes humilis (Norman & Begg, 1973; Gillard &
Fisher, 1978), Macroptilium atropurpureum (Jones & Jones, 1978) and,
lately, other Styfosenthes species (Edye er al, 1975; Gillard, Edye & Hall,
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1980). The challenge of a long dry season can only be met through a continued
search for drought-tolerant (or drought-evading) genotypes that provide
green forage for as long a period as possible and maximum nutritive value in
standover dry forage, and that have agronomic characteristics that will permit
forage to be accumulated for dry season use without losing the legume from
the pasture,

Turning now to the place of legumes in forage utilization systems, many
pasture agronomists working in the tropics have in their subconscious an ideal
pasture community ideotype: a well-managed green denseness of legume and
grass, neatly fenced. While tropical pastures in well-watered, closely settled
regions with an advanced economy, the output of which is high quality beef or
milk, may approximate such an ideotype, there are other patterns more
generally relevant to the more than 1 billion ha of tropical and subtropical
grazing land climatically capable of supporting pasture legumes (the figure is
from Mannetje, 1978}

The first important difference from what might be termed the
“ryegrass/ white ciover” ideotype is related to scale and input/ output balance.
We are, over a wide range of tropical conditions, developing somewhat
comparable intimate grass/legume mixtures, but in comparison with
temperate pastures the minimum management unit, the fenced paddock, is
usually much Jarger and the prices obtained for the output, which govern the
level of input, are lower. Hence the need for emphasis on cheap seed, ease of
establishment under rough conditions, economy in the utilization of mineral
nutrients, particularly phosphate, and capacity to withstand gross mis-
management (the last of these being particularly difficult to achieve).

There are other patterns. The svstem most neglected by research workers,
but common over much of South and Southeast Asia, 1s that of the small-scale
crop farmer supporting ruminants {perhaps only a pair of draft animalsjina
heavily populated region where he cannot afford to allocate scarce cropland
to growing forage and where free grazing and crop residues are limited in
quantity and/ or quality. Here the need is for shrub or tree legumes thatcan be
grown in odd corners to provide hand-lopped feed or contrelled browse.
Current research in Hawail (Whitney, 1977} and Austraba (see CSIRO
Division of Tropical Crops and Pastures, Annual Reports) on Leuceeng
feucocephala is relevant, but a great deal more work on its vtilization, and on
the potential of other species, is required.

Finally, there are the special problems associated with very extensive
pastoral systems in the semi-arid tropics and subtropics, where fencing and
pasture management can only be minimal and inputs per ha will be extremely
low. Such conditions ate found in developed {Australia) and developing
countries (East and West Alrica). Under these circumstances the adapted
pasture legume could well be a shrubby, deep-rooted perennial, highly
economical in its use of mineral nutrients, and preferably unpalatable during
the wet season growth period. It would not be regarded as a component of a
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grass/legume mixture so much as a {all-back protein supplement to native
forage. Siyiosanthes scabra approaches to some degree the genotype
required; thers may be others within this polymorphic genus or elsewhere.

The two primary tunciions of the legume in graseland are to provide high
quality forage for ruminant consumption and to add N to the soil/plant/
animal systemn. At the most general level the first function, which was
discussed in the middie section of the paper, may be subsumed within the
second. It is. therefore, appropriate in the concluding section of this paper to
concentrate on the Nesupplying power of the legume.

The state of the art of understanding the N economy of grass/legume
pastures has been ably reviewed by Henzell & Vallis (1977) and Vallis (1978).
Henzell (1968) estimated the average N yield of pasture legumes in tropical
and subtropical Australia to lie between 40 and 210 kg/ha per vr, with a
maximum of the order of 340 kg/ha per vr; similar values have been reported
from other countries. The proportion of this derived from fixation in
grass/legume pastures on inherently low-N soil is estimated by Henzell &
Vallis to be as high as 80-90G,

The situation of the herbaceous legume in an intimate grass/legume
mixture, competing directly with grass for light, water, and mineral nutrients,
clearly sets himits to N production; limits that apply less to shrub or tree
legumes such as Lencaena. Whitney (1977) reports N yields from this species
of 450 to 550 kg/ha per yr. Whereas in the data compilation by Jones (1977)
the highest dry matter yield from herbaceous legumes is 12.6 t/ha
(Macroptitivm and Cemirosema brazilianum), Whitney (1977) estimates 23
t/ha from recent Leucaena selections, To generalize, perhaps dangerously,
the concept of legumes whose photosynthetic surface is well above the grass,
and whuose root system may extend well below that of the grass to absorb
water and mineral nutrients, is worth very serious attention.

the careful analysis by Vallis (1978} of the effect of mineral N status on
fisation by legumes within a grass/legume pasture led him to conclude that
significant advances could be made through a symbiosis more tolerant of high
levels of mineral N, if this is physiologically possible. This would seemtobea
suitable point at which to conclude, since if mineral N status is important
within the highly N-competitive grass/legume pasture, then it must be even
more important for crop legumes growing in cultivated soil, where the rate of
mineralization is likely to be higher. I return to an earlier theme: that we can
only comprehend the biological role of legumes within the context of an
understanding of soil N transformations.
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Surmmary

Host-determined traits influence sodule initiation, development,
and function. and can be of major importance to the proper
functioning of the legume: Rhizobliyn symbiosis under field
eonditions. This paper reviews sich traits and considers their
implications for practicaliv eriented breeding programs aimeg at
enhanced N; fixation,

INTRODUCTION

While symbiotic nitrogen (N») fixation in legumes is the culmination of a
complex interaction between host, Riizobium, and environment, it is the host
which currently appears to play the more important role in controlling the
symbiosis. Additional host-determined characters continue to be reported
{see Tables 1. 3 & 43, justifying the contention of Holl & La Rue {1975) that
genetic manipulation of the host legume offers the greatest potential lo
improve upon current levels of N» fixation,

This review emphasizes those host-controlied aspects of the symbiosis
which affect nodulation and N+ fixation under field conditions, It recognizes,
but does not dwell on, those traits which are important for nodule function
but are normally detectable only as loss mutations or in biochemical or
eytological studies. For conventence, three groups of host-controlled factors
are considered affecting respectively nodule initiation, development, and
function.

NODULE INITIATION

Table 1 lists host-controtled traits regulating Rhizobiten recognition and
the initiation of infection. There have been several recent reviews in this area

t Centro Internacional de Agriculftura Tropieal (CIAT), AA. 8713, Cali, Colombia,
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TABLE 1: Some hostcontrolled factors affecting nodule initiation in legumes.

FACTOR LEGUME REFERENCE
Homoserine in root
exudate P. sativum Van Egerat (1972)
Lecting and recognition T. repens Dazzo (1980)
No nodulation various vanous
Specificity in nodulation T, embigaum Hely (1937)
Lupinus sp. Lange (1961)
G. max Nangju (1980
Strain selection G. max Caldwall & Vest (1968}
Materon & Vincent (1980}
T. repens Gareth Yones & Hardarson
{19793
Temperature effects P. sativam Lie gr ol {19762
Toxic seed substances T. subterraneum Thempson (19607
C. pubescens Bowen (1961}

{Broughton. 1978:; Dazzo, 1980); [ will only consider some unusual cases of
legume/ Rhirobaom specificity and strain competition.,

Lupinus and Ornithopus spp. nodulate with strains of R lupini (Lange &
Parker, 1961; Dilworth, 1969). By contrast Lange (1961) found Lupinus
cosentind, L. afbus and L. pilosus readily nodulated by rhizobia from
indigenous Australian legumes, whereas L. lureus, L. angustifolius and O.
sarivus were rarely nodulated. Similarly Hely (1957) found Trifolium
ambiguum 10 be a polyploid series, many accessions of which were not
nodulated by isolates from other T. ambiguum lines, When T, repens was
grafted as stock or scion onto T. ambiguum, nodulation was normat (Hely,
Bonnier & Manil, 1933}, In each of these cases the legume with problems in
nodulation experienced establishment difficulties in its npew environment.

The situation with Glveine max is even more complex. On the one hand
scientists at the International Institute of Tropical Agriculture (IITA) in
Africa have identified cultivars such as ‘Mandarin’ and “Orba’ that nodujate
freely with native {and presumably cowpea-type) rhizobia (Nangiu, 1980},
and they are breeding for host promiscuity with these strains. Onthe other, in
the USA the difficulty in establishing inoculant strains in soils having large
indigenous populations of R. japonicum has prompted the idea that the rj,
non-nodulating gene be incorporated into cultivars to heighten specificity
(Devine & Weber, [977).

The ability of legumes to select particular Rhizobium strains from the
rhizosphere population is well documented, but poorly understood. A
number of examples involve soybean. Thus, Caldwell & Vest (15968) planted
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the variety ‘Peking’ in soils where strain 110 constituted as much as60% of the
soil population but recoversd this strain in only 1% of nodnles. Materon &
Vincent (1980) compared the competitive ability of strains of R. japonicumon
lines of soybean derived from the rj, carrier ‘Hardee’. While CB1809 clearly
outcompeted CC709 and NU 50 on lines not having the 1j, gene, it formed
only 5-25% of nodules in paired tests with them when the host carried this gene
{see Table 2). In similar experiments with white clover Gareth Jones &
Hardarson (1979} identified some clover lines in which almost 1009% of
nodules were formed by the strain 75. Inheritance of this trait was additive and
without dominance (Hardarson & Gareth Jones, 1979).

TABLE 2: Relative competitiveness of strains of R, jeponicum as influenced
by host plant (from Materon & Vincent, 1930).

Competing strains
CR1809 vs CCT09 CB1809 vs NUSO

Relative proporiion on roof 1,12 0.95
Competitive index with,

‘Lee’ 1.70 i.10

‘Lee’ x ‘Hardy 36° 370 1.70

‘Hardee’ {135} 0.25 008

‘Lee’ x 31 {xj2) Q.08 007

NODULE DEVELOPMENT

Table 3 lists some host-controlled factors affecting nodule development. 1
will mention only nodule type, number, and time to nadule formation.
Dart (1975) distinguished three basic nodule types:
Elongate and cylindrical, with apical merismatic activity, as in clover
and medic;
Spherical, with several discrete meristematic foci, as occur in soybean
and bean, and
Collar nodules, as in lupin, where the nodule extends about the root.
Nutman (1967) {found the tendency to high nodule number per plant in
subterranean clover dominant over sparse nodulation but probably of
coinplex inheritance. Nodule number was positively correlated with lateral
root number and inversely related to nodule size, making it a somewhat
unireliable criterion on which to evaluate inoculation success.
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TABLE 3: Some hostcontrolled factors affecting nodule development in

legumes,

FACTOR LEGUME REFERENCE

Bacteroid development T. pratense Nutman (1954)

Bacteroid number/

envelope Lupinus, Orithopus  Kidby & Goodchild (1966)

Nodule form various Dart (1975)

Nodule number T. subterraneum Nutman (1967}
P, vulgaris Graham (1973)

Pattern of nodulation Lupinus sp. Lange & Parker (1961)

Time of first nodule T. subterranenum Nutman (1967}
Stylosanthes sp. Graham & Hubbell (1975)

Not specified G. max Caldwell (1966), Vest (1970)

Vest & Caldwell (1972)

Host—controlied differences in time to first nodule formation have been
found in a number of legumes including T. subterraneum and Stylosanthes
spp., and are also commeonly strain dependent. Use of cultivar/strain
combinations that nodulate rapidly might be an additional way to limit
competition from native soil rhizobia. Thus, Gibson (1968) reported that 50%
of the native soil rhizobia were slow to nodulate with the sub-clover cultivar
Woogenellup. In pot trials with soils having up to 104 rhizobia/g, some
inoculant strains still produced more than 80% of the nodules, but the stower-
to-nodulate TAI strain was seriously disadvantaged.

NODULE FUNCTION

Table 4 lists some host-mediated traits affecting nodule function. Several of
these, each controlled by a single recessive gene, are probably the result of loss
mutations at specific loci. Thus, Viands ez al. (1979) described an ineffective
trait in Medicago sativa in which nodule development was normal or even
enhanced, but carbohydrate accumulated in the root, and there was no
bacteroid development. While similar, often strain-specific, defects are
relatively common in the literature, I will emphasize in this section
effectiveness subgroups and those factors which colliectively lead to natural
variation between cultivars in ability to fix N,.

Effectiveness subgroups

Subgroups that vary in their ability to fix N, with particular Rhizobium
strains exist in many of the so-called cross-inoculation groups. Burton (1967)
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TABLE 4: Some hostcontrolled factors affecting nodule function in legumes.

FACTOR LEGUME REFERENCE
Bacteroid function P, sativiem Holl (1973)

M. sativa Viands 27, ¢l (1979)
Deiaved senescence G. max Abu Shakra et af. (1978}
Effectiveness subgroups various Burton (1967}

Date & Norris (1979)
Energy partitioning various Graham & Halliday (1977)
Energy requirement for
fixation Lupimus, Vigne Layzell ef af, {1980)

Form of N exported various Pate (1980)
Hydrogenase regulation P sativum Dixon (1972)
Leghemoglobin svnthesis  Lupinus, Ornithopus  Dilworth (1969)
Maturity chamcieristics G. max Hardy ef & (1973)
Mot specified T. sublerraneum Gibson (1964)

T pratense Nutman (1968}

found Vigra unguiculaeta and Arachis hypogaeato vary in response to arange
of cowpea group rhizobia. In the same paper he established six effectiveness
subgroups within the genus Trifolitom. The inability of sub-clover lines to fix
N, when nodulated with Rhizobiwen from white clover has been a major
problem in Australia {Vincent, 1954).

The situation in the genus Stylosanthes is even more complex. Date &
Norris (1979) reported that 103 of 318 Siylosanthes accessions were
ineffectively nodulated by the incculant strain CB 756, These included 67 of
142 accessions of 8. gwianensis and 31 of 41 accessions of 8. harmata. Nine §.
guinnensis and four  other accessions were consistently ineffective in Ny
fixation when tested with 22 rhizobia from a range of Stylosanthes spp. (see
Table 5). Effective response patterns in Srylosanthes have been related to
cultivar habitat (Date, Burt & Williams, 1979) and, in 5. guianensis, 1o seed
isoenzymes (Robinson, Date & Megarrity, 1976).

Cultivar and species variation in N, fixation

Variation in ability to fix N; occurs both between and within species. Atthe
former level. Layzell 1 al. (1979) found cowpeas to expend less energy in
nodule maintenanee and respiration than did lupin, while Sen & Weaver
(1980) found that the specific nodule activity of Arackis hypegaea nodules
was greater than thar of cowpea nodules.

Infferences between cultivars of the same species in ability to fix N, in
symbiosis with Rhizobfur have now beendemonstrated in a range of legumes
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TABLE 5: Response of accessions of Styicsenthes spp. io inoculation with
Rhizobium isolated from that genus (from Date & Norms, 1979),

Species of Accessions Response of accessions
Styiosanthes giving ineffective ineffective with CB756 1o
response with inoculation with 22 other strains
CB758
Mo, accessions  Effective with Effective with
tested various strains no strain
S. fruticosa 1] 1]
S, guiznensis 47 8 24 g
S. hamata 73 7 22 by
8. humilis 5 2 2
8. scabra 4 0
S, subsericeq 0 0
S. viscosy 9 1 ] i
S. =pp. 50 4 ! 3

incloding clover (Gibson & Brockwell, 1968; Mytton, 1975}, soybean {Hardy,
Burns & Holsten, 1973), beans (Graham & Halliday, 1977; Graham, 1981,
Rennie & Kemp, 1981), Medicago (Gibson, 1962; Seetin & Barnes, 1977)
cowpea (Zary et al, 1978), Vicia (El-Sherbeeny, Lawes & Mytton 1977),
FPisum (Holl & La Rue, 1975)and Desmoditen (Hutton & Coote, 1972; Imrie,
1975). While these differences can be compounded by host/strain interactions
{Mytton, El-Sherbeeny & Lawes, 1977, Minchin, Summerfield & Eaglesham,
1978} and climate differences (Graham, 1981; Rennie & Kemp, 1981) they
appear to stem mainly from differences in the supply of carbohydrate. Studies
undertaken in recent years and using techniques such as leafand pod removal,
grafting. supplemental light, shading, and “CO: fertilization leave little
doubt that photosynthate supply to nodules is the primary factor limiting N+
fixation in legumes (Lawrie & Wheeler, 1973; Lawn & Brun, [974; Minchin &
Pate, 1974; Hardy & Havelka, 1976; Herridge & Pate, 1977, Mahon, 1977).

A number of host traits interact to regulate carbohydrate supply to nodules.
Best documented among these is the time varieties take to flower and mature.
Hardy et al. (1973} demonstrated that early-flowering soybean cultivars
tended tofix less N, than those of the later-maturity groups, while N, fixation
in beans was almost doubled by a photoperiod-induced delay in flowering {J.
Day & P.H. Graham, unpublished data). Such results presumably reflect a
delay in the onset of competition for energy and other nutrients between
developing pods and nodules. Unfortunately, extending the growth cycle of
cultivars in the tropics, where many grain legumes are already subject to water
stress at flowering, could be difficult.



Source of the photosynthate for nodules is another important factor.
Waters er al. (1980), using P. vulgaris, showed that 85% of the #CO > absorbed
by the leal at node 4 passed to root and nodules, but that, fed to leaves on
higher nodes. it tended to remain in the above-ground parts. Leaves at the
lower nodes are subject to shading and tend to decline in efficiency after
canopy closure (Tanaka & Fujita, 1979). Differences also exist between
legumes in leaf area duration, with P. acutifolius and P. vulgaris on the low,
and G. mux and Cajanus cajan at the high end of the range (CIAT, 1981).

Adequate partitioning of carbohydrate between root and nodules must also
be critical to nodule function. Accumulation of carbohydrate in roots is a
characteristic of several of the ineffective conditions listed in Table 4; the sym
3 condition detailed by Holl & La Rue (1975} is actually capable of N2
fixation when supplied succinate as an energy source. Male sterile soybeans
have been shown to accumulate up to five times normal carbohydrate levels in
the root with little benefit to fixation (Wilson et al., 1978). Among commercial
bean cultivars Graham & Halliday (1977) identified some lines that were
essentially similar in total root system carbohydrate but differed by 5-100 fold
in the carbohydrate recovered from nodules.

IMPLICATIONS FOR BREEDING

Holl & l.a Rue (1975} suggested a minimum of ten host genes controlling
nodulation and N> fixation in legumes. From points made in this
presentation. and as they themselves suggested, this number is likely to be
extremely conservative. With so many genes involved, it is not really
surprising that we continue to identify cultivars that are defective in some trait
limiting nodulation or Na fixation. What is important is that plant breeders
and microbiologists cooperate to control this problem, with no lines
distnibuted belore they have been evaluated for symbiotic potential. Some
breeding programs are likely to be more subject to problems than others; thus,
we have preliminary results from which it appears that cultivars selected for
low phosphorus (P) tolerance achieve plant growth at low P at the expense of
nodule development.

On the positive side, it is becoming evident that the host-controlled
differences reported in this paper can be used to overcome current problems in
N> fixation. Breeding programs underway in several laboratories aim to
produce cultivars that bypass the natural Rhizobium population in soil but
nodulate readily with highly effective inoculant strains. Breeding for
enhanced N» fixation also does not appear as difficult as originally considered
(sce also p. 39). With that said. there are still many methodological problems
to be faced: for example, what nondestructive criteria could be used to
evaluate fixation; under what climatic and fertility conditions should fixation
be measured: should we breed for N fixation with a single and highly
competitive i1solate or with a mixture of strains simulating natural
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populations; and how do we most effectively combine enhanced fixation rates
with other needed agronomic and disease resistance traits.

In pathology circles these days there is much talk of the “gene for gene™
relationship: essentially that, in a plant/ pathogen interaction, each gene for
virulence in the pathogen is paralleled by a cormresponding gene for
susceptibility in the host species. This concept appears to apply well, in a
positive direction, to the legume/ RAizohium symbiosis, It could mean that
for many of the problems in N, fixation today, there is both a host and a
Rhizobium solution. It is exciting that the host side of things appears to be
opening up, and ook lorward to both rapid progress and many challenges in
the future,
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SELECTION FOR ENHANCED NITROGEN FIXATION IN
COMMON BEANS, PHASEOLUS VULGARIS

1. McFerson, F A, Bliss, and LC. Rosas!

Summary

Abackeross inbred methed of population development in which
*Puebla 152" was the dounor parent and ‘Jamapa’, “Porrillo
Simético’, ‘ICA Pijao’, ‘Ex Rice 2¥, and ‘Sanilac” were the
recurrent parents, was used to develop a number of nearly
homozygous lines. similar in most traits to the recurrent parent.
When these materials were evaluated for nitrogen(C5 H,) fixation
and yield under field conditions, considerable variation in baoth
traits was found. with transgressive segregation evident. In
pepulation 29, most families proved better than the recurrent
parent. “Sanilac’. in hoth yield and Ny (C5H) fixation.

INTRODUCTION

Selection for increased potential for nitrogen (N;) fixation in 2 legume
must be approached with the host/ Rhizobium symbiotic relationship clearly
tn mind. Rhizobial strain improvement must occtir with respect to a specified
set of host-plant genotypes, while host improvement pertains to a set of
rhizobial strains. Under field conditions this set of rhizobial strains may either
be initially defined by inoculation with specific strains, or left undefined if
native soil rhizobia are relied upon. Clearly, the potential of the symbiotic
relationship will be modified further by such factors as the competitiveness
and efficiency of the infective rhizobial strains, the prevailing environment,
and the cultural practices peculiar to the cropping system.

In common bean (FPhaseofus vuigaris 1) considerable variability exists
among genotypes for Ny fixation potential. Several studies under both
contralied environment and field conditions show large and consistent

b Dept, of Horticalture, University of Wisconsin, Madison, W1 53706 1SA.
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differences for nodule number, nodule mass, plant specific activity (measured
by the acetyleng reduction (AR) technique inumol C,H, /plant. unit time),
specific nodule activity, and accumulated N {Graham & Halliday, 1977;
Westerman & Kolar, 1978; Graham, 1979). However, these umportant
differences are confounded with other plant characteristics that may affect N,
fixation polential either directly or mdirectly. For example, beans with a
determinate bush growth habit (Type 1} ordinarily {ix less N than Type 2
(indeterminate bush) or Type 3 (indeterminate prostrate} hines, while the
highest fixers are usually in the Type 4 (climbing) category (Graham & Rosas,
1977}, Late-maturing lines also appear to be better fixers than early-maturing
lines. It should be stressed that commercial bean caltivars have shown poor
response to inoculation {(Graham & Halliday, 1977) and generally exhibit
levels of plant specific activity considerably lower than other grain legumes
such as soybean (Glycine mox (L) Merrill} (Hardy es al., 1968) and cowpea
{Vigna unguicudata (L.} Walp.) (Zary er al, 1978).

Using superior plant materials identified at the Centro Internacional de
Agricultura Tropical (CIAT} by Graham and colleagues, we have undertaken
genctic and breeding studies addressing the following questions:

Are host plant differences for N, fixation in the common bean
heritable?

Can high N3 fixation potential be transferred into Type | and Type 2
plants?

What host factors are associated with high N, fixation potential?

MATERIALS AND METHODS

Six bean cultivars were chosen as parents for the breeding and genetic
studies: ‘Puebla 152, *Jamapa’, ‘Porrillo Sintético’, 'ICA Pyad’, ‘Ex Rico 23,
and ‘Sanilac’. In order 1o develop populations with a family structure suitable
for replicated field trials, we employed a scheme which we call the
backcross/ inbred method {see Figure 1}, a procedure patterned after the one
described by Wehrhahn and Allard (1965} for investigating the inheritance of
quantitative traits. ‘Puebla 132", a high-fixing, high-yiclding, Type 3 line,
served as the donor parent in each of five crosses to the other five lines. These
five lines were selected as recurrent parents since they are well-adapted,
commercially acceptable cultivars and represent a range of N3 fixation kevels,
yield potentials, plant types, seed colors and other pertinent traits.
Development of the backcross/inbred populations involved backcrossing
each F; to the specified recurrent parent to obtain approximately 60 seeds.
Each of the 60 resulting BC | plants was again backerossed to the recurrent
parent to produce 60 unigue BC; sesds, Each BC; plant was advanced
through three generations of selfing using single seed descent to generate a
population of 60 near-homozygous lines (coefficient of inbreeding, 0.98). At
this point. sufficient seed of the backcross/ inbred families, each incorporating
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Figure 1. The backcross inhred methed of population development.

different traits of the donor parent into the genetic background of the
recurrent parent, was available for replicated field trials.

Three populations having as recurrent parents the cultivars Jamapa
{population 20}, Pornillo Sintetico {population 21), and Sanilac {population
24}, were planted June 3 -4, 1980, in a completely random design with unequal
replications at the Hancock Experiment Station, Hancock, W1, USA. Seil
type at the station is a Plainfield sandy loam. Fertilizer 0-0-60 at 150 kg/ha
was applied preplant. Rows were | m apart with 10 cm between plants. Seed
was treated immediately prior to sowing with a fungicide (Thiram) and
ingecticide {Diazinen). Inoculum composited from four regionally adapted
strains was supplied by the Nitragin Co., Milwaukee, WI, USA, and applied
by hand at planting. A complete stand was assured by overplanting and
thinning seedlings two weeks after planting.

When cach entry reached the 50% bloom stage, or R3 stage as defined by
Lebaron {1974}, a five-plant sample was used to determine aceiylene
reduction {AR} value, following the general procedure ontlined by Graham &
Rosas (1977). Previous experiments had shown that AR values peak near this
physiological stage. A 469 ml incubation container was used and ethylene gas
samples stored in 10 ml vacutainers {Becton-Bickinson, New Jersey, Cat. No.
4710} until gas chromatographic analysis. At maturity a ten-plant sample was
taken to determine yield.
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RESULTS AND DISCUSSION

The distributions of mean values for AR value and yield of backeross/int
bred families for the three populations are shown in Figures 244, Parental AR
values were lower than had been found in previous studies, due probably to
environmental effects. However, rankings and relative differences were
similar to earlier results, Parcntal seed yields were higher than previously, but
again, rankings and relative differences were similar to previous results. Inall
cases we found wide ranges for both AR value and yield, with several farnilies
surpassing their respective donor and recurrent parents in both high and low
directions. This is particularly striking in population 24 (see Figure 4), where
most famibies were higher than the recurrent parent ‘Sanilac’ for both AR
value and yield. Although the correlation between yield and AR value was
highly significant {r= 0.25). the relatively low magnitude indicated the
association between yield and AR value was not extremely close. This was
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evident in populations 20 and 21 (Figures 3 & 4), where correlations were low
and nonsignificant {r=0.10 and r ={(.06, respectively), Recombinant families
nol only differed for AR value and yield, but they also showed comparable
variability for other traits such as date to flower, 309 bloom, and harves:;
plant type: seed color and size; and percentage of seed protein,

This was the expected result of our backeross breeding procedure, where
the goal was to improve an otherwise acceptable recurrent parent by
transferring a specific trait from the donor parent. The particular utility of
the approach is the rapid development of a large aumber of recombinant
families similar to the recurrent parent but differing inver se for an assortment
of both qualitative and quantitative traits. The magnitude of these differences
should be related to the contrast between the parents for the specific trail., For
example. in population 24, where the parents differed widely for AR value;
yield; date to flower, 509 bloom and harvest; and plant type, we recovered
families exhibiting varipus combinations of these characters. Thus, we
identified high-fixing, high-vielding families that had the *Sanila¢’ seed type
but differed f{or the other traits mentioned. The level of variation in
populations 20 and 21 where the parents contrasted less was niot as great; vet it
was sufficient for us to select families that possessed combinations of
characteristics of interest in further breeding and physiological studies.

The solid circles in Figures 2-4 represent families we have selected both for
field studies in Wisconsin and Colombia and for controlled environment
studies in Wisconsin, We hope to characterize more fully the performance of
selected families under different environments; particularly high-fixing, high~
yielding, recombinant families. At the same time, investigations focusing on
some of the physiological differences among families showing different levels
of AR value should help us identify more precisely the host factors associated
with high Nj fixation potential. In conclusion, the backcross/ inbred method
was effective in transferring quantitative traits into agronomically acceptable
cultivars and in developing populations of recombinant families useful in
genetic and physiological studies.
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BIOLOGICAL NITROGEN FIXATION AS A CRITERION FOR
SOYBEAN BREEDING: PRELIMINARY RESULTS

M.S. Chowdhury and A.L. Doto!

Summary

While breeding of sovheuns in Tanzamia has been conducted
since " #33. hittle attention has been paid to the biological nitrogen
fixation {BNF}Y ot selected cultivars. 1 this preliminary study the
USA cultivar Bossier was crossed with a local cultivar, 1H 192_and
Fy lines were ovaluated for both Ny fixation and desirable
agronomic traits. b 5 lines showed transgressive segregation, with
some showing better vield and nodulation parameters than either
parent.

INTRODUCTION

Soybean ( Glveine max) was introduced into Tanzania around 1907 and was
grown commercially in Bukoba from [939-1947. A breeding program for
soybean was initiated at Nachingwea in 1935 {Auckland, 1970} and has
produced several high-yvielding, yellow-seeded soybean varieties for the low,
medium. and high altitudes (Mmbaga, 19753, Their agronomic properties
bave alse been studied at a number of locations and recommended cultivars
have been released for comimercial production. Exotic cultivars from a
number of sources are still being tested, but some (e.g., ‘Bossier’) have already
proved superior to tocal cultivars 3H/ T and [H192, The latter cuitivars are
tall, bushy. and branched and require 70 and 120 days, respectively, to flower
and mature. They perform well in areas or vears with good rainfall, but often
fail in seasons of uneven or hmited rainfall, While effectively nodulated by
native roil rhizobia (Chowdhury, 1977), the nodulation and ability to fix
nitrogen (N,) of these cultivars has not been studied in detail. By contrast,
‘Bossier’ is a short-duration cultivar, short in stature and with less branching.
Its vield is comparable to that of IH 192, and it can be successfully grown in

U Faculty of Agricuibture. Vorestry angd Veterinary Seience, Univ. of Darc es Sglaam,. P.O. Box
643, Moropots Tansmnu,
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areas with rainfall of short duration. ‘Bossier” and other exotic cultivars like
Improved Pelican” are sparsely or are not nodulated by native soil rhizobia,
and they respond favorably te rhizobial inoculation {Chowdhury, 1977;
Sachansky. 1977).

Legume imprevement through selection and breeding for enhanced N,
fixation has recently been recommended in order to minimize N fertilizer
usage {LaRue. 1978). N, fixation has not been a priority in Tanzanian work
with soybean improvement and, to the best of our knowledge, has not been
considered in other programs of the region, save perhaps for work undertaken
at the International Institute of Tropical Agricultyre (ITA). As inoculant
technoiogy in Tanzania ~-particularly in regard to the supply and storage of
high-quality inoculants— is limited, we have initiated studies to produce
agronomically superior, shert-duration cultivars able 1o symbioss effectively
with native soil rhizobia.

MATERIALS AND METHODS

Soybean cultivars IH 192 {local} and Bossier (zxotic) were used as parents.
These varieties were stagger sown in the ficld as well as in pots so that the
flowering of bath varieties could be synchronized for crossing. Crosses were
made by emasculation and pollination between 6:00 and 7:00 A M. as well as
between 6:00 and 7:00 P.M. Reciprocal crosses were attempted. The poilina-
ted flowers were covered with small plastic bags to avoid excessive
dehydration.

Two seeds from a successful cross were planted in Leonard jars using N-free
Thornton's medium and incculated with 1:10 soil:water suspension. One of
the plants was grown to maturity, when 16 good seeds from 6 pods were
obtained; the other was examined for nodulation at flowering. The {6 F,
seeds were planted in 3 | plastic buckets containing a mixture of 50% river
sand and 509 local soil. F, seeds from each plant were collected separately
and designated lines 1-16. Twelve seeds from each F; line, as well as the
parents. were grown in the field with irrigation during the 1980-1981 dry
season. Nodulation, N4(C,H,) fixation, plant height, degree of branching,
pod number, and seed weight plant were evaluated,

RESULTS AND DISCUSSION

The one ¥ plant examined for sodulation appeared effectively nodulated
by the native soil rhizobia, The other plant completed its iife cycle in N-free
sand culture and formed 6 pods, indicating some ability to symbiose with the
native rhizobia. The sixteen VFy sceds obtained were all viable, producing
plants that grew well in 50:50 soil:sand mixture and showed no sign of
deficiency. Again this indicates some ability to symbiose with the native
strains. although some plants grew better than others.



TABLE 1: Characteristics of promising sScgrepates and their parents,

Materials Dry nodule N,-ase activity Days to Plant No branches/ No pods/  Seed wt/
mass/plant amol C,H a / flower height plant plant plant
(mg) plant- h {em)
Parents ‘Bogsier” 2 150 40 47.2 4.9 48 .6 5.15
{1 192 67 6.80 68 0.0 6.6 74.6 4.8%
High vielding Line 3 18 10.30 38 58.7 6.5 103 4 6.83
segregates
with high BNF Line 16 42 10.30 38 14 5.4 104.0 11.16
High vielding Line 1 14 2.60 38 543 4.9 80.1 8.35
segregates with
tow BNF Line 10 18 1.24 38 550 3.3 161.3 92.04
Range of
16 B; families 2-181 1,15-10.30 31840 30.5-58.7 4,165 24-104 2.2-11.2

The figuzes in the table ure the mean values of 3 to ¥ plants,
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Transgressive segregation was observed for all the characteristics studied
among the 16 lires of ¥, plants grown in the field. The ranges in values of the
characters studied for the parents and the ' plants are shown in Table |.
Most of the segregates flowered 2 days earlier than their parents except ine 9,
which took 40 days 1o flower, asdid *Bossier’. Lines4, 6,9, and 11 wereshorter
in stature than ‘Bassier’, and all of them had lower seed yields than their
parents. Ameong them, lines 9 and ! had less nodulation (nodule mass
between 2 and 3 mg; plant) and low nitrogenase activity (2.2.0 mol C,H,
produced/plant per h), while ling 6 showed extensive nodulation {191 mg
nodule tissue/ plant) and moderate to high nitrogenase activity (7.32 u mol
CoHy produced, plant per h ). Two hines (Nos. 3 and 16} showed both high
yield and good N.fixation (see Table 1).

Given the promising nature of these results additional crosses between cvs.
Bossier and 1H 92 have been made and are being advanced to the F,
generation for detailed testing of both agronomic traits and ability to fix N,
With the high cost of fertilizer N to countries such as Tanrania, it is
imperative that future soybean breeding programs consider BNF as a prime
criterion in the development and selection of new cultivars.
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GENETIC MANIPULATION OF NODULATION iIN
GROUNDNUT

P.T.C. Nambiar, P.J. Dxrt, S.N. Nigam and R.W. Gibbons’

Summary

There is latge variation among cultivars of groundnut in ability
to nodulate and fix nitrogen (N), and in seasonal and diurnal
patterns of nitrogenase activity. Total W uptake, or total dry matter
production, may be a usefnl index ia ranking cultivars for Na-fixing
ability.

Certain cultivars of Arachis Avpogoeea 58p. hvpogeea var.
hypopaea formed up 1o 13% of their total nodule number on the
hypocotyl, and some cultivars even nodulated on the stem above
the crown of the plant. In contrast, cultivars [rom 4. Avpogaea ssp.
Jastigiata var. fastigiate and vat. vulgaris formed few nodules on
the hypocotyl. Non-nodulating plants have been observed in 13
crosses. Genetic analysis indicates that two independeni recessive
genes are involved. Some progeny of these crosses also form a few
big nodules, a trait which seems to be controlied by the host plant.

INFRODUCTION

The number of nodules formed by legumes, and their effectiveness, is
governed by both plant and Rhizobium genes, with large differences in
nodulation and naitrogen (N,} fixation already reported for cultivars of
soybean (Vorhegs, 1913), peas (Holl & LaRue, 1976} cowpea (Zary, e ai.,
1978 and groundnut {Wynne, Elkan & Schneeweis, 1980; Nambiar & Dart,
1980}, It may be possible to increase N» fixation in legumes by genetic
maripulation. This paper summarizes our efforts to establish genotypic
differences in N, fixation among groundnut cultivars and understand the
genetics of non-nodulation in groundnut.

POP No 87 ICRISAT Pasancheru, PLO. Andrs Pradesh 502 324 India
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BOTANICAL VARIATION IN ARACHIS HYPOGAEA L.

The genus Arackis belongs to the tribe Aeschynomeneae (Leguminosae,
subtribe, Papilionoideae) with 22 described and possibly 40 undescribed
species {Gregory, Krapovickas & Gregory, 1980). There is a great diversity
within the genus. For example plant type varies from upright forms to
prostrate types with runners, and the growing period required extends from
short-duration annual to perennial. The cultivated groundnut, 4. hypogaea,
is an annual tetraploid {(4n = 43). Based on morphology, the species is
subdivided into subspecies Aypogaea, which includes var. Aypogaea, and var.
hirsuta, and subspecies fastigiara which includes var. fastigiota and var,
vudgaris {Krapovickas, 1973). The hypogaeq ssp. includes long-duration,
alternately branched “Virginia types,” mostdy with runner and spreading
bunch growth hahits while the fastigiata ssp. includes short-duration,
sequentially branched types mainly with an upright branch habit, the
“Spanish™ and *Valencia types.”

The cultivated groundnut is grown throughout the tropics and subtropics
between latitudes 40°N and 40°8, where rainfall during the growing season
exceeds 500 mm. The crop grows best in well-drained, sandy loams, and
tolerates air temperatures between 20°C and 40° C. The crop duration varies
with the location and season of cultivation — the Spanish and Valencia types
normally mature 90 to 110 days after planting, while the Virginia types matore
130 to 150 days after planting.

VARIATION IN N; FIXATION AMONG GROUNDNUT CULTIVARS

N, fixation in groundaut is closely related to photosynthesis (Nambiar &
Dart, 1980). Figure | shows seasonal variation in N2 fixation among nine
groundnut cultivars. In general, the Virginia types (‘Florunner’, MK 374,
‘Florigiant’, M [3, and ‘Kadiri 71-1") formed more nodules and fixed more N3
than the Valencia ("Ganpapuri', MH 2. and P1 59747} and Spanish {Ah 8189)
types. A similar trend was observed in field experiments in North Carolina by
Wynne er af. (1980}, In all the cultivars, N fixation started at around 25-30
days after planting with significant genotypic differences apparent by 30 days,
and with no mteraction between sampling date and cultivar ranking until after
50 days. a time that generally corresponds to early pod filling. Culiivar
differences in pod filling and partitioning also become evident 2t this growth
stage (McCloud er ul, 1980}, and in turn affect energy supply to the nodules.
This may explain the cultivar x sampling-time interaction {or nitrogenase
activity per plant that could be observed from the fourth sampling on. Inmost
cuitivars nedule senescence started during this stage of plant growth, along
with a decline in N2 fixation per plant.

Fifty-two selected germplasm lines were sereened over three seasons{1977-
1979} for nodulation and N» fixation using the acetylene reduction assay
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{Dart. Day & Harris, 1972). Plants were sampled 20-25 days after flowering.
The data was analyzed by the Scoti-Knot method (Gates & Bilbro, 1978} and
the clusters formed were grouped as high, medium, or low in BNF traits (see
Table 1), Three- to five-{old differences in nodulation and N2 (CaHy)
reduction were observed among these groundnut genotypes. A Virginia type,
NC Ac 2821, ranked high over three tests and a Valencia type, NC Ac 2654,
ranked high during two tests, while a Spanish type Ah 3275, was clustered as
low during four tests. Crosses have been made between the cultivars of the
high and low groups in order to estimate the heritability of N, fixation in
groundnuts, Wyne ef gl. (1980) reported high heritability for such traits in 30
¥, lines derived from a cross between ov. 922 (Spanish) and ¢v. NC &
{Virginia) in fields at Raleigh. However they observed that correlations
between parental and general combining ability effects for N4 fixation were
nonsignificant for progenies of a diallel cross grown in the glasshouse,
indicating that simple evaluation of lines for capacity to fix N, may not
identify superior parents for use in breeding programs (Isleib er g/, 1980},
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TABLE 1: Varation in the nodulation and Nj {C,H;) fixation of groundnut
cultivars over three seasons of testing.
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Groundnui shows a marked diurnal periodicity in CyHy reduction
(Nambiar & Dart, {980). A preliminary survey of nitrogenase activity in 14
groundnut lines selected for differences in foliage production, showed a
significant interaction between lines and time of measurement of nitrogenase
activity. This suggests that, if cultivars with less diurnal variability in Ny
fixation can be found. they may have larger overall daily fixation,

There are difficulties in relating the nodulation and N, fixation scores of
groundnut lines obtained from sampling at a particular stage of the growth
cycle to their overall seasonal activity, Moreover, such methods are
destructive and, hence. not useful for examining early generation populations
in a breeding program. An alternate method is to use the total N uptake of the
erop at harvest as an indication of Ny fixation, Nitrogenase activily through
the season and total N, uptake by two cultivars grown at ICRISAT are
shown in Figure 2 and Table 2. Cv. Kadin1 71-1, a Virginia runner, nodulated
better and fixed more Ny than the dwart Valencia-type cv. MH 2. The
differences i Np fixation rates are not reflected in the pod vield, but are
evident in the tolal dry matter produced, and total N harvested,
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TABLE 2: Dry matter production by cvs. Kadiri 71-1 and MH 2 during post-
rainy season,

Cultivars Pod weight  Top weight Total dry Harvest N index
{kgfha) {kg/ha} matier (kg seedfkg tops)
(kg/ha-day)
Kadin 71-1 2426 4103 43 0.37

MH 2 1833 1041 24 0.64
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HYPOCOTYL AND STEM NODULATION

Host genotype and RhAizohium strain have been shown to influence the
distribution of nodules in legumes (Caldwell, 1866), In groundnut, cultivars
belonging to the botanical varicty Avpogaea form more nodules in the
hypocotyl region than do those from var. fastigiara and var. vulgaris,
Nodules on the hypocotyl of var, Aypogaea accounted for 13.4% of the total
number of nodules per plant while in the other botanical groups they only
accounted for 0.5-1.0%. These hypocotyl nodules form 40-60 days after
planting and only develop when the soil around the hypocotyl is moist. Some
cultivars such as cv. MK 374 (var. Avpogaeq) also nodulate on the stem.
BPuring the ped filling stage the nodules on the hypocotyl and stem remained
pink while many nodules on the roots turned green, indicating senescetics,
Selecting for these traits in breeding material might increase N fixation
during the pod filling and maturation stages,

GENETICS OF NODULATION

Host plants unable to form nodules have been observed in soybeans and
peas {Williams & Lynch, 1934; Holl & LaRue, 1976). Recently Gorbert &
Burton (1979} reported non-nodulating lines of Arachis hAvpogoea in the
progenies of a cross 487A-1-1-2 x PI 262090. Non-nodulating groundnut
lines have also been reported from Georgia (R.G. Hammons, personal
commaunicatior}). During the 1978 rainy season, F, progenies from three
crosses in the rust screening nursery at ICRISAT segregated for non-
nodulation. Ali the parents of the crosses nodulated normally. Later, during
the rainy season 1979, non-nodulating lines were found in 10 additional
crosses {see Table 3).

Genetic analysis for nodulation vs, non-nodulation showed that a pair of
independent. recessive genes control non-nodulation (Nigam eral, 1980), It
is mnteresting to noete that one of the parents in most of the crosses is a rust-
resistant Valencia cultivar - either ov. P1 2539747, cv. NC Ac 17090, orcv. EC
76446 (2923, Any of these parents crossed with cultivars NC 17, Shantung Ku
No. 203. or NC Ac 2731, always segregated for non-nodulation, but cv. Pl
259747 crossed with cv. NC Ac 17090 or cv, EC 76446 (292} did not produce
non-nodulating plants in the Fy generation. nor did cv. NC Ac 2731 when
crossed with cv. Shantung Ku No. 203, This indicates that one set of genes for
non-nodulation s present in ¢vs, Pl 259747, NC Ac {7090, and EC 76447
(292} and another set in cvs. NC 17, Santung Ku No. 203 and NC Ac 2731,

Some nodulating segregants formed only a few nodules, which were much
larger than those formed by either parents or the normally nodulating F,
plants, This character is not stable genetically. For example, a plant with three
big nodules in the Fs generation segregated in the F,, generation into normal
nodulating. non-nodulating and “big nodule” types. Rhizobiumisolates from
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TABLE 3: Crosses producing progeny that fail to nodulate.

Shantung Ku No, 203 x NC Ac 17142
NC Ac 2731 x NC Ac 17090

RC A 2731 x EC 76446 (292)

NC Ac 2768 x NC Ac 17090

NC 17 x NC Ac 17090

Shantung Ku No. 203 x NC Ac 17090
Shantung Ku No. 203 x BC 76446 (292}
Shantung Ku No. 203 x P1 259747
NC 17 x EC 76446 (292)

10, NC-Fla-i4 x NC Ac 17090

1. RS-114 x NC Ac¢ 17090

12, NC17xPL239747

13, NC Ac 2731 x PI 259747

the big nodule type formed normal nodules on the parent plants under sterile
conditions. Moreover, big nodule segregants were observed in F, populations
grown in controlled conditions and inoculated with a single strain that forms
normal nodules on the parents, These observations indicate that the big
nedule trait 1s essentially a plant character,

We are using the non-nodulating groundnut lines in experiments to
measure N fixation by groundnut, with the N uptake by the non-nodulated
plants providing an estimate of the mineral N uptake by the nodulated planis.
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SCREENING FOR NODULATION CHARACTERISTICS IN
CHICKPEA AND SUBSEQUENT GENERATION OF SEEDS

O.P. Rupela and P.J. Dart?

Surmmary

Chuckpea ({roer arernam) is a self-polhinating species, the
cuitinars of which ditier widely in nodule number, weight, and
nHregenase acinvily. Studies at BCRISAT have shown a close
correlation between these fixation parameters in 61-day-old plants,
and have permitted developmemt of a nodalation score highly
correlated with hoth noduic weight and number, This scoring
system permits more rapid germplasm evaluation, and should be
adjustable to an absolute rating for field-grown plants,

Field-grown plants can be assayed as intact plants for
nitrogenase activity, the nodules removed and weighed, and the
plant repotied with 907, survival for plants examined 48 days after
planting. This permiis sced production from plants of which the
genetic potential tor mirogen fixation has already been established,
and the use of such plants lor hybridization in breeding programs.
Uhickpeas can also be propagated vegetatively by inducing root
development [ram wounded branches.

INTRODUCTION

Iifferences in numbers, size and distribution of nodules among cultivars
was first observed for soybeans by Voorhees (1915}, Since then many reports
have appeared on varietal differences in nodulation for various legumes
Johnson & Means, 1960; Nutman, 1961; Gibson, [1962; Ddbereiner & Arruda,
1967). More recently the interaction between Rhizobium strains and cultivars
has been examined in detail (Nutman, 1969; Myiton, El-Sherbeeny & Lawes,
1977; Minchin ¢r al.. 1978; Mytton, 1978).

Chickpea is a self-pollinating, herbaceous plant that is normally bushy and
semispreading. It has been well described batanically (van der Maesen, 1972).

OP Ne 42 HORISATY. Batanchers P.O., Andra Pradesh 3632 324, Indin,
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I India two types of chickpea are commonly recognized: desi (small, brown
seeds that are wrinkled, with a beak at the end) and Kabuli (relatively larger,
white, smooth seeds). [tis a subtropical crop that is grown mainly on residual
moisture in the post-rainy scason in India. The Rhizobiwom isolated from
chickpea is very specific but will sometimes nodulate Seshaniz bispinosae and
§. sesban {Gaur & Sen, [979).

SCREENING FOR NODULATION

At ICRISAT, nodulation parameters were found to correlate strongly with
grain vield under field conditions {Table 1} and to vary widely among 251
germplasm lines examined in the field (see Table 2). We have made crosses
hetween high- and low-nodulating lines to examine the heritability of the
parameters. prior to embarking on a breeding program to increase nitrogen
(N;) fixation by chickpea. Unfortunately, observations on nodule number
and weight are extremely iaborious, and difficult to apply 1o large.scale
germplasm holdings such as those at ICRISAT. Because of this we have
developed a visual scoring system, more suitable for evaluating numerous
lines. This has proved at feast 10 times faster than actual measurement and
correlates strongly with nedulation parameters {see Table 31,

TABLE 1: Correlations between N,-fixing parameters for 61.day-old chickpea
plants and final yiefd.’

Noduie N, -ase Grain
weight activity/ yield
plant
Nodule number TRRERE EEhidd LS Rl
Nodule weight Te3*EF Bijre*
N, -ase activity/plant LEE**

2

! v = 24, baseid on means for 5 cullivars grown on g Vertisol wdth 4 reps and 2 Z8-plant

sample 3t 61 daysand 12.6 ng‘yle’% ast final harvest area.
*=Tioniflcant at 1% ***Significant at 0,15 .

SALYAGING FIELD-GROWN PLANTS

Ta make observations on nodule number and weight it is usually necessary
1o harvest destructively. Nondestructive acetviene reduction assays can be
used only on a limited scale. For breeding purposes it is important that sced be
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TABLE 2: Range of symbiotic parameters and yield of chickpea cultivare.!

Parameter Harvest Yield
{days after planting) 197677 197778
Nodule no/ 25.30 448 218
plant 45-50 10-7% 1-26
FG-75 1-20 4-28
Noduls dry wt 25-30 0.3-53 1-13
{mg/plant) 4550 2-108 2-34
F0-75 1-195 3.82
Top wt 25-30 ND? 0.2-1.7
{g/plant} 45-50 0.1-6.2 1.19.2
70-75 1.8-39.2 1).5-36.5

Y'wo- hundred and fifty-one cultivars were grown in the post-rainy season {1976-77) at
ICRISAT, without inoculation and repiication. Nodulation was observed 235-30, 43-50,
and 70-75 days after planting, Thirty plants per cultivar were scored at each harvest date,
In the 1977-78 postrainy season the same cultivars were again planied at ICRISAT, Seeds
were inoculated throughout with Rhizobium strain CC-1192, Observations are means for
30 plants from 3 replicates,

ND - No data.

TABLE 3: {ormelation between N, fixation parameters and visual scoring-1

Nodule Top Np-ase Specific Ny-ase  Visual
weight weight  activity/plant aetivity of sconng
nodules

Nodule numbsr B9%%%  Gqess LHErRE 343 FoEex

Nodule weight H3rae .3 R 3% S

Top weight FrLst 8% L3EE
Ns-ase activity/

plant WA s BOEr

1Sixta:;:n cultivars and a check {cuitivar K-830, twice) in three repHoations wers agsayed for
nitrogenase activity by aceiviene reduction at 126 daysafter planting 2t Hissar, Two bottles
contalning two plants esch wete assaved per replication. After assay, individual plants were
scored visually and nodule number and nodule weight then measured.

*Significantat § %  **Significant at 1%  ***Signiflcant at 0.1 5.
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produced from selected planis already scored for nodulation. The technique
we have developed for thisis detailed below. Uprooted field-grown plantsare
brought from the field under wet gunny (hessian}sacks and are keptascoolas
possible until scored. After scoring they are transplanted into pots containing
sandvermiculite:grit {1:2:2}, covered with polythene bags {see Figure I); then
kept in the glasshouse at temperatures of approximately 25°C and with 70%
relative humadity {RH}. One can observe, record, and transpiant one plant
every iwo minutes. After four to five days the polythene bags can be removed,
but pots must always be kept maoist. The success rate for establishing field-
grown plants 45-50 days old in pots is about 909, Plants can subsequently be
transferred back into the field with almost 100% success.

Glasshouse-grown plants can generally be scored and repotted more easily
than those from the field. In one experiment 270 of 291 plants repotted after
nodule scoring survived. In another trial with 20 cultivars, 97% of 200 planis
potted survived. When ambient conditions are favorable (ambient
temperature less than 30°C, and with high RH) scored plants can even be
returned directly to the field.

Figure 1. Potted chickpea plants covered with poiythene bags (left}, After fourto
five days the covers are removed (right) when the plants establish.

RAPID MULTIPLICATION OF MATERIALS

We developed a4 method for taking cuttings of chickpea in order to obtain
more seeds of a given genetic stock within a short period. Rooting is induced
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by wounding a branch by making a transverse cut halfway through at the
fourth or fifth internode. The branch is allowed to grow on in the glasshouse
at about 25-28° and about 707: RH. After about seven days, 20-50% of the
wounds form rootlets on the wound surface closest to the growing point of
the branch. while the others swell at the wounds. Wounded branches, with or
without roots. arc detached from the plant below the wound and potted in
sand plus vermiculite. Root growth is hastened if the original wound is dipped
in root hormone powder {Seradex B Nop. 2, May and Baker, India) while
potting up the branch. Pots contaimng these branches should be kept shaded
in the glasshouse for about a week. Almost all branches that have aerialroots,
and more than 7005 of the branches with swelling at the wound, form roois
and grow into plants. Removal of reproductive structures after transplanting
stimulates plant growth. When the cuttings are growing vegetatively they can
also be transplanted to the field for faster seed production with almost 160%
SUCCESS.
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INFLUENCE OF PLANT GENOTYPE ON SOME
PARAMETERS OF NITROGEN FIXATION IN
PHASEOLUS VULGARIS

F.F Dugue, L.T.G. Salles, J.C, Pereira, and J. Dobereiner!

Summary

The influence of plant genotype on symbiotic nitrogen (N}
fixation in cullisars of Plhasechs valgariy was evaluated m a red
yveliow podzolic soil. low in mineral N. Maximum Ns {CaHy)
fixation was tound 44 davs after ptanting and correlated well with
nodule weight and percentage of pink nodules. Nitrate reductase
activity was feast at the 4d-day harvest and, in general, showed a
pattern opposite to that of N fixation. Bean barvest index and N-
use efficiency (kg gron produced kg N in tops) were positively
correlated with sicld.

INTRODUCTION

Biological nitrogen (N2} fixation i soybean can provide the N necessary
for high yields. In Brazil, as in most countries, soybeans are grown without N
fertilization, an economy estimated at US$800 million/year (Débereiner &
Duque. 1980), By contrast, dry beans have proved weak in No fixation and are
generally supphied with fertiizer N. Integrated plant physiology,
microbictogy. and soil science teams are now working in Brazil to enhance
levels of N, fixation in Phaseolus vidgaris. In this paper we summarize
results from experiments on plant genotype effects on nodulution and N;
fixation in this species.

MATERIALS AND METHODS

The field experiments were conducted at the experimental farm, Km 47,
Rio de Janeiro. on a red yellow podzolic soil low in mineral N. Dry beans

P Programa Fmacho Rologwcs de Nhrogemio, EMBRAPA-UFRRI, UNP Km 47 23460,
Seropedica Rio de luneiro, Hraal
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were planted both in the rainy (OUctober} and dry {March) seasons. Sixteen
bean genotypes were planted in @ randomized complete block design having 4
replicates. Plots were of 5 lines, 4 m long, with 0.5 m distance between rows,
and 20 seeds per row. Fertilization included 1.5 t of dolomitic limestone, 160
kg P20s. 160 kg K20 and 40 kg FTE-Bri5 (trace element mixture) per
hectare. At thy second planting, fertilization was complemented with 80 kg
PoOs and 40 kg KOy ha applied in the seed row. The seeds were inoculated
with a mixture of three strains of Rhizoblum phaseoli, and lime pelleted.
Mcthods for the assay of Ny {CyHa) fixation and nitrate reductase activity
were similar to those used by Franco, Pereira & Neyra (1979). Nodule dry
weight was defermined at flowering; vield, and N in the grain and
aboveground parts were determined at maturity. Harvest index (ratio of
weight of seed harvested to weight of tops) and N-use efficiency {ratio of
weight of grain harvested to weight of N in tops) parameters were calouiated
from this data.

RESUILTS AND DISCUSSION

fagures | oand 2 show the seasonal variation in the percentage of pink,
healthy nodules and Ny (C;H,) fixation of eight P vulgaris cultivars
{ellowing wet season plantings. The one cultivar of Type 1 growth habit
{*Gotano Precoce’) tacluded in this study showed very poor N, {CHy)
fivation as conlirmed by apparent N deficiency in the field. This cultivar

Geiano Pracoce | THOMICA Cal ¢ 1
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the roots of five planis/plot, 50 . K
counted,  and  the  micinal A,
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coloration (red green orwhiteg - * N \ -
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Goiano Precoce [ ~ 10103 (1CA Col) 11

I NEN

Figure 2.

Relationship between N fixa-
tion and nifrate assimilation of
field grown dry bean plants.
——: nitrogenase activity (in
intact  roots systemﬁ .\\’llh v by g Y ;
nodules). ---: NRA in fresh 1623 30 37 44 51 58 65 1623 30 37 44 51 58
leaves (in vitro). Days after germination

1 mol C,H,/plant-h
1 mol NO,/g fresh wt-h

showed a relatively high proportion of red nodules, but nodule weight was
particularly low (see Table 1). The low N, (C,H;) fixation of cv. BH4936
might be a consequence of heavy infection with rust (Uromyces phaseoli). In
the other cultivars the proportion of pink nodules peaked one week before
maximum N, (C,H5) fixation was obtained. This occurred in all cultivars at
44 days. One week later rapid decomposition of nodules began, and
nitrogenase activity stopped almost completely. This sudden loss of nodules
has been reported before and also occurred in 1rr1gated fields, so it cannot be
due to water stress. We consider this a major cause of the low N, fixation
found in field plantings of Phaseolus vulgaris.

As Franco er al. (1979) observed, nitrate reductase activity was lowest
during peak N, (C,H,) fixation but increased again following the decline in
fixation (see Figure 2). The results obtained in the dry season planting (data
not included) also showed parallel development during the growth cycle of
nodule weight., percentage of pink nodules, and nitrogenase activity.
However, all three parameters declined much more rapidly, due, probably, to
water stress.

Table | shows nodule dry weight, yield, harvest index, and N-use efficiency
parameters for all 16 cultivars of Phaseolus vulgaris. Each parameter shows
marked variation between cultivars, with the poor correlation between nodule
dry weight and yield surprising. By contrast there was a highly significant
correlation between harvest index or N-use efficiency and yield, with cultivars
of Type Il growth habit (10103 (ICA, Colombia), FF 1282 -CB-CM-M,
‘Small Black Bean’ and ‘Rico 23’) prominent. These correlations were
confirmed in the experiment planted during the dry season (data not shown),
where the correlation coefficients of grain yields with harvest indices were
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TABLE 1: Harvest index and yield of 16 dry bean cultivars grown during the
rainy season.

Cultivar Growth Nodule Yield Harvest N-use
habit' wt? (kg/ha)  index® efficiency®
10103 (ICA-Col.) II 48.2 1083 601 24
FF1282-CB-CM-M 11 70.2 857 562 24
Small Black Bean II 57.5 827 311 19
Rico 23 I 65.4 798 469 19
Porrillo Sintético I 314 788 485 20
Goiano Precoce I 34 556 404 21
FF46-3-M-M-M 111 51.6 535 389 15
FF-72-M-M-M 11 104.6 497 320 13
FFSST-CB-CM-M 11 49,0 497 355 15
Iguaca II v 42,6 492 226 10
Venezuela 350 II 584 492 302 14
FF2-6-3-CM-M I 284 451 346 14
FF-104-CB-CM-M II 45 4 405 279 11
ICA Pijao 1 76.6 398 252 11
Rio Tibaji I 41.3 361 253 10
BH 4936 111 452 221 129 5

1Growth habit defined as Type I-determinate; Types Il and IIl—indeterminate; with short
and long guide, respectively (CIAT, 1977).
mg/plant. Determined on 5 plants in each of 4 replicates at flowering.

3kg grain-/kg dry wt of aboveground material, r (yield x harvest index) = 0.88. P > 0.01.
kg grain/kg total N in crop. r (vield x N-use efficiency) = 0.91, P > 0.01.

r=0.80and 0.89 (p >0.01) for top dry weights and plant N, respectively. The
best genotypes were again of Type II growth habit, although they were not the
same cultivars (‘Porrillo Sintético’, ‘ICA Pijao’, and FFSST-CB-CM-M). The
results emphasize that while. absolute levels of carbohydrate accumulation
and N, (C,H,) fixation are important, it is the efficiency with which plants
utilize accumulated carbohydrate and N that determines grain yield. Breeding
programs that emphasize this aspect of plant growth and N, fixation are
currently underway.
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HOST-PLANT FACTORS AFFECTING NITROGEN
FIXATION OF THE PEANUT

J.C. Wynnie, S.T. Ball, G.H. Elkan, T.G. Isleib, and T.J. Schneeweis!

Summary

Eight peanut (Arachis hypogaea L) cultivars were evaluated for
growth analysis traits to determine the host factors that most affect
nitrogen (N7) fixation. The cultivars differed significantly for fruit
yield, nodulation, and Ny (C,H,) fixation and in most of the
growth traits analyzed.

In a regression analysis, leaf area duration accounted for 70-75%
of the variability in nodulation and N, (CyHj,) fixation. Simple.
measurements of leaf dry weight accounted for almost 75% of the
variability in both nodulation and Ny (CyHj) fixed. These
relationships again demonstrate the importance of the
photosynthetic assimilatory apparatus to fixation in peanuts.

Leaf dry weight is relatively simple to measure and should be
amenable to selection in a breeding program.

INTRODUCTION

The host plant plays a major role in symbiotic nitrogen (N, ) fixation. Host
genes involved in nodule initiation, development, and function have been
reviewed already in this volume (see p. 27), other genetic studies with peanut
(Arachis hypogaea L.) are detailed on p. 49. Much research is now in
progress to manipulate the leguminous host plant genetically to improve the
efficiency of the plant/ Rhizobium symbiosis.

Evidence is accumulating that the quantitative variation in nodulation and
N, fixation is sufficient in most leguminous crops to attempt to increase N,
fixation through breeding and selection (Seetin & Barnes, 1977; Zary et al.,

' North Carolina State University, Raleigh, NC 27650, USA.
?  The financial support of USAID under project AG/TAB 610-9-76 is gratefully
i acknowledged.
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1978; Isleib er al., 1980; Nambiar & Dart, 1980; Sinclair, Lugg & Spaeth, 1980;
Wynne, Elkan & Schneeweis, 1980).

However, in efforts to increase Ny fixation, it is not necessary to restrict
selection to genetic factors that affect nodulation, increase nitrogenase
activity or generate larger amounts of accumulated N. Much recent work
suggests that the supply of carbohydrates to the nodules may be a major
limiting factor in N; fixation. Certain cultivars may be superior to others in
their allocation of assimilatory resources to the various plant parts (Ham,
Lawn & Brun, 1976; Hardy & Havelka, 1976; Pate, 1977). In order to
determine which plant factors are responsible for the variation observed in
‘nodulation and N, fixation, and to identify other traits that are useful for N,
fixation selection programs, we must study the functional economy of whole
plants and the interactions of their organs during growth.

The peanut is promiscuously nodulated by rhizobia of the cowpea cross-
inoculation group and, under many field conditions, can fix most of the N,
required for growth and high yield (Reid & Cox, 1973). In fields new to
peanuts substantial responses to inoculation can be obtained (Barksdale,
1977; Nambiar & Dart, 1980).

Significant variation in nodulation and nitrogenase activity has been found
among peanut cultivars. (Duggar, 1935a; 1935b; 1935¢; Burton, 1975;
Nambiar & Dart, 1980, Wynne et al., 1980). Generally peanut cultivars of the
“Virginia type” (ssp. hypogaea var. hypogaea) are better nodulated, fix more
N,, and yield more than either the “Valencia type” (ssp. fastigiata var.
fastigiata) or the “Spanish type” (spp. fastigiata var. vulgaris), although
variation among cultivars of each type for each trait has been demonstrated
(Nambiar & Dart, 1980; Wynne et al., 1980).

The objective of this paper is to describe host-plant factors that account for
differences in nodulation and N7 fixation observed for peanut cultivars grown
in soils containing native rhizobia.

MATERIALS AND METHODS

Eight peanut cultivars representing the three major botanical varieties were
grown at the Peanut Belt Research Station, Lewiston, NC, USA (see Table I).
The test was planted in a split plot design in a randomized complete block with
five replications. Cultivars were assigned to whole plots and sampling dates to
subplots. Sampling was initiated two weeks after emergence with samples
taken at two-week intervals throughout the growing season. Three-plant
samples were taken from each plot until midseason when the sample size was
reduced to two plants per plot.

After drying, individuat plants were separated into component parts and
weighed. The leaf area of the harvested plants was estimated from the dry
weight of 10 leaf disks of known area per plant. These data were used to
generate |12 growth analysis traits for each cultivar as described by Kvet,
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TABLE 1: Peanut cultivars evaluated for N, fixation and growth.

Cultivar Botanical classification Maturity
Tennessee Red ssp. fastigiata var. fastigiata Very early
Spanhoma ssp. fastigiata var. vulgaris Very early
Florunner ssp. hypogaea var. hypogaea Medium
PI1 262090 ssp. hypogaea var. hypogaea Late
Florigiant ssp. hypogaea var. hypogaea Medium
NC4 ssp. hypogaea var. hypoguea Medium
NC6 ssp. hypogaea var. hypogaea Medium
Early Bunch® ssp. hypogaea var. hypogaea Early

Ondok & Jarvis (1971) (see Table 2). Nodule number, nodule dry weight per
plant, and N, fixation (as measured by an acetylene reduction methodology
similar to that of Hardy, Burns & Holsten (1973)) were determined for each
cultivar.

Multiple regression techniques for best model selection were used to
determine the relationship of the 12 growth analysis traits to nodulation and
N, (C,H,) fixation. Similar techniques were used to determine the
relationship of nodulation and N, (C,H)) fixation to fruit yield.

RESULTS

The cultivars were significantly different in mean weight of leaf, stem,
petiole, peg, and fruit (see Table 3). The Virginia type cultivars generally had
greater weights than the Valencia or Spanish type cultivars for all plant parts
except fruit.

When the mean weight data from each sampling date and the leafarea data
were used to analyze growth traits, cultivars were found to be significantly
different for all traits except for relative growth rate, net assimilation rate and
unit shoot rate (see Table 4). The Virginia-type cultivars generally had greater
means than cultivars of the fastigiata subspecies for all traits except leaf
weight ratio and specific leaf area. ‘Florigiant’ had the greatest absolute
growth rate, crop growth rate, leaf area index, leaf area ratio and specific leaf
area. This indicates that ‘Florigiant’ had the fastest growth rate because it had
the largest assimilatory apparatus. NC 6 had the highest biomass duration
and leaf area duration, indicating an ability to maintain photosynthetic
capacity longer.

N, fixation

The eight cultivars were significantly different for nodulation and N
(C,H,) fixation (see Table 5). The Virginia-type cultivars had higher means
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TABLE 2: Synopsis of growth analysis symbols and formulas.
Derived quantity Instant value Mean value
Absolute growth rate dW “ Wy, - Wy
dT -2 T, - T4
Biomass duration None _ (W, +W;,)(T,-Ty)
Zyy = 2
Crop growth rate 1 dw & 1 W, - W,
P dT "2 Tp T, - Ty
Leaf area duration None (L A, TLA ) (Ty -T,)
(L, basis) D = ! 2
A 1-2 2
Leaf area duration None _ (L1 +L,) (T,-Ty)
(L basis) D, = 2
Leaf area index LA _ ~ LA2 - LA1
P L =73
Leaf area ratio Eé o (LA1/W1) +(LA2/W2)
W Fip = 2
Leaf weight ratio Lw (Lw1/Wz) +(LW2/W2)
W— LWR., = 5
Relative growth rate 1 dW _ log Wy - log, Wy
W dT Rip = T, - Ty
Specific leaf area IL“_‘ _ (LA1/LW1) + (LAz/sz)
L SLA, = 5
w
Net assimilation rate L ﬂ - _ W, - W, .logeLAz - logeLA1
Lp dT T T T Ly, - Ly,
Unit shoot rate 1__(_1_VY_ - _ W, - W, logeSW2 - IogeSW1
2 = :
SW dT T2 - T1 SW2 - SW1

L A =
T = time; W = total dry wt.

total leaf area: LW = leaf dry wt.; P = ground area; SW = shoot dry wr.;
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TABLE 3: Cultivar means for growth components averaged over sampling

dates,

Cultivar Leaf Stem Petiole Peg Fruit

weight weight weight weight weight

(g/plant)

Tennessee Red 208d 248¢ 4.6d 40e 33.2¢
Spanhoma 22.7 cd 259¢ 54c¢ 4.7 de 346¢
Florunner 274b 304 ab 5.2cd 5.9 be 339c¢
PI 262090 24.1c¢ 332a 52cd 2.6 f 146 4d
Florigiant 30.6a 348a 6.2b 69a 449 b
NC 4 29.0ab 309 ab 8.1a 6.1 abc 30.6 ¢
NC6 30.1ab 36.1a 5.8 be 6.8 ab 4390
Early Bunch 2750 25.1¢ 6.1b 5.3 cd 524a

1Means within columns followed by the same letter are not significantly different (P = 0.05).

for nodulation and N, (C,H,) fixation than the two fastigiata subspecies
cultivars. The latter cultivars were similar to the Virginia-type cultivars during
the early part of the growing season but showed substantially lower
nodulation and N, (C,H,) fixation during early pod fill. The highest yielding
cultivars, NC 6 and Florigiant, showed the greatest nodulation and N,
(C,H,) fixation.

Relationship of host factors to N, fixation

When the 12 growth analysis traits were used as independent variables and
regressed on the dependent variable, N, (C,H,) fixation, leaf area duration
accounted for more than 70% of the variation in N, (C,H,) fixation, after
adjustment for replicate and cultivar effects. The only other trait that
accounted for a significant amount of variability in N, (C,H;) fixation was
leaf area index. Over 909 of the variability in Ny (C;H;) fixation for the
cultivar Florigiant, which had the highest N, fixation values, was accounted
for by leaf area duration.

Leaf area duration expresses how long a plant maintains its active
assimilatory surface. Obviously, peanut plants that have the capacity to
maintain active photosynthesis are best able to fix N,. The results are not
surprising, since several peanut experiments have indicated a close
relationship between N, fixation and photosynthesis (Hardy & Havelka,
1976; Dart, 1978; Wynne et al., 1980).
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TABLE 5: Cultivar means over sampling dates for nodulation and N2 fixa-

tion."

Cultivar Nodule N2

fixation

Number Weight
(g/plant) (u mol C, H'4 /plant-h)

Tennessee Red 662 be .80 de 154 be
Spanhoma 440 ¢ bde 13.1¢
Florunner“ 855 ab 133 be 22.2a
PI1 262090 718 ab .96 cde 16.1 be
Florigiant 959 a 175 a 23.5a
NC 4 934 a 1.47 ab 214 a
NC6 926a 147 ab 23.1a
Early Bunch 938a 1.13 bed 19.1 ab

1Means within columns followed by the same letter are not different (P = 0.05).

Differences in leaf area duration accounted for almost 70% of the
variability in nodulation. Variability in crop growth rate also accounted fora
significant amount of variability in nodulation, but the multiple regression
model that contained both crop growth rate and leaf area duration accounted
for only 2% more variability than was accounted for when only leaf area
duration alone was considered. An examination of regressions for individual
cultivars indicated that leaf weight ratio accounted for a significant portion of
the variation for nodulation. Leaf weight ratio is the ratio of leaf dry weight to
total plant dry weight and should also describe the size of the assimilatory
apparatus.

Since leaf area duration and leaf weight ratio were found to account for
much of the variability for both nodulation and N, (C,H,) fixation, the
relationship of leaf weight per se to the N, fixation parameters was
determined using multiple regression. Leaf weight accounted for almost 75%
of the variation in both nodulation and Ny(C,H,) fixation.

Relationship of N, fixation to fruit yield

In grain legumes such as peanuts, increases in N fixation do not necessarily
lead to increases in fruit yield. In this study about 28% of the variation in yield
can be accounted for by differences in nodulation. About 22% of the
difference in yield can be accounted for by N2 (C2H,) fixed. The model
containing both traits only accounted for 29% of the variation in yield since
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the two traits are correlated. Since increases in dry matter must be partitioned
into the fruit. N, fixation is making an important contribution to yield.

Peanut plants with high N, fixation have greater leaf weights and leaf area
duration. These traits can be easily measured and should be amendable
through selection processes in breeding programs.
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“ ENERGY COST OF BIOLOGICAL NITROGEN FIXATION /-

A

&

M.C.P. Neves!

Summary

Biological nitrogen (N,) fixation in both free-living and
symbiotic organisms is an energy-requiring process dependent
upon a supply of carbon and energy. In this paper the energy costs
for N, fixation and nodule respiration in symbiotic systems are
compared with those of free-living N,-fixing systems, with the
theoretical energy requirement for N, fixation, and with the cost of
utilization of combined N.

INTRODUCTION

Nitrogen (N,) fixation is an expensive process in terms of energy
requirement, whether carried out by the petrochemical industry or by living
organisms. Chemical fixation of N, uses expensive nonrenewable fossil
energy; in the USA, for example, ammonia production consumes about 2% of
the nation’s natural gas output (Harre, Livingston & Shields, 1974), and
additional energy is used in fertilizer transport. Biological N, fixation uses
solar energy collected through photosynthesis and produces reduced N, at the
site where it is needed, in the soil. In the case of rhizosphere and symbiotic N,-
fixing micro-organisms, carbon substrates are provided directly by the host
plant. Some free-living Ny fixers depend on soil organic matter, whereas
others produce their own carbohydrates, and so are fully autotrophic for both
C and N.

Because biological N, fixation requires so much energy, it is often limited
by a shortage of photosynthate. As attempts to enhance the photosynthetic
capacity of plants have met little success, concern has mounted about the
energy efficiency of biological N, fixation, and about how it might be
enhanced.

! Universidade rederal Rural do Rio de Janeiro, Km 47, Seropedica, 23460, Rio de Janeiro,
Brazil.



78

This paper compares the energy costs for N fixation and nodule
respiration in symbiotic systems with those of free-living, N,-fixing
organisms, with the theoretical energy requirement for N, fixation, and with
the cost of utilization of combined N.

ENERGETICS OF BIOLOGICAL N; FIXATION
Thermodynamic considerations

" Using glucose as a source of reducing power Bergersen (1971a) estimated a
net energy requirement for Ny fixation of 276 KJ/mol NH 4* produced under
thermodynamically stable conditions. For cell-free systems Bergersen (197 la)
reported the consumption of 355 KJ/mol NH4* produced, a figure probably
very close to the in vivo cost of fixation. As oxidation of glucose yields 2.813
KJ/mol, and considering perfect energy transfer, the maximum efficiency
with which Nj can be reduced in a biological system is 0.26 moles glucose/ mol
NHy* produced or 0.67 g C/g fixed N, Using other calculations, Gutschick
(1978; 1980) estimated a thermodynamic energy cost of 0.22 moles of
glucose/mol NH4" produced or 0.58 g C/g fixed N,

ATP requirements for in vitro N, fixation

Nitrogenase preparations use much more energy than the predicted
thermodynamic cost. Under optimal conditions four to five moles of ATP are
required for each pair of electrons transferred by nitrogenase during N,
fixation (Steifel, 1977). All nitrogenase preparations also reduce protons to
H, (Dixon, 1976), and if no other reducible substrate is present, all electrons
are transferred to protrons and the system wastes energy (Winter & Burris,
1968; Schubert & Evans, 1976). H, evolution complicates the estimation of
the direct energy needs for N fixation (Schubert & Ryle, 1980) as the exact
relationship between proton and N, reduction by nitrogenase may vary.
Some theoretical analyses of nitrogenase activity suggest that H, production
with N as substrate at physiological levels may account for 25% of the total
electrons transferred (Steifel, 1977). Measurements on intact root nodules
indicate that in legumes 25-34% of the electron flux may be allocated to
protons (Evans et al., 1980).

The exact nature of the reductant used in N, fixation is not firmly
established; it varies between different organisms and depends on growth
conditions (Rawsthorne ef al., 1980). Assuming NADH as the reductant and
aratio of | Hy:2 NH4" as proposed by Dixon (1978), then the equation for N,
fixation can be expressed as:

N, +n ATP + 4NADH + 6 H* >2NH,* + H, +4 NAD" + n ADP + n Pi
where n equals 16-20. The drainage of reductants from oxidative
phosphorylation results in less ATP production. Each reductant could yield
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from [ 10 3 ATP, but the ratio of ATP produced per Ze-transferred (P} 2 e-)is
varigble even fora given organism (La Rue, 1977). Thus, an assessmem of the
ATP requirements will depend on accurate data for the P/2 e- ratio of the
various systems. If a tightly coupled pathway with a P2 ¢ ratio of 3 i3
assumed. then the minimum theoretical cost of N, fixation in reaction (1) is 28
ATP equivaients.

Energy can be partially recovered by H, recapture coupled with oxidative
phosphorylation yielding 2-3 ATP/mol of H; (Dixon, 1978), and this
decreases the ATP consumption of reaction | to 25 ATP, However, if H,
production accounts for 349 of the total electron flux (1.6 Hy:2 NH ") and
there is no Hy recyeling system, the cost increases to 31.7 ATP/mol N, fixed.
Under optimum conditions values of 35 to 40 ATP equivalents/mol N, fixed
were obtained with Kiebsiella mutants blocked in ammonia assimilation and
derepressed for nitrogenase biosynthesis (Andersen, Shanmugan & Valen-
tine, 1978).

Assuming that oxidation proceeds via the Embden-Meyverhof pathway
followed by the tricarboxylic acid cyele, complete oxidation of glucose would
yield 38 ATP/mol glucose {P/2Ze-=3). Thus, the glucose needs for N» fixation
can be estimated as ranging from 0.70 to (.86 moles of glucose/mol N, fixed
for 1.79 to 2.21 g C/g fixed N).

In intact. living systems N, fixation is not an isolated process but is
coupled with reactions of ammonia assimilation, If asparagine is the major
organic nitrogenous compound formed, another 6-7 ATP/mol N> fixed will
be expended (Boland, Farnden & Hobertson, 1980). However, for the
majority of tropical legumes, the ureides allantoin and allantoic acid are the
major nitrogenous compounds exported from nodules (Sprent, 1980; Goi &
Neves, 1981). Despite the complex pathway by which they are synthesized
{Triplett, Blevins & Randall, 1980) only 14 extra ATP/mol of ureide are
required {Minchin es o/, 1981). Thus, if we consider ammonia assimilation as
an icherent part of N, fixation, the theoretical cost will be (.71 moles of
glucose/mo! N, fixed (or 1.82 g C/g N)if ammonia is assimilated as ureides,
or 1.05 moles of glucose/ mol N, fixed (or 2.70 g C/g N} for assimilation as
asparagine.

Estimates of the theoretical cost are likely to change as metabolism related
with N» fixation becomes more fuily understood in each N,-fixing system.

ENERGY COST OF BIOLOGICAL N; FIXATION IN FREE-LIVING
ORGANISMS

Free-living N;-fixing micro-organisms occur in virtually all metabolic
categories {Bergersen, 1980), The great majority, however, are heterotrophic
and either aerobic or facultative or obligatory anaerobes.

Energy cost for heterotrophic, free-living N, fixers can be easily obtained in
pure cuiture by relating the amount of carbon compound consamed per unit
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of fixed N. The energy cost will depend, not only on the metabolic pathways
involved and the energy produced from available substrates, but also on the
growth conditions, type and amount of substrate present, ete,

Oxidative phosphorylation provides aerobes with a much greater energy
yield than can be achieved by anaerobes. Hill (1978) listed the reported costs
of Ny fixation by free-living bacteria. Carbon consumption by aerobic
bacteria was as high as 190 g C/g N, while anaerobes and facultative
anaerohes consumed up to 300 g C/g N. While the concentrations of carbon
and axygen to which the organisms are exposed influence the efficiency with
which carbon is utilized for Ny fixation, only minor contribution to the N
balance of agricultural systems can be expected from organisms with such
high carbon reguirements.

Carbon usage by aerobic bacteria is markedly influenced by O»
concentration around the cells. Up to 80-80% of the utilized substrate mav be
respired in order to protect the nitrogenase system, with the carbon cost
considerably decreased by lowering . concentration (Mulder &
Brotonegoro. 1974). Conversely, carbon usage by facultative anaerobes
decreases when cultures are supplied with () (atlow concentrations) because
ATP production is switched from fermentation to the more efficient oxidative
phosphorylation pathway (Hill, 1978}

Hydrogen evolution and recapture is another factor influencing substrate
utilization in {ree-living N, fixers (Mill, 1978). Althongh Azotobacter has
been shown to evolve H, (Smith, Hill & Yates, [976) this gas is not normally
detected. Azospirifum alse has an active uptake hydrogenase system
{(Valpon, De-Polii & Ddbereiner, 1981}

Efficiencies calculated from pure cultures in laboratory conditions may
not necessarily mirror the performance of the organisms under field
conditions. (O'Toole & Knowles (1973) estimated efficiency in soil populations
and observed that is was higher in anagrobic than in aerobic soil and reached
maximum values of 28.2 and 358 ¢ C/g N for mannitol and glucose,
respectively. Soils have limited supplies of carbon and energy (Jensen, 1965),
especially under tropical conditions where soil organic matier content tends
to be low (Nye & Gresnland, 1960). This can limit N, fixation by
heterotrophs.

Dramatic increases 1 rates of aceiviene reduction occur following soil
amendment with carbon compounds (Knowles, 1977). Heterotrophic Nj-
fixing organisms are frequentiy found in the rhizosphere where root exudates
provide them with a renewable supply of carbon compounds {(Dobereiner,
1974}, but competition with noafixing rhizosphere organismis will probably
also limit their share of this source of carbon (Vincent, 1974),

Low carbon concentrations are likely o increase the efficiency of N3
fixation, In fact, efficiency of Azospirillum lipoferum increases from 2010 8.2
g C/g fixed N as cultures approach the stationary phase (Volponer al,, 1981;
see Table 1). whereas that of A. hrasilense goes from 24.2to 4.1 gC/g Nfixed
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TABLE i: Carbon consumption in Ny fixation of various freediving bacteria.

Organisms Growth g C{;Eg N' Carbon Keferences
conditions SoUTCE
Azotobacter batch 18 sucrose Parker,
vinelandii 1954
Azotobecter N limitad
chroococcum chemostat 12 mannitol Dalton &

Postgate, 1969

Azospiriltum batch 21 mazlate Okon ef gl
ipoferum 1977
Azospiriilum batch 20-8.2 glucose Volpon et al.,
Hipoferum 1981
Azospirithum batch 24.24.1 lactate Stephan ef al.,
Brasilense 1981
Corynebacterium  batch 19635 suCIOse Berndt et gl
autotroficum 1976

gCak:uia%ﬁd 4% gram of carbon equivalent to the energy state of a glucose carbon atom by
the equation: Kcal/muol substiate g C glucose

i = N x
Eh G 8C Kealfmol glucose

substrate X
- 2C Lubstrate

following depletion of substrates (Stephan, Pedrosa & Dobereiner, [1981).

The list of free-living Ny lixers has been enlarged considerably in the recent
years. mainly in terms of autotrophic organisms: cvanobacteria (Stewart,
Rowell & Rai. 1980), photosymthetic {Gallon. [980), and chemosynthetic
bacteria (DDalton. 1980). The physiology of all butthe cyanobacteria is largely
unknown. and the efficiency with which they utilize the energy they capture to
fix Ny has not as yet been measured.

THE ENERGY COST OF N, FIXATION IN SYMBIOTIC SYSTEMS

The energy vost of Ny fixation in the legume/ Rhizobium symbiosis has
been extensively studied. Now that N; fixation by pure cultures of Rhizobium
has been demonstrated, it will be interesting to compare Rhizobium efficiency
in N fixation in pure culture with that achieved by the nodule system. Major
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changes in metabolism, including changes in the electron transport syvstems,
aceur when Rhizobium cells attain the form of bacteroids {Appleby, 1969).
Further, conditions inside the nodule are different from those of pure
cultures. as carbon flux from plant cells to bacteroids may be under hormonal
controt {Minchin er a/., 1981) with the microgavironment inside the nodule
close to that required for the optimum functioning of the nitrogenase
{¥incent. 1980}

In vivo energy costs of N, fixation may be obtained by relating nodule
respiration to nitrogen assimilation by the plant. Since the earliest attempt
made by Bond {1941}, several values for the respiratory cost of N, fixation
have been reported (see Table 23, The complexity of estimating the respiration
of intact nodules, without confounding this with the respiration of subtending
roots has led to the use of a wide range of techniques. Minchin e af (1981)
have made a comprehensive review of these but have conciuded that it is
impossible even 1o speculate which are more correct, especially when some
reported values for the respiratory cost of N7 fixation are smaller than those
calculated for ideal in vitro systems. Furthermore, methods of plant culture
and husbandry inr these studies have varied considerably and the importance
of this toward nodule efficiency cannot be overlooked.

Comparisons between plant species are, therefore difficult to make, with
reporied efficiencies ranging from 1.1-7.6 g C consumed/g N, fixed. The
value of 19.4 g C consumed/ g N, fixed for soybean, as reported by Bergersen
(1971b) and derived from short-term measurements of N, fixation and
CO9 evolution of detached nodules, refers to instantaneous efficiency and
could be expected to be highly variable. Since the C/N relationship can
change considerably with plant age (Minchin, Summerfield & Neves, 1980;
Neves, Minchin & Summerfield, 1981) and also show a diurnal fluctuation
{Herridge, 1977} estimates are best made from studies throughout plant
ontogeny (Herridge & Pate, 1977: Pate & Herridge, 1978; Ryle, Powell &
Gaordon, 1979a; Neves et al., 1981}

Vigna unguictlata has been the best studied tropical legumae, Its efficiency,
as measured by two different technigues, is outstandingly high (even higher
than the theoretical maximum). However, when plants are grown under
adverse environmental conditions favoring wastage of carbon in respiration
{Minchin ef af., [980), the cost of N3 fixation may show a two- to three-fold
increase and may affect the carbon economy of the whole plant, The presence
of an active uptake hydrogenase in V. unguiculata bacteroids (Schubert &
Evans, 1976) may contribute to the high efficiency, but the importance of the
carboxylation process in the nodules can not be excluded as an explanation of
the low €O, output. Phosphoenol pyruvate (PEP) carboxyiase has been
found in nodules of many legames, including V. wnguicudata (Layzell ef al.,
1979). The importance of the system is, as yet, uncertain as the rates of
activities reported vary from0.02 t04.65 mgC/g fresh weightperh,a233-
fold variation (Minchin ef al., 1981).
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TABLE 2: Respiratory cost of Ny fixation by legume and actinorhizal nodules,

Species ¢ C respired/ References

g fixed N

Tropical and sub-tropical legumes

Vigna unguiculata

Desmodium sp.

Phareolus vulgaris

Glycine max

Temperate legumes

Melilotus sp.

Lupinus alhus
Fivia faba

Pistim sativam

Trifolium pratense
Nor-legumes

Alnus nigosa

Ceanothus americamus

Comptonia peregring
Eleagnus umbellata

Myrica gale

1.6
194
34
2.1

%

B e G B QY LI wd
B oeois Bl e b

4449

4.9.11.2

3.4
3.6
4598

Herridge & Pate, 1977; Neves
et al., 1981

Layzell et i, 1979

Ryle eral, 1979a

Minchin ef al., 1980

Tjepkema & Winship, 1980

Mahon, 1979
Tiepkema & Winship, 1980

Bond, 1841

Bergersen, 1971b
Heytler & Hardy, 1979
Tiepkema, 1971
Mahon, 1979

Schubert & Ryle, 1930

Tjepkema & Winship, 1980

Pate & Herridge, 1978
Layzell et al,, 1979

Mahon, 1979
Tiepkema & Winship, 1980

Minchin & Pate, 1973
Mahon, 1977
Houwaard, 1980

Tiepkema & Winship, 1980

Tiepkema & Winship, 1980
Tiepkema & Winship, 1980
Tiepkema & Winship, 1980
Tijepkema & Winship, 1980
Tiepkema & Winship, 1980
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Presence of an active PEP carboxylase complicates the estimation of the
respiratory cost of N; fixation and the comparisons between species,
cultivars. treatments, or even plant age, as it is not possible to determine
whether differences are due to production of CO,, recapture, or both.

Energy requirements for Nj fixation of actinorhizal nodules have been
estimated recently by Tiepkema & Winship (1980) and were found to be
similar to those of legume nodules (see Table 2). However, comparisons
involving other symbiotic or associative systems have vet to be performed.

C and N balance studies

As stated earlier, the process of N, fixation in legume nodules is coupled
with ammonia assimilation and transport. Thus, besides energy and
reductants, nodule requirements also include carbon for nodule growth and
transport of fixed N, which i3, however, recycled back to the shoot, Whole
plant carbon and N balances give a more complete view of the carbon
expenditure of the nodulated legume, but to date these have only been
reported for three legume species {see review by Minchin er /., 1981).

Nodules have a daily intake of 11.6 - 95.3 mg C from the host plant (see
Table 3) which represents 13 to 285 of the net daily gain of the plant shoot.
Most of the carbon available to nodules is expended in respiration and in
export of fixed N to the plant shoot.

N can be exporled mainly as ureides (C:N ratio of 1} or amides (C:N ratio
of 2 and 2.3 for asparagine and glutamine, respectively). Ureides, thus,
represent a saving of about 50% in terms of carbon for plants such as ¥,
unguiculare {Herridge ef al., 1978; Minchin et al., 1980) Phaseclus vulgaris
{Cookson. Hughes & Coombs, 1980) and Glycine max {Kushizaki, Ishizuka
& Akamatsa, 1964) when compared with those vsing amides, e.g., Pisum
sativum (Minchin & Pate, 1973) and Lupinus (Pate & Herridge, 1978).
Although this high percentage of economy may represent a minor carbon
saving for plants of low N requirements (Sinclair & de Wit, 1975} itcouldbea
vital saving for a plant such as V. unguiculara, that has a high N requirement
and pumps N upwards at a rate of 22.6 mg N/plant per day {(Neves #f 4f..
1981).

In some systems the £O lost in respiration can account for 50% or more of
the nodule carbon income. This i3 most common under adverse temperature
conditions. where too much carben is used in respiration (Halliday, 1975,
Layzell er af., 1979; Minchin ef al., 1980}

Carbon invesiment in nodule dry matter is the smallest component of
nodule carbon budpget varving from 9 - 22% of the total carbon imported from
shoot {see Table 3). However, the better comparison is of carbon investment
in nodule dry matter with N, fixed (C dry matter:fixed N ratio}. For the plant
species shown in Table 3 arange 010,38 to 1,20 can be calculated. The Lupinmues
varicties studied represent the extreme values for efficiency (a ratio of 0.38)



TABLE 3: Partitioning of translocated carbon in nodules during the period of increasing N, fixation.

System Total N, fixed Total C imported % daily C intake to nodules
(mg/plant-day) (mg/plant.day)
Respiration N export Dry matter

P, sativum

cv. Meteor 30 12.4(28)° 36 48 16
L. albus

cv. unnamed? 10.6 46.7(13) 40 52 9

cv. Ultra (strain Wu425)3 2.8 18.4 55 27 18
V. unguiculata

cv. Caloona® 84 25.0(13) 36 43 21

cv. Caloona (strain CB756)° 3.7 11.6 49 29 22

cv. TVul503 (strain CB1024)° 22.6 72.5(17) 35 45 20

¢v. K2809 (strain CB756)° 20.0 95.3(20) 63 21 16
1Minchin & Pate (1973) 21"ate & Herridge (1978)
3Layzell et al., (1979) *Herridge & Pate (1977)
SNeves (1978)

igures in parentheses are % of net daily C gain/plant.

c8
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and inefficiency (a ratio of 1,20}, which probably reflects not only the cultivar
and strain interactions but also the different plant culiure and husbandry used
in the experiments. All other plant species have similar ratios, averaging 0.67.

ENERGY COST OF BIOLOGICAL N; FIXATION VERSUS
ASSIMILATION OF MINERAL N BY LEGUMES

The high energy cost of N, fixation leading to a diversion of photosynthates
that otherwise could be used for plant growth has motivated various
comparative studies between the energy needs for N> fixation and nitrate
assimilation (Schubert & Ryle. 1980). Thermodynamic considerations
suggest similar energetic requirements for both systems (Bergersen, 1971a).
Furthermore, the ATP cousumption as estimated by F.R. Minchin (personal
communication) 15 also similar. For plants supplied nitrate, 12 ATP
equivalents are needed for nitrate reduction to ammonia (P/2e-of 31and |
ATPF for npitrate uptake by the roots {Penning de Vries, 1975). Assuming
ammonia assimilation mainly into asparagine, a major organic nitrogenous
compound in most nor-nodulated legumes (Pate, 1973), the minimal cost can
be calculated as 3! ATP, equivalent to a requirement of (.84 moles
glucose/mol asparagine produced {or 2.16 g Cjg N), similar to the
aforementioned carbon requirement for N, fixation.

Whole-plant studies provide conflicting results, At high N levels (200 ppm
NO3-N) plants of V. unguiculaia and G, max assimilate nitrates mainly inthe
leaves (Ryle, Powzll & Gordon, 1979h; Minchin er @/, 1980}, Under such a
nutritional regime, the ratio of carbon respired by belowground organs per
unit of N assimilated is smaller for non-nodulated plants than for their
nodulated counterparts (Ryle o1 al., 1979b; Minchin er al, 1980; Neves er al.,
{981}, This 15 because noduie activity increases the specific respiration of
nodulated plants {Bond, 1941; Ryle, Powell & Gordon, 1978; 1979b; Minchin
¢ gf., 1980; Neves er af., 1981). Furthermore, as no compensatory differences
in photosynthesis and shoot respiration have been observed (Ryle eral., 1978,
19795} it has been suggested that nitrate assimilation in the shoot benefits
from an excess of ATP and reductants produced during photosynthesis and
proceeds “cost free” for the plants. Energy will, however, be required for
synthesis and maintenance of the enzymes that have a high turnover rate
{Woolhouse, 1967) and for nitrate uptake by the roots,

At lower N levels nitrate assimilation proceeds mainly in the roots
{Oghoghorie & Pate, 1971; Atkins, Pate & Layzell, 1979; Pate, Layzell &
Atking, 1979) requiring energy and reduoctants derived from respiration,
Under such conditions, conflicting results have been obtained. Whereas
relative growth rate studies show similar energy requirements for N fixation
and nitrate assimilation of Trifelium subterraneum (Gibson, 1966}, V.
unguiculata, or G. max (Broughton, 1979, cited by Minchin ef al, 1981}, gas
exchange measurements suggest substantially greaterenergy requirements for
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Ny fixation by 7. subterranewm {Silsbury, 1977}, Even more surprising, root
respiration rates of nitrate fed Pisum sativum are 8% greater than those of
nodulated plants (Minchin & Pate, 1973) while for Lupinus the rates are 25%
less {Pate er af. 1979). As a result, the respiratory cost for P sarivum of
nitrate-assimilation root is mgher (6.2 g C/ g N} than for plants dependent on
fixed N (5.8 g C;v N}, whereas for Lupinus nitrate-fed roots have a smaller
ratio (8.1 g C;g N) than nodulated ongs (102 g C/g N).

As plants assinmlating nitrates have a reduced cost for nodule production
and root respiration, more carbon will become available for growth. This,
however seems more to benefit the vegetative than the reproductive growth of
V. unguiculata iMinchin ef af., 1980; Neves et al, 1981},

The accelerated leaf senescence of N-fed plants and their reduced nitrate
assimilation during early reproductive development (Neves, 1978) further
reduces the relative superiority of nitrate-fed plants in terms of seed yield.

In contrast with N; fixation and nitrate reduction, ammonia assimilation
does not have the cost of reduction, but the carbon economy of plants under
this nutritional regime has not vet been determined. Additionally, many
agricultural plants are not adapted to use N in this form,

CONCLUSIONS

The energy cost of the various N ,-fixing systems depends on the efficiency
with which energy is transferred from the energy-yielding reactions to N,
fixation, Under conditions of limited carbon supply and optimam oxygen
concentration for mutrogenase function, some free-living bacteria such as
Azospiritfum. when approaching stationary phase of growth, may aitain
values of carbon usage for N; fixation that are not greatly different from those
reported for legume nodules where nongrowing RAizobium cells experience
physiological and environmental conditions that favor an efficient N»
fixation. Since Azospivillum spp. are very frequently found associated with
grasses. where they infect the inner parts of the roots (Déberciner & De-Polli,
1980} the reported efficiencies are very encouraging with regard to the
potenitial of such associations.

Evidence also suggests a similar cost for N,-fixation in actinorhizal and
legume nodules. but the correct assessment of in vivo energy costs of each N-
fixing system will depend on improved technigques for accurate measurement
of the carbohydrate usage in N1 fixation, since measurements can be affected
by other energy-vielding pathways such as H, oxidation. Furthermore, data
based on the amount of respiratory CO3 output in N,-fixing organs may
underestimate cost if an active PEP-carboxylase system is present.

N» fixation. as indicated by present knowledge, may have a hgher energy
requirement than utilization of combined N in the form of nitrates, but this
seems to depend fargely on the site of nitrate assimilation, although the
importance of environmental factors can not be overlooked.
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Under conditions prevailing in the field, efficiently nodulated legumes
utilize both N; and combined N for growth and probably benefit from
advantages of both processes, as seed yields under these conditions are very
seldom increased by large applications of N fertilizer (Summerfield et ai.,
1977). The energy cost of such systems has not yet been determined.

if yields are not reduced by the high energy demand of N, fixation, then the
use of solar energy instead of fossil fuel for supplyving plants with reduced N
becomes a major saving. For the 1980 soybean crop of Brazil alone this was
estimated at 80O million dollars or 80 dollars/ ha (Dabereiner & Duque, 1980).
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THE MECHANISM OF RECOGNITION BETWEEN LEGUME
ROOTS AND RHIZOBIA: SOME IMPLICATIONS FOR
BIOLOGICAL NITROGEN FIXATION IN THE TROPICS

F.B. Dazzo!

Summary

This paper reviews the experimental basis for the lectin-
recogaition  hypethests  and  considers ways in which  the
hast, Rbizobaon iiteraction might be manipatlated to enhance the
benefits of symbiote nitrogen lixation in the tropics.

INTRODUCTION

The discrimination that host legume and rhizobia display during nodule
initiation suggests that cellular recognition is important to the development of
this symbiosis. An understanding of the mechanisms involved might indicate
ways in which host plant and Rhizobium could be genetically manipulated to
increase the range of agricuttural crops that enter efficient nitrogen (N;)
fixing symbioses. In addition, 1t might explain anomalous infections and
unusual specilicities among tropical legumes, and lead to solutions for
problems as diverse as intersirain competition for nodule sites and the
inhibitory effects of combined N on root nodulation.

In this paper. 1 review the experimental evidence for the recognition
concept. consiier possibie models describing the underlying mechanism{s),
and examine the etfects of specifiic soil stresses on the recognition process.

THE LECTIN-RECOGNITION HYPOTHESIS

The lectin-recognition hypothesis suggests that, recognition at infection
sites involves the binding of specific legume lectins to carbohydrates found on
the surface of the appropriate rhizobial symbiont,
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An important test of the lectin-recognition hypothesis is to determine
whether the legtime has a lectin that binds to specific receptors present on the
surface of-the rhizobial symbiont. Considerable evidence of this process and
the factors controlling it has now been assembled. Initial work using seed
lecting from sovbean and clover has demonstrated specificity in the binding of
these substances to strains of Rhizebium. This correlates well with the ability
of strains to noduiate particular hosts {Bohlool & Schmidt, 1974; Wolpert &
Albersheim. 1976; Bhuvaneswari ef af, 1977, Dazzo ef al., 1978). However,
some anomalous lectin-binding interactions have been found and are
reviewed by Dazzo (1980a; b; ¢; d). One suggestion to explain these is that the
legume in question may contain several different lecting, some of which may
be on root hairs and recognize unusual saccharides on the Rhizobium that are
not present on erythrocvies.

The presence of lectins at the infection site on the legume root has also been
demenstrated. Indirect evidence for the presence of lectins on bean roots was
first provided by Hamblin & Kent (1973}, Later, we demonstrated receptor
sites on the tips of clover root hairs that specifically bound FITC-labeled
capsular polysaccharde (Dazzo & Brill, 1977) encapsulated cells of R. wrifolii
{Dazzo & Brill. 1979, see Fig. 1), and antibody to seed-trifoliin A, a white
clover lectin (Darzo et of., 1978). Undifferentiated epidermal cells did not
bind the bacterial polysaccharide, and quantitative immunocytofluorimetry
using antitrifoliin A antibody showed that trifoliin A accumuplated in greatest
quantity on young seediings where the eprdermis differentiates into root hairs
{(Dazzo er al, 1978). The specificity of these receptor sites was demonstrated
by the ability of unlabeled capsular polysaccharide from R, trifolii, but not

Figure |

Attachment of Rhicobiwn: trifolif
0407 to g clover root-hairtip alter
15 min. incubation. as examined
by scanning electron microscopy
{from F.B. Darzo & W.}. Brill
{19793 J. Bacteriol 1371382 and
courtesy of the American Society
for Microbiclogy).
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from R. melilon, to block the binding of the labeled polysaccharide (Dazzo &
Brill, 1977). This experiment has been reproduced with R. melilori/alfalfa
(Dazzo & Brill. 1977}, K. japonicumjsoybean(Hughes ef 2f, 1979; T. Hughes
& €. H. Elkan, unpublished data), and R leguminosarum/pea {(Kato et
@l, 1980). In cach case, the specific binding of the rhizobal polysaccharides
to the host occurred n the region of young root hairs, That the sugar haptens
for the corresponding host lectin specifically inhibited the binding of the
labeled rhizobial polysaccharide is evidence that the root lectins were involved
in this recognition process.

Lectins may be situated on the root in a number of ways, Bowles er a/.
{1979} have praposed that some root lecting may become intercalated in
membranes and require detergents for their solubilization, Other root lecting
can be solubilized by buffers contaming sugar haptens, suggesting that they
are anchored 10 glveosylated receptors. The removal of trifoliin A from intact
seedling roots with 2-deoxyglucose (Dazzo & Brill, 1977; Dazzo eral., 1978}
suggests that some of this leetin falls within the latter category. The hapten-
etuted root lectin was antigenically cross-reactive with the seed lectin (Dazzo
et gl 1978}, Similar hapten-facilitated elution of pea root lectin has been
found {van der Schaal & Kijne, 1981. W, Kamberger, personal communica-
tion}. Pea root leclins have the same sugar-binding specificity and are
serofogically very similar to seed lectins (Kamberger, 1979b; personal
communication). Some of the pea lectin integrated seems to be through the
plant cell wall, which clarifies the difficulties in isolating significant amounts
of pea root lecting by the hapten elution method (van der Schaat & Kijne,
1981).

One of the possible consequences of lectin/ polysaccharide interaction
would be that the bacterial cell could attach and then firmly adhere to the
target host cell. Our model for selective adhesion of RAizobium to root hairs
of its host involves a lectin-mediated cross-bridging of similar saccharide
receptors on the bacterium and the root hair cell wall (Dazzo & Hubbell,
1975b: see Figure 2). By mediating the adhesion of specific cells, the lectin
could alse function as a “cell recognition molecule,” influencing which cells
asscciate in sufficient proximity ta the root hairs that subsequent recognition
Steps €an orclr.

Light and clectron microscope studies (Dazzo & Hubbell, 1975b; Chen &
Phillips. 1976. Dazzo er gf, 1976; Dazze & Brill, 1979; Dazzo 1980a; b; 4},
have revealed at least two stages in the process of microsymbiont attachment.
Puring the initial attachment phase, docking of the bacteria is initiated by
contact of the fibrillar capsule with ¢lgctron-dense. globular aggregates lving
on the outer periphery of the root hair wall (Dazzo & Hubbell, 1975b),
Quantitative microscopic studies during this period have showna correlation
between the ability of rhizobial cells to attach in high numbers to the root
hairs of the host and the ability of these bacteria to infect the host (Dazzo et
gl., 1976; Dazrzo. 1980a. Stacey e al., 1980; Kato er al, 1981). Such
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Figure 2,
Maodel of cellular recognition Raot hair
during attachment of Riizobiam cyioplasm

trifodii to clover root hain (trom
F.B. Dazzo & [ Hubbell (1975)
Appi. Microbiol 300 1017, and
courtesy of the American Society
for Microbiologs ).

attachment is specifically inhibited by the sugar that is an effective hapten of
the root fectin{ Dazzo et af., 1976, Kato et al., 1980; Stacey erail., 1980). After
several hours of incubation, rhizobial adhesions are less focalized on the root
surface and fibrillar material associated with the bacteria adhering to root
hairs is more casily resolved in scanning electon micrographs (Dart, 1971,
Dazro. 1980b; ¢ d).

Accordmng to the cross-bridging hypothesis, the ability of a Rhizobium
strain to adhere to root hairs on the host should be influenced by conditions
that effect the accumulation of lecting on the root surface or saccharide
receptors on the bacterinm, Evidence in support of this includes:

Antigemcally altered mutant strains of R trifolii {(Dazzo & Hubbeli,
1975a) have significantly fewer or nondetectable trifoliin A
receptors (Dazzo & Huabbell, 1975b) and are attached to clover
root hairs only at lew background levels (Dazzo er al, 1976);

Levels of trifoliin A and the attachment of R. #rifofii to root hairs
decline as the concentrations of either NO3~ or NH4* in the
rooting medivm increase (Dazzo & Brill, 1978

Under certain growth conditions, the transient appearance of trifohin A
receptors on R. trifolii coincides with their ability to attach in
greatest quantity to clover roots; and

Intergeneric hybrids of dzobacter that express R trifolii genes for
trifoliin A receptors (Bishop er al, 1977) acquire specific
binding to clover root hair tips (Dazzo & Brill, 1979).

It now also appears that more than one polysaccharide on the Rhizobium
cell surface may act as lectin receptor. These include capsular
polysaccharides; (Dazzo & Brill, 1979); lipopolysaccharide (Wolpert &
Albershein. 1976; Dazzo ef af., 1981); and a glvcan (Plangue & Kijne, 1977),
Both host-specific lectin-LPS  interactions (R. meliotijalfalfa) and



exopolysaccharide-lectin interactions (R. japonicum/soybean) have been
found (Kamberger, 1979a}. Pea and clover lectins will bind to both the LPS
and capsular polysaccharides of their symbiont rhizobia only at certain
culture ages ( Kamberger, 1979a; Hrabak ezal., 1981). Kamberger (1979b) has
proposed that root hair attachment is mediated by lectins cross-bridging the
capsular polysaccharides as a preliminary recognition event, followed by a
more critical recognition event involving the host-specific binding of the lectin
to the underlying bacterial LPS which then triggers successful infection.

IMPLICATIONS OF THE LECTIN-RECOGNITION HYPOTHESIS IN
BNF TECHNOLOGY DEVELGPMENT

A number of envirenmentaland soil factors, many of which operate at least
in part through effects on legume; Rhizobium recognition mechanisms, can
affect nodule development and hmit N2 fixation.

A major cause for concern is that lectin binding sites on rhizobia are both
strain dependent and transient in nature, with most lectin-binding cells and
the greatest number of sites per cellin the early-and mid-log phases of growth
{Bhuvaneswari er af, 1977}, Other strains react best at early stationary phase.
Chemical and immunological changes in the surface polysaccharides and
lipopolysaccharides have been reported as the cell ages (Dazzo o7 al, 197%;
Dazzo er al, 1981 Hrabak ez g, 1981). The underlying mechanism that
contrals thess chemical changes is not known, but a number of soil conditions
including  waterlogeing, oxygen depletion, mneral imbalance and
temperature could have implications for the expression of lectin receptor
molecules. Other aspects of the legume/ Rhizobium symbiosis in which
host/ strain recognition 1s important include combined N, soil acidity, soil
temperature. and competition for nodulation sites,

Combined N

It has been known for many vears that combined N can limit the
development and the success of the Rhizobium/ logume symbiosis (Fred ez al.,
1932), While a4 number of possible mechanisms have been suggested, root hair
infection is known to be inhibited by critical concentrations of NO;or NH,*.
We have demonstrated in white clover { Dazzo & Brill, 197%; see Figure 3) that
the immunologically detectable levels of trifoliin A and the level of binding of
R. trifolii to root hairs are both affected by increasing concentrations of NOy
in the culture medium. Interestingly, low levels of nitrate (1 mM NOp
enthanced the levels of trifoliin A and rhizobial attachment, while higher levels
of mtrate reduced them.

We have begun to search for an explanation of this effect of nitrate on
recognition. Ligand-binding studies with radiolabeled UNO3 {generated ina
cyvclotron} have shown that NO; effects on trifoliin A and rhizobial
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Figure 3. lug
Effect of N on adsorption of
Rhizobium 1rifold to root hairs
{solid line) and immunolagweally
detectable trifoliin A (dotied e}
i the root hatr region of clover
seedlings. Bacterial adsorption
was measured by diret micro-
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accumulation on clover roots are notdue to the direct interaction of receptors
with this anion (Dazzo ef af, 1981). Rather it seems that the availability of
combined N will dictate how well the legome can recognize its synibiont
Rhizobium. Recent studies with clover (Dazzo e al., 1981} and peas {Diaz et
al, 1981) have shown that the supply of NO7 influences root cell wall
composition, a finding consistent with the observation that accessability of
trifoliin A receptors on purified root cell walls is reduced appreciably when
clover seedlings are grown in 15 mM nitrate. Further experiments should be
done 1o determine whether the incressed accumulation of root lectin and
concommitant rhizobial colonization of the root surface at a critical low level
of NO; (1 mM) account for the stimulation of root hair infection (Dart, 1977)
and nodulation (Wilson & Wagner, 1935; Raggio & Raggio, 1962) commonly
observed. Studies aimed at answering this question may lead to better control
of nodulation under field conditions.

Soil acidity

The infection of legume root hairs by Réizobium includes early acid-
sensitive steps with infection significantly reduced below pH 5 {Munns,
1968), a level of H* that 1s common in acid soils of the tropics. This
observation led us to examine the stability at low pH of the cross-reactive
antigen on R. rrifedii that binds trifoliin A. The acid instability of this antigen
corresponded closely with observed effects on root hair infection (Dazzo &
Hubbell. 1975b. ses Figure 4). It is theoretically possible that genetic
manipulations could result in modifications of acid-labile groups, giving them
protection from soil acidity without modification of lectin binding properties.
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Figure 4

The effect of pH on the cross-
reactivity of encapsuiated celis of
Rhizobiuwn il 40 with anti-
clover root antiserum. as na-
sured by indirect  immuno-
fluorescence (rom F.B. Dazzo,
and . Hubbell (1973} Appl e 7

Microhiol 30,1017 and courtesy /ﬁ S

of the Amegrican becowty lor ] : L e i T
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Soil temperature

Genes important to symbiotic specificity and nodulation, including the
genes responsible tor the 2-deoxygiucose inhibitable attachment of R. arifolii
to clover root hairs. are encoded on large transmissabie plasmuds (Johnson et
al., 1978 Zurkowski & Lorkiewicz, 1978; van der Schazl & Kijne, 1979;
Zurkowski, 19803, Growth of Rhizobiton at high temperatures {35°C) either
eliminates these important plasmids or induces large deletions in them and
can result in modificd nodulation performance (Zurkowsks & Lorkiewicz,
1978). Thus. the high temperatures of tropical soils may exert serious
constraints on the population of nodulation plasmds and, therefore, on the
lomg-term persistence of effectiveness in Rhfzobium. Perhaps genetic
manipulation leading to increased iemperature stability of the DNA
polymerases responsible for plasmid replication may improve the perfor-
mance of rhivelia m hot souls of the tropics.

Competition for nodulation sites

Itisateractive to hypothesize that the ability of strains to outcompete others
in a mixed population is related to their ability to interact efficiently with the
lectin at the time they encounter the host root. Circumstantial evidence
supporting the hypothesis has been found:

Inoculum prepared from R, frifolit or R japonicum at a culture age
when the majority of the cells bind the corresponding clover
and sovbean lecting will induce more reot hair infections and
nodules, respectively, than an equivalent inoculum dose froma
cufture age when few cells bind the lectin {Napoli, 1976; Hrabak
et af., 1981}

The one strain of R. japonicwm (3116123} found 1o accumulate the
lectin-binding capsule during the early siationary phase
{Bhuvaneswari er af., 1977) belongs to the serogroup found



most frequently in nodules of soybeans from many soils of the
central USA (Damirgi et al, 1967, Ham et al,, 1971},

The delay in appearance of the capsule surrounding cells of K. wrifolii
TAl (Dudman, 1968; Humphrey, & Vincent, 1969} may
contribute to its competifiveness in soil (Dudman, 1968).

Rhizobia coated with appropriate host lectin, a substance the
availability of which could limit the nodulation process,
induced more root hair infections and nodulated earlier than
equivalent, untreated chizobia (B. Sotheim, personal com-
mumicstion; F.B. Dazzo, anpublished data),

Under certain conditions, and using strains of R. trifoflii that were only
moderately competitive, we have shown that treatment of the chizobia with
lectin preparations can ¢nhance their competitive ability. This raises the
guestion of whether 1t 1s feasible to imiprove inoculant technology by
providing a lectin-coated inoculant. Interestingly, this modification of the
incculant did not further improve the competitiveness of strains that were
already highly competitive. Alhough the results werg not uniformly
reproducible tinstability of the lectin in the inoculant?), they do suggest that
an understanding of the cellular recognition process could have important
implications for strain selection and post-inoculation competition between
ineculant strains and native rhizobia in soil.

CONCLUSION

Despite the extensive support presented here in favor of the lectin-
recognition hypothesis. the proof is not conclusive. We assume the attitude
that adhesion of the infective rhizobia is only one in a sequence of steps
leading to nodule initiation. Whatever the final details prove 1o be, it must be
clear from the above presentation that the process of cellular recognition in
the legume; Rhizobium symbiosis has major implications for BNF in the
{ropcs.
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MODERN CONCEPTS IN LEGUME INOCULATION

4.C. Burton!

Summary

Inoeulant technology has advanced considerably over the last
century. Problems in host-range specificity have been addressed,
and save for a limited number of tropical legumes, largely resolved.
Rhizobia can be cultured to populations guaranteeing adequate
numbers even in unsterile peat. While peat continues to be the
favored ineculant carrier, various coal and compost formulations
show promise for regions where the peat supply is inadequate.
Processing or steridization of the carrier is alse being increasingly
adopted. Thus, provided quahity control is adequate, there is every
reason 1o eXpect sucoess in the routine inoculation of new lands or
crops.

A number of pew problems are emerging and will require
intensive investigation, especially in the tropics. These include the
failure of incculant rhizobia to compete with native soil rhizobia in
traditional areas of production for crops such as soybeans and
beans, the need for an inoculant technology suited to the needs of
the small farmer, and problems experienced as population pressure
forees agriculture development into previously underexploited
regions.

INTRODUCTION

When compared to the thousands of vears that leguminous crops have been
valued and cultured for their nutritional and seil-building properties, our
knowledge of the microsymbiont Rhizobium is recent.

Since it i3 reasonable to assume that prior to this century dissemination of
the nodule bacteria was slow and often inadequate, it is reassuring to think
that legumes achieved the niche they hold in agriculture without inoculation.
Nonetheless, the challenge to successful legume agronomy today, with new
crop species being emphasized and existing crops being expanded into new

! Nitragin Co., Milwaukee. WI 83209, USA,
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countries or onto more marginal lands, is perhaps greaterthanatanytimein
history. Some of these challenges are already being met through advances in
inoculation technology.

Deevelopment of the inoculant industry in the USA, as in other countries,
was largely motivated by the desire to introduce leguminous species to new
areas with immediate success. Early attempts to culture these legumes were
often failures, since even the transfer of large volumes of soil to new fields did
rot provide the rhizobial numbers needed for adeguate nodulation. An
inoculant technology was necessary that recognized host-plant specificity and
effectiveness groupings, introduced suitable carriers, solved distribution
problems, established regulatory controls, etc. Technological development
has also permitted 1000-fold increases in the expected quality of inoculants
{IDxate & Roughley, 1977). Introduced legume species that have profited from
the improvements in inoculant technology include soybean (Glycine max{L.)
Merr }, introduced from China,and alfalfa (Medicago sativa L.}, introduced
from Persia. Currently almost 80% of US-produced inoculants are for these
two species {see Table 1),

This review will look at modern strain selection and inoculant production
technology and will try 1o identify those areas where additional research is
needed to meet the challenges of tropical legume cropping systems,

HOST SPECIFICITY AND RHIZOBIUM STRAIN SELECTION

One of the first steps in legume inoculant manufacture is to obtain effective
nitrogen (N; ) fixing strains of rhizobia for the legumes to be inoculated. In
Australia, New Zealand, Brazil, and possibly other countries, the Rhizoblum
strains to be used arg specified and provided by government or regulatory
agencies. In the United States and Mexico individual manufacturers must
screen their own strains or procure them from other sources,

The importance of matching host-genotypes and Rhizobim strains has
long been recognized. Date (1976} summarized the attributes needed in an
inoculant strain as:

Ability to form N; -fixing nodules on the hast for which it is
recommended, under a range of field conditions;
Competitiveness in nodule formation; and
Survival and multiplication in soil.
Brockwell ef al. (1968) proposed, as well:
Prompt effective nodulation over a range of root temperatures;
Good growth in culture;
Good growth and survival in peat; and
Survival on the seed.
Many of these traits are discussed in detail elsewhere in these proceedings.

Since it is not economically feasible nor desirable 1o provide a different

inoculant strain for each of the numerous legumes grown in the USA, wide-



167

TABLE 1:  Legume inoculant production for 1980,

Legume crop for Broth Peat Area Percent
which produced sulture fnoculant inoculated of
x10° D) {kg) (x 10% ha) total

Lathyrus, Pisum

and Vicwr spp. 67 201 466 5.0
Vicia fuba 13 39 93 0.1
Giyeine max 950 2,851 7,347 72.8

Powder for seed (730} {2,190) {7 604) (56.0)

Granular {220) {661) (243} (16.8)
Vigrna and Lespedeza 7 22 91 0.5
Arachis Bypogaeq

Granular 114 342 128 8.6
Medicago sativa i14 342 4,904 L)
Trifolium spp. 47 i3l 2,040 36
Miscellaneons 0.8
Total 3,928 15,569 100.6

spectrum strains are preferred, and strain selection must balance effective
response with the preferred host against strain response with other legumes it
can nodulate. Thus. on the one hand such phylogenetically diverse genera as
Coronilla, Onobrychis, Leucaens and Petalosternum can each symbiose
effectively with the same strain of Rhizobium, on the other hand, Trifolium
spp. show marked specificity in symbiosis with 13 different inoculants needed
for this genus alone {Burton, 1967, 1979},

More examples of effectiveness groups are given on page 30, Many of the
major tropical legumes show diversity in response to Rhizobium strains.
These interactions have not vet begn adequately studied but can be complex
(Date & Norris, 1979),

CULTURING RHIZOBIA 1IN MASS

Media and methods for culturing rhizobia are detailed by Burton {1967,
1979), Roughley (1970) and Date & Roughley (1977). See also p. 127,
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Rhizobia are not fastidicus in their growth and nutrient requirements. They
can be cultured in shake culture, glass bottles equipped for aeration with
sterile air, or in fermentors of various designs. Carbon steel or stainless steel
drums can be modified to serve as fermentors, providing they allow
autoclaving and aeration with sterile air. Suitable openings must be provided
for adding the inoculum and sampling at various times, Sucrose, mannitol,
glycerol, and arabinose are the most common source of carbon, though slow-
growing rhizebia do not metabolize sucrose. Yeast products are generally
used fo provide organmic nitrogen and growth factors for those strains that
need them. The rhizobia should reach a population of 19 in 48-71 hours and
should be mixed with the carrier material while in the logarithmic growth
phase to aitain maximum growth.

It 1s argued that when multiple strain inocula are to be made, each strain
should be grown separately to avoid one strain dominating others (Date &
Roughley, 1977). When various strains are to be grown togetheritis certainly
advisable to select compatible strains with similar growth rates, but whether
separate fermentors are needed for each strain remains to be determined.
Certainly. the use of separate fermentors could have economic implications as
fermentor costs are disproportionate to fermentor capacity.

CARRIER MEDIA FOR RHIZOBIA
Peat

Peat has been the most commonly used base for commercial inoculants,
and is generally considered the most dependable (Fred, Baldwin & McCoy,
1932; Burton, 1979). Many, but not all peats {Graham, Morales & Cavallo,
1974) satisfy the requirements for a2 good RhAizobium carrier. Carriers must
be:

Highly absorptive and easy to process;
Nentoxic to rhizobia;

Easy to sterilize;

Available Jocally; and

Inexpensive.

Peats used in making legume inoculants are diverse in nature and may vary
widely even in the same deposit (Date & Roughley, 1977). Compositionofthe
peat used most extensively in the United States is given in Table 2. Fipe peat,
with 70-95% passing through a 200-mesh screen is considered most suitable for
seed inoculants as fine particles tend to adhere to small seeds better than
coarse ones. Fine particles are also essential when inoculants are to be applied
in agueous suspension directly to the soil (R.R. Gault & J. Brockwell,
personal communication). Large particles settle owt quickly from a
suspension and can cause plugging of the spray nozzles,



TABLE 2:  Analysis of Demilco Sedge Peat.!

Sieve Analysis Chomical Analysis Ash Analysis

Particle Size Powder inoculant Granular inoculant
850-12,00 nm™** Organic matter 86.60 Potassium 1.12
(16-20 mesh) 0.0 G-10

Total nitrogen 1.62 Phosphorus 0.33
600-850um
(20-30 mesh) 0.0 3040 Crude ash 1320 Calcium 521
300-600um .
{30-50 mesh) 1.0 50-60 Exchangeable K 62 ppm  Magnesium 1.14
150-300.am Mitrogen as NH, *and NO,” 94ppm  lron 210
(50-100 mesh) 5.10 3.0 '
(100-200 megh) 510 Trace

pH 4.5-50 Aluminivm 6.32
60um
{through 230 mesh) 83-90 Frace Moisture 7.8 Sodium .52

;De.miicu, a subsidiary of Nitragin Co,, Inc., Milwsukee, WI, USA.
2Microme;ﬂ3 - Mosh - ASTM {Amer. Soc, Testing Methods),
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With granular inoculants, coarse particles (16 10 40 mesh} are essential for
flowability and uniform distribution with the mechanical applicators
available for granular products (see Table 2). Care must be taken with strains
used for granular preparations. Unpublished results from my laboratory have
shown that peanut strains vary greatly in ability to grow in the granular
inoculant carrier,

Sterilization of peat carriers

It is generally agreed that as an inoculant base, sterile peat is superior to
nonsterile peat. and that heat-treated or autoclaved peat is better than air-
dried peal. Systems of sterilizing peat have not been studied sufficiently to
justify firm conciusions or generalizations. Further work in this area is
indicated.

A common practice in preparation of inoculants with slow-growing
rhizobia in Australia is to irradiate peat prepackaged in polyethylene bags
with five megarads of gamma rays. The broth culture is then injected into the
carrier using a sterile hypodermic syringe {Date & Roughley, 1977).
Sterilization of the peat by gamma irradiation apparently makes the carrier
more suitable for growth of the rhizobia than autoclaving at 121°C for four
hours and shelf life of the inoculant ix increased. However, this method of
producing inoculants is very labor intensive and it i not readily adapted to
farge-scale production of inoculants. In many tropical countries access to a
radioactive source may be limited, and the cost of packed and irradiated peat
may be high. Whether the extended shelf life justifies the extra cost will have
to b determined.

Other inoculant carriers

Many countries, particularly those in tropical regions, do not have a local
supply of peat. The peat available in some countries can also be unsatisfactory
{J. Halliday, personal communication). A number of alternate carriers have
been proposed. and appear to show promise. Stripdom & Deschodt (1976)
found a coal bentonite lucerne combination (CBL) almost as good as peat.
However, they pointed out that Rhizobium strains differ in their ability to
grow in different carriers and that two cowpea strains grew very poorlyinthe
CHL base. It is. of course, essential to know characteristics of straing before
attempting 10 make an inoculant with them.

A maize cob compost was prepared by mixing maize cobs with 1.5% ground
limestone, 0.8% single superphosphate and 1.19% ammonium nitrate, adding
moisture and allowing to ferment for 30 weeks (Corby, 1976). The mixture
was kept under plastic, wrned at various intervals, and remoistened.
Following fermentation, the compost was air dried, hammer milled, sifted,
placed in containers, and sterilized. Survival of the rhizobia was very good.
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Coals and lignite have recently attracted interest as carriers for rhizobia,
Only one of three coals used as an inoculant base by Halliday & Graham
(1978) proved satisfactory. and it was not recommended for use ininoculants
because the particles tended to aggregate into hard umps during storage and
were very difficult to wet at the time of seed inoculation. Paczkowski &
Berryhill {1979) reported good results from six of eight coals tested with
Rhizobium phaseoii. However, a bituminous coal from Illinois and a Texas
Iignite. with a pH of 5.0 and 4.7, respectively, were unsatisfactory.

Various other materials - bagasse, coconut coir dust, coconut shell fiour,
sugarcane filter mud. ermiculite, charcoal, silt and other substances - have
been studied. with tavorable results (Farag er @i, 1976; Philpotts, 1976;
Dommergues. Diem & Duvies, 1979}, Thus, while lack of a suitable carrier
medium is commaonly cited as a constraint to inoculant production in tropical
countrigs. it is problem which appears readily resolvable.

EMERGING PROBLEMS IN INOCULANT USE

From the preceding comments it should be clgar that the technology
already exists for the production of high-quality inoculants. Despite this,
inoculant strains may produce only 265 of the nodules onsoybeans in the USA
(Ham, Lawn & Brun. 1976}, while in Brazi less than 1% of farmers elect to
inoculate plantings of 2 vidgaris (Aragjo, 1974). Clearly there are gaps in our
knowledge. and we must consider what 1s wrong with our technology and how
inceculants or mpculation metheds might be improved.

Strain competition for nodule sites

After growing a legume, an ordinary soil may contain up to 0%
rhizobia; ha in the top 10 e (Nutman, 1975). These rhizobia may persist for
many years spanning varietal and inoculant strain changes. (Elkins ¢ /,
1976). They may subsequently compete with inoculant thizobia for
nodulation sites. and since seed inoculation at recommended rates supplies
only N rhizobiasha for inoculated white clover or 10% rhizobia/ha for
soybean. they will often predominate in nodules (Ham er &, 1976},

Solution of this probiem will not be casy. Selection of more aggressive
rhizobia that are better able to colonize the soils and rhizosphere, and of
varieties that are selecirve for the inoculant strain, will undoubtedly prove
important.

The smportance ol selecting competitive strains in the establishment of
subclover (Trifolium suhterraneuny on a California soil heavily infested with
native. ineffective R. rrifo-lii was shown by Jones, Burton, & Vaughn (1878}
Strains of rhizobia were first screened and selected for competitiveness
against native clover rhizobia before being used as inoculanis for seed
planting. This procedure made it possible to establish good siands of
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sub-clover in the California rangelands. Moreover, the effective rhizobia
persisted in the soils laden with the ineffective rhizobia for several years,
Improved inoculant methodologies will also play a part in overcoming
competition, since the number of (noculant cells added to the soil is obviously
critical. On first glance it would appear to be difficult to raise the number of
rhizobia /g already in peat. One should bear in mind however the 1000-fold
range in number of viable rhizobia/ g of peat among inoculants examined by
Hiltbold, Thurlow & Skipper (1980} in the USA, and the often poor-quality
inoculants available in the tropical countries. This is not a technology
problem per se. but rather one of quality control. On the other hand, greater
guantities of inoculant can be added to the soil as granular or liquid
preparation and placed in Lthe optimum position for rapid colonization of the
developing rootlets. Much greater attention needs to be paid to inoculant
form, especially 1n the tropics where higher soil temperature, low pH, and Mn
or Al excess could atlect the survival and competitiveness of inoculant strains.

Inocutant techniology for small farm situations

In many countnes in the tropics grain legume production is undertaken
mainly by small farmers who use multiple cropping svstems and minimal
technicalinputs. Planting is by hard and at low population densities. Current
inoculation technologies are not appropnate. Pre-inoculated seeds obtained
through extension or credit sources would be ideal. but have a poor
reputation even in temperate climates (Brockwell & Roughley, 1967),

CONCLUSION

Puring the first two-thirds of this century, research on legume inoculants
was primarily concerned with methods of culturing rhizobia, determining
suitable carrier media. and the selection of strains for leguminous species
being introduced into virgin soil under relatively favorable conditions.
Production technelogy is now adequate for such conditions. The need in the
area of production technology is to transfer present technology to workers in
the tropics and 1o develop control systemns that would ensure the gquality of
inoculants,

The resolution of other inoculation problems in the tropics will be more
difficult. Tropical legumes are frequently promiscuous and commonly
nodulated by rhizobia which do not enhance growth, Large numbers of highly
infective strains. with exceilent potential for N, fixation, will be needed to
bring about effective nodulation. Furthermore, Rhizabium strains will need
to be selected for their tolerance of high soil temperatures, and for their
ability to multiply and persist in acid soils hostile to nodule bacieria, Systems
for the distribution of inoculants to farmers n remote areas are also
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problematical, Nonetheless, these objectives are realistic and should be
achieved

REFERENCES

Araujo. S.C. (1974} Produciio de inoculantes para feguo. fo Primer reumdo sobre
nodulagad e fixagad de mitrogeno en Phaseolus vulgaris L. Vicosa, Brazil. Pp.
44-48,

Brockwell. J.. Dudmarn. W.F.. Gibson, A H.. Hely, F.W., & Robinson, A.C. (1968}
Trans, Wi fmtern. Cong. Soif Sei. Adelaide. Auostralia, Vol, 2, 103-114.

Brockwell, J. & Roughley. R (1967) J. Ause. fust. Agric. Sci, 33, 204-207.

Burton. 1. {19677 Rincebium culture and use. fa Microbial technology, H.L
Peppler (Ed.3. Reinhold Publishing Co.. New York, NY, USA. Pp. 1-31,

Burton, J.C, (1979} Hiuzobwam species. fr Microbial technology, 2nd Ed. H.J
Peppler and D. Perliman {Eds. ). Academic Press. New York, NY, USA. Pp. 29-
58,

Corby, H.D.L. (1976) A method of making pure-culture. peattype legume inoculani,
using a substinste for peat. [ Symbiotic nitrogen fixation in plants, P.§.
Nutman (E¢). Cambridge Univ. Press, Cambridge, England, Pp. 169-173

Drate, R.A, (1976} Principals of Riizobiwn strain selection. Fr: Symbictic nitrogen
fixation in plants, P8, Nutmnan {Ed.}. Cambridge Univ. Press, Cambridge.
England. Pp. 137-150

Date, RA. & Norrs. DO, (19797 dust, S Agric. Res. 30, 85-1(4.

Date, R.A. & Roughley. R (1977) Preparation of legume seed inoculants. Im A
treatise on dinstrogen [ixation, Sec. [V, Agronomy and ecelogy. R.W.F. Hardy
& A H. Gibson {Fds.;. Wilev. New Yock, NY, USA. Pp. 243.276.

Dommergues, Y.R.. Diem. H.G. & Phvies, C {19791 dppl. Environ, Microbiol 37,
F79-781.

Elkins. DM, Hamiltor. G, Chan, C.K. Y., Brniskovich, M.A. & Vanderventer, 1. W,
(18976) Agron. J. 68, 513317

Farag, F. A, El-Nady. M A Hatoun, A F. [ & Lotfi. M. {(1976) Agric. Res. Rev.
Egvpt 54, 121226

Fred, E.B.. Baldwin 1. & McCov, E (1932} Root nodule bacteria and leguminous
plants. Zm: Lian, ot Wiconsn Studies in Sci. No, 5 Univ, of Wisc, Press,
Madison. Wi USA



114

Graham, P H. Morales. Y M, & Cavallo, R, {1974} Turrialba 24, 47-50.

Halliday, J. & Graham, P.H. (1978). Twrrialba 28, 348-349.

Ham., G.E.. Lawn. R.}L & Brun, W.A. (1976} Influcnce of inoculation, mitrogen
fertilizers and photosynthetic source-sink manipulations on field grown
soybeans. fr: Svmbiotic mitrogen fixation in plants, P.S. Nuwman (EQ).
Cambridge Univ. Press, Cambridge, England. Pp. 239-253.

Hilthold. A.E.. Thurlow. 121 & Skipper, H.D. (1980) Agron. /. 72, 673-681.

Jones, M.B.. Burton. J.C. & Vaughn, C.E, (1978). Agron. J 70, [081-108S.

Nutman. P.S. (1973) Rhizohinm in the soil. bz Soil micromelogy - A eritical review,
M. Walker (Ed.} Wiley, New York, NY, USA. Pp. [11-12].

Paczkowski, M.W. & Berrvhill, DL, (1979) Appi. Environ, Microbiol 38, §12-615,
Roughley. R.J, (1971 Plany Yol 32, 675-701.
Serijdom. B.W. & Deschodt. C.O, (1475) Carriers of rhizobia and the effects of prior

treatment on the survival of rhizobia, far Symbietic nmitrogen fixation in plants.
PS5 Nutman {Ed.). Cambndge Univ. Press, Cambridge, England. Pp. 131-168,



BNF Terhnoiogy for Tropical Agriculture 118

THE STORAGE, QUALITY CONTROL, AND USEOF LEGUME
SEED INOGCULANTS

R.J. Roughley!

Swmmary

The survival of rhisobu i peat-based inoculants during storage
and distnbution depends on both the strain used and its immediate
srvironment. The tvpe of carner used and #s freedom from toxic
factors, the number of non- Riuzobuon micro-organisms present
when inoculated the moisture potential of the inoculant, the
regulation of the composition of s gas phase, and temperature of
storage are all important tactors of that environment.

The guality of inocculants depends both on the number of
rhizobia they comain and the abibity of such rhizebiz 1o fix nitrogen
with the intended host, Quality contrel, therefore, shosld aot only
monitor the pumber ot viable cells in the moculant bt also control
the strains used. T he standard applied to tnoculants n 2 particular
country should be consdered n the light of the agronomic
demands made on the culture —  the harshere the sowing conditions
and the amaltler the seed. the greater the number of rhizobia that will
be required per unit of moculum.

The methad of introducing rhizobia into the soil is also
miportant. For grain legumes, slurry inoculation with the
inooulum stuck to the seed with didute methyl cellulose or gum
arabic 15 the most common method. However, if the seed is treatad
with agrochemicals either solid inocula or higuid injection should be
used. The latter s more appleabie to large sowings. Granular
inoculum can be used {or smutller holdings. Rhirabia o seed to be
aerially sown are best pratecied by peileting with either agricaliural
lime or rock phosphate,

INTRODUCTION

The inital number of rhizobia inan inoculant and how the rhizobia survive
duaring storage and distntbution is influenced both by the procedures used in

U Hongultaral Research Sution, Gosford, 2250, NSW. Australia.
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inoculant preparation (see p. 127) and by the conditions that pertain after
manufacture. The storage temperature of the inoculant, its relative humidity,
and gas interchange capability are all critical to Rhizobium survival
in the inoculant. but current recommendations have been based on only a few
studies (Roughley & Vincent, 1967; Roughley, 1968), with differences in
strain Tesponse now recognized. Given these problems and the natural
variation to which strains ot Rhizobium are prone (Herridge & Roughley,
1975), it is essential that the quaiity of inoculants be monitored; not only
during the development phase of an inoculant industry, but continually
thereatter. Roughley (1976} has documented some of the problems which can
develop in an established industry.

This review considers factors affecting growth and survival of Rbizobium
during the storage and distribution of inoculants and the control procedures
guarantecing high-quality products for the farmer. It briefly discusses
common methods of inoculation and their relative advantages and disadvan-
tages.

FACTORS AFFECTING GROWTH AND SURVIVAL OF RHIZOBIA
DURING STORAGE AND DISTRIBUTION

Temperature of storage and sterility of the carrier

The effect of storage temperature on growth and survival of rhizobia is
influenced by both the purity of the culture and the amount of moisture lost
during storage. With cultures prepared in sterilized peat, incubation at 26°C
immediately after inoculation promates rapid growth of rhizobia and, i the
moisture content is maintained, has little or no effect on survival up to six
months. In experiments on long-term storage of unsterilized peat cultures, the
weekly log death rate of ¢clover rhizobia increased from .04t 5°Cto 0.094 at
25°C {Roughley. 1968, Date & Roughley, 1977} In contrast, preliminary
results obtained by the Australian Inoculants Research and Control Service
{AIRCS) suggest that strains such as CB 82 (for fine stem stylo), CB 627 {for
Desmodium) and CB 1024 (for Lablab purpureus} survived better when
stored at 26°C than at 4°C (see Table 1),

Survival of Rhizobium in soilis known to be adversely affected by high
temperatures. particularly when the soil is moist {Bowen & Kennedy, 1959).
Drespite this the study of RAizobium survival in moist peat cultures subject to
high temperatures during storage and distribution had been neglected until
Wilson & Trang {1980) compared the survival of unknown strains of the
cowpea miscellany stored at temperatures between 257 Cand 55°Cand at 50%
relative humidity (RH), Numbers were constant over a 2I-week pericd at
25°C and 35°C but declined significantly at 43°Cand 55°C. Also of concern
was a suggested dechne in mfectivity of the survivors at 35°C and above.
Although infectivity was regained following subculture, it may be that
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TABLE 1: The effect of temperature of storage on survival of rhizobia in peat
inoculants after 12 months.*

Strain Host Storage temperature

4 ¢ 26°C

Inoculants Mean log  Inoculants  Mesn log
tested no, cells/g tested no, cells/g

CB180% Glyeine max 27 8956 27 9.22
CB1Q1S Vigna mungo 22 8.98 10 13
CB756  Vigna unpeiculata 11 8.93 6 3.08
CB627  Desmodium 7 6.27 2 9.22
CB1923 {Centrosema 5 691 2 8.92
CB1024  Lablab purpurcus 10 7,32 4 9.35
CBg2 Stylosanthes {fine

stem style) 4 5.94 i 9.52

*[ata kindly suppiied by G, Bullard,

numbers of rhizobia surviving storage in the tropics are not always indicative
of the usefulness of the inoculant. This aspect warrants further investigation.

Effects of acration

Since an early report that rhizobia grew better on both solid and liguid
media when provided free access to air, there have been conflicting reports on
the gaseous exchange requirements of Rhizobium for growth and survivalin
peat culture, Canadian and European workers observed rapid death of
rhizobia in sealed containers, but with access to air the numbers of cells
remained high until the carrier became desiccated (Hedlin & Newton, 1948;
van Schreven, Otsen & Lindenberg, 1954). In contrast, other workers found
that rhizobia were able (o multiply 10- to 100-fold and then survive
satisfactorily in cither screw-capped jars or sealed ¢ans {Newbould, 1951,
Spencer & Newton. 1953, Gunaing & Jordan, 1954), Some of this confusion
was possibly caused by the fact that the demand for gas exchange in peat
cubures. though definite, is not high. Most reports compared only
“unrestricted exchange” with sealed containers, Where the latter were not
sealed under vacuum, the proportion of air trapped to carrier material could
have affected survival of the rhizobia,
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In a study of packaging materials, Roughley (1968) examined the growth
and survival of clover, medic, and cowpea-type rhizobia in sterilized peat, in
cotton wool-stoppered tubes, sealed cans, and plastic film packets with
various gas-exchange properties. The survival of rhizobia in the sealed cans
and a laminated mylar-polythene film of very low gas exchange was
completely unsatisiactory. However, growth and survival in a low-density
and a medium-density polythene film and in a polyamide film with only 6% of
the gas exchange capability of the low-density polythene film was comparable
to that in plugged tubes.

Effects of moisture content and sodinm chloride

The moisture contert of the inoculant bas a marked effect on numbers of
rhizobia: not only is the initial moisture level critical, but there is a marked
relationship between the death rate of rhizobia and the rate of water loss
during storage. Such loss can oceur also from some containers when cultures
are stored under refrigeration. Further, since the interaction of Rhizobium
and contaminant micro-organisms varies with moisture content, the effect of
moisture content on rhizebial survival in unsteriie peat is often different from
that obtained in sterile peat,

Because peats and peat; soil mixtures vary widely in their ability to absorb
muoisture, the expression of moisture as either a percentage of the wet or dry
weight of carrier 15 misleading. This ability of different carriers to absorb
different amounts of moisture may explain the different optima reported for
growth and survival of Rafzobium, Future comparisons should be made on
the basis of moisture potential. Using this method of expression, the moisture
contents in Badenoch peat could be expressed as pF valuesof 4.88,4.15,3.42,
and 2.69, equivalent to 30, 40, 50, and 6047 moisture on a wet weight of peat,
respectively.

In stenlized peat, strains tolerate higher levels of moisture, with growth and
survival optimal in the pF range 3.42-2.69 (30-60% moisture).

[n determining the effect of moisture content on the survival of rhizobia, it
is important to separate the direct effect of moisture from indirect effects on
the concemtration of secluble salts {Steinborn & Roughley, 1974). Two
inoculants with the same concentration of chloride {dry weight) but with
muoisture contents of 55% and 45% would, assuming all the chloride were
dissolved, differ by a facior of 1.5 in the concentration of chloride in selution,
This is not generally taken into consideration when determining optimum
moisture contents or when comparing different cartier materials,

Sources of peal, otherwise suitable as carriers of rhizobia, may be
contaminated with sodium chloride, either by the saltwater origins of the
swamp, or through proximity to the sea and spray contamination. The level of
sodium chloride in peat beds may fluctuate both between and within years,
depending on the rainfall, Leaching with water of low salt content can reduce
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the sodium chloride level to satisfactory limits. The tolerance of strains of
rhizobia to salt varies widely, Strains for lucerne (R melifori) survive well at
fevels up to 0.89% chlonde (expressed on a dry weight of peat basis), whereas
for clover (R, rrifofify the upper limat is 8,179 with cultures of 50% moisture
on a dry weight basis (Steinborn & Roughley, 1974),

QUALITY CONTROL OF INOCULANTS

The aim of a quality control program should be to anticipate and,
therefore. to avoid problems during production and storage and so 1o ensure
the sale of high quality cultures. This requires an understanding of the many
factors which affect quality of inoculants and of how and when they are likely
Lo operate,

Experience in Australiy suggesis that production and quality control
should be conducted by separate bodies and that, for greater consumer
protection, quality control from strain selection through to preparation and
distribution is preterable 1o a systern that tests caly the final product obtained
from retai! outlets. The quality control group should be an official body with
powers sufficient (o enforce irs standards on all producers. In this way a
vniform product. assessed by standard procedures by a central. or at least
centrally directed. control group provides masimum cotisumer protection
and more direct assistance to manufacturers by early detection of such
problems as loss of cliectiveness, poor survival in peat culture, or failure to
grow in broth culture.

Standards for inoculants

The quality ot legume inoculants depends on both the number of rhizobia
they contain and the effectiveness of these rhizobia in fixing nitrogen with the
intended hest. Standards by which inoculants are judged are ultimately
determined by field performance in different situations, and because these
differ widely, 1t would be unrealistic {o set a rigid standard to apply fora wide
range of environments. Where legumes are to be established in Raizobium-
free soil with good conditions, 100 rhizobia per seed provides a satisfactory
inoculum level. Where large numbers of ineffective rhizobia occur and;jor
conditions for Rhizobiun: survival are poor, numbers inexcess of 108 per seed
may be required. Ireland & Vincent (1968} showed that lime-pelleting clover
seed inproved the relative performance of inoculants for a givern number of
rhizoba per sced. This made {1 possible to establish rhizobia in soil that
coptained large numbers of rhizoa and that would otherwise have required
extremely heavy inoculation. Within the bounds of inoculum technology,
therefore. it is the agronomic demands made on cultures that determine the
standards by which they need (o be judged,
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The minimum number of chizobia in peat cultures required in Australia has
increased 1000-fold since 1957, those now accepted by the AIRCS are 1000 x
10¢ rhizobia/ g at manufacture and 100 x 109/ g at expiry, with less than 0.1%
contamination. These changes, which illustrate the dynamic nature of
standards in practice, resulited largely from changes in technology ihat
enabled manufacturers to consistently produce inoculants confaining more
rhizobia.

Standards should also take into consideration the legumes for which the
inoculants are 1o he used. For example, used at the recommended rate,
approved Awustralian inoculants would provide 33,000 rhizobia per seed of
Desmodium, 16 x 11 for cowpea ard 2 x 198 rhizobia for soybean, Thereis no
agronomic basis for this difference,which is due solely to differences in seed
size. Therefore. 1f soybeans can be consistently well-nodulated by an
tnoculant providing only 10 thizobia/ g of culture (2,000 rhizobia /seced) but
produced locally with adapted strains, this could be considered a suitable
inoculant. it would. of course, be inadequate for smaller-seeded legumes such
as Desmodium.

Testing inoculants

The development of a routns system of quality control for Australian
moculants has been described many umes (Date, 1969, 1970; Date &
Rounghley. 1977: Thompson, 1980). This system is based on testing
representative samples from ail batches of inoculant and must be concluded
before such inoculants are released {orsale. The tests vary innumber and type
according to whether sterile or nonsierile peat has been used and depending
on the competence and experience of the manufacturers. Where steniized
carriers are the only form of culture prepared, detailed quantitative tests on
the broth used to inoculate the carrier are not normalily necessary, since the
final number of rhirobia in the peat is independent of the number added in the
broth {Roughiey. 1968},

However. when manufacturers are inexperienced, or the carrier non sterile,
it is essential that the broth cultures used 1o prepare each batch of inoculant
are also tested. Testing at this stage reduced nodulation failures in the early
days of commeraal moculant production in Australia.

Tests on broth cultures

Before mixing with the peat, the identity of the Rhizebium strain in the
broth culture should be verified by agglutination against a specific antiserum.
Freedom from contamination should also be demonstrated by the absence of
growth on glucose-peptone agar streaked with inoculant culture, while gram-
stain preparations should show no gram-positive cells. Results of these tests



are available within 24 hours and are the basis on which the producer is
permitied to impregnate the peat.

Broth cultures must alse be evaluated for invasiveness and effectiveness by
inoculating plants growing on N~free mediom in tubes, and where nonsterile
carriers are to be used. the number of viable rhizobia should be counted using
the plate count method,

Tests on peat cultures

After maturation of the inoculant, and before distribution, plate countson
sterile peats should be made to determine the number of rhizobia present and
to ensure that contamination is iow, Where unsterile peats are used, plant-
infection tests should also be done. Only after completion of these tests should
the inoculant be released for use and an expiry date assigned. It is impossible
to set general expiry dates since the useful life of the culture will depend on the
packaging and carrier materials, storage conditions, and mecthods of
distribution and sale. However, Australian experience has shown that
inoculants for all temperate and most, but not all, tropical legurmes, after
storage for five months at 4°C followed by six months storage either under
refrigeration or on open sheives, are still satisfactory as inoculants. Thus,
manufacturers may store newly manufactured cultures under refrigerated
conditions for up to six months before allocating the normal six-month expiry
date. Cultures stored in this way, particularly those prepared in sterilized peat,
may be resubmitted for testing within four weeks of expiry date, and if they
meet the original standard and have adequate moisture {(equivaient to pF
3.78) may be approved for a further six months.

An important part of the control scheme is the random testing of inoculants
purchased from retail outlets. Such tests provide information on the effect of
storage conditions. early information on variation in the performance of
particular strains, and a check on the labeling of packets by manufacturers.

USE OF LEGUME INOCULANTS

Predicting the need to inoculate

Forecasting the need to introduce rhizobia into a soil is one of the most
important practical considerations faced by the agricultural adviser. Some
guidelines are available. but the exceptions arg sufficiently commeon to lead to
uncertainty.

Occurrence of naturglly occurring rhizobia

Brockwell & Robinson (1970) and Roughley & Walker (1973} attempted to
relate the occurrence of rhizobia in soil to climate, vegetation, topography,
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previous history {including cropping data), fertilizer applications, vegetation
before sowing, soil type. and pH. None of these characteristics except
vegetation had any consistent relationship, except as they affected the
occurrence of leguminous plants. Consistent relationships did occur between
the presence of a legume host and the number and type of rhizobia insoil, but
even so, It was impossible to consistently predict the need to inoculate.

Host-plant requirements

Some knowledge of the ongin of a legume, its growth requirements, its
distribution, and its promiscuity in forming nodules with a range of rhizobia
is also useful as a guide. Specificity between host and Rhizobium s well
known, for example Lotonoris sp., Trifolium ambiguum, and soybeans
{Glycine max) require specific inoculants, whereas legumes such as siratro
{ Macroptitium arrepurpurewm) are promiscuous and nodulate with a wide
range of rhizobia. There is. therefore, a greater likelihood that highly specific
hosts will require inoculation, especially when grown in an area for the first
time, than hosts that are compatible with a wider range of strains.

FEffectiveness of narive strains

Apart from predicting a need to inoculate based on the numbers of the
indigenous soil rhizobia. there is the question of the effectiveness of
naturalized strains. There have been few extensive surveys to assess the
effectiveness of naturalized rhizobia, one in southeastern Australia indicated
a general level of effectiveness of R, orifolii of approximately 509 that of the
inoculum strawn TA {Bergersen, 1970). Failure to establish a more effective
strain in such situations would not necessarily lead to crop failure, but would
result in reduced production.

Date (1976 recommmended a simple, three-{ireatment experinent 1o assess
the numbers and effectiveness of naturalized rhizobia in new situations, The
three treatments were:

An uninoculated control to check for the presence or absence of
naturalized rhizobia and their effectiveness;

An noculated treatment using a strain of RAizobiwm known or
reported 10 be effective with the host; and

The same inoculated treatment plus nitrogen {N).

Results from such a trial aliow assessment of the need to introduce rhizobia,
determine the suitability of the applied strain, and show whether native,
ineffective strains occur and if so, how well the introduced strain competes
with themn. Comparison of the growth of inoculated plants with those supplied
combined N gives a measure of strain effectiveness and indicates whether
factors other than N may be limiling growth,



123

Methods of inoculating legume seeds

Inoculants have genecally been applied directly to the seed. However, the
presence in some legumes of seed coat factors toxic to Rhirobium
(Thompson, 1960; Bowen, 1961; Masterson, 1962} and the increasing use of
toxic agrochemicals have heightened interest inindirect itnoculation methods,

Direct application of pear cdtures

Legume inoculants prepared in organic carriers promote better survival of
rhizobia, both in storage and when inoculated onto seed, than do agar or
broth cultures (Date, 1970). Further, the method used to inoculate seed also
affects survival of the rhizobia, and adhesives and coating materals may also
improve survival (Herridge & Roughley, 1974),

Dry inocidarion: This method, involving only application of the powdored
inoculum to the seed. 15 the simplest method of inoculation but is inefficient,
as the powder adheres poorly and the survival of the rhizobia that do adhere is
suboptimal. This method s still used for inoculating very large quantities of
grain legumes in arcas where high numbers of rhizobia/ seed are not essential,
but it cannot be recommended.

Sturry tnoculation: The inoculant, prepared as a suspension in water, is
applied to the seed. which must then be allowed to dry before sowing.
Adhesion to the seed coat may be improved by suspending the inoculant in
10% sucrose. but this may encourage seed and seedling pathogens. Either gum
arabic {109 solution) or methyl cellulose (1495} adhesives may be used to
improve adhesion and survival of rhizobia on seed. 1t is essential to ensure
that no preservatives have been added to the adhesive, This method is
particularly suitable for woculdting grain legumes when sowing small areas.

Seed peliering: T his method improves the survival of some rhizobia on seed.
1t involves the use of gum arabic (4004 w/ v) or methyl cellutose (1.5% w/v of
4000 ¢.p .y as adhesives tor the inoculum, with the inoculated seeds rolled in,
and coated by. finely grown calcium carbonate or rock phosphate. There is
some controversy as to whether tropical legumes should be pelleted with lime
(Norris. 1967). and rock phosphate is more generally recommended for this
group of legumes. Seed pelleting is particularly suitable for small-seeded
legumes to be sown in soils of pH 5.5-6.0, or whenseed is sown incontact with
acid fertilizers. It has proved the most suitable method of inocuiation for seed
to be aerially sown,

Indirect inoculation
The introduction of thizobia into soil separately {rom the seed is best when

seed treated with pesticides harmful to rhizobia is to be used, when sowing
seeds that have a very toxic seed coat, or when sowing large areas of grain
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legumes where. because ol seed size, the large volume of seed makes other
methods of inoculation impractical. Two general technigues have been
investigated: one involves spraying liquid inocula directly into the soil, the
second applics solid inocula i one of several forms.

Liguid inoeula: These may be prepared by suspending peat cultures in
water in a tank mounied on the seed drill. The liquid may then be sprayed
either into the row or beneath the seed. This method was used successfully in
Ixrael for inoculating groundnuts {Schiffman & Alper, 1968). A suitable spray
systern was described in detail by Brockwell er gl (1979). 1t comprises a tank
of sutticient size 1o apply 112 hiters; ha, a pump, and a pressure regulator by-
pass set to approximately 140 kpa in order to deliver one-third of the total
flow of liquid to the spray jets and return the rest to the tank foragitation. The
manifold should be made of noncurrosive material and the spray jets of
copper tubing of 1.5-2 mm internal diameter located behind the seed boot and
2.5-5 ¢ above the bottom of the furrow.

Solidd inocula: These may consist of compressed peat impregnated with
thizobia, granules of calcium sulphate semihydrate and carboxymethyl-
cellulose sprayed with a mixture of Rhizobium broth, skim milk powder and
sucrose { Fraser. 1966), or a solid inert core such as sand or “Alkathene” beads
inoculated and lime-coated as for seed (Corbin, Brockwell & Gault, 1977).

Solid inocula consisting of coarse particles of peat impregnated with
rhizobia are available commercially in the USA (Burten, 1975). These
granules are sown in the drill row at a rate to provide 107 rhizobia/2.25 cm.
The rate can be increased where necessary and the granules sown deeper to
avoid high soil temperatures.

CONCLUSIONS

It is likely that there will be an increased need to apply higher numbers of
rhizobia to the seed or directly to the soil as less favorable sites are sown with
legumes or established areas are to be resown using improved strains. Either
the number of thizobia in peat cultures must be increased or their survival
following inoculation must be improved. General experience has shown that
with the exception of a few strains that reach populations of 107% g in peat,
most rarely exceed 5 x 107, huis, therefore, likely that the chances of increasing
numbers lies in improved methods of using inoculants, Further work on
agents to protect rhirebia during drying and to protect them from toxic
factors in the seed coat. as well as work on improved adhesives, offers perhaps
the best approach to meet the challenges of the future.

REFERENCES

Bergersen, F 1. {1970} Plant Soil 32, 727136,



125

Bowen. .1 {19613 Pl Mot 15 135-163.

Bowen, (.13 & Kennedy. M. {19539 Queens!. L Agric. Seid 160 177-179,

Brockwell | & Robinson. AC (1970) Proe. X Intern. Grassl, Congr. Pp. 438-431

Brockwell. J.. Gaukt. RR.. Curlin, O & Lund, ®. (1979) Spray inoculation for lupins.
A Lupin production i 1979 NSW Department of Apricultere, Australia, Pp.

3538,

Burton, L.C. {1975) Proc. Fiith Sovbean Seed Res. Conf.. Chicago. 1L, USA. Pp. 4)-
52

Corbin, E J.. Brockwell . & Gault. ROR (19772 dwse. J. Expl Agric, Anim, Husb. 17,
126-134.

Date, R.A. {1970} Pl Sodd, 12, 703725,

Date. RA, (1969 /. Ausr i, Agric, Seil 35, 27-37.

Date, R.A. {1976) Inoculation of tropical pasture legumes. fu: Exploiting the legume-
Rhizobium symbioves i tropeal agriculture. )M, Vineent, A8, Whitney & J.
Bose (Eds .} Unnv. Hawuid Coll. Trop, Agric. Mise. Pub. No. 145, Pp. 293311

Date, R.A & Roughley. R {1¥77) Preparation of legume seed inoculants fu A
treatise on disgregen Nixavon. R.W.F, Hardy & A H. Gibson (Eds.). Wiley,
New York NY. USA. Pp. 343.275,

Frasee. M E. ([966) 1 Appfl. Bacteriol 29, 587-395.

Gunning. €. & Jordan, DO {1934y Canad. J Agriv. Svi. 34, 225233

Hedlin. RLA. & Wewton. 112 (1948} Canad J. Res, 26, 174-147.

Herridge. 2. F. & Roughley. R 41974) Plamr Soil 40, 441-444.

Herridge, D.F. & Roughley, R.1 {1975} J. Appl. Bacr. 38, 19.27.

Ireland. J A, & Vincent. LM, {1968) 1X lnternat. Congr. Soil. Sci. Trans 11, 85-83.

Mastersan, CTE. {1962) Irish J. Ageie. Res. |, 343-344,

Marris, DO (1967) Trop. Grassl 1. 107-121.

Newhould. FOHLS (1951) Seu. Agrie. 31, 463469,

Roughlev. R.J. (19681 4. Appl Bacrerind 31, 259-265.




126

Roughley, R.J. {1976y The production of high quality inoculants and their
contribution to legume yield. fr Symbiotie nitrogen fization in plants, P.S.
Nutman (Ed.). Cambridge, Univ. Press, Cambridge England. Pp. 125-136.

Roughley, R.L & Vincent. M. (1967) L. Appl. Bacteriol 30, 362-376.

Roughley, R.J. & Walker. M.H (1973) dust. J Expl. Agric. Anim. Hush. 13, 284-291_

Schreven, I2.A. van, Qestn. D & Lindenberg, .J. (1954 Antonie van Leeuwenhock,
. Microbiol, Serof 20, 33,37,

Schiffman. J. & Alper. Y. (196%) Expl. Agric. 4, 219-226.

Spencer. LFT. & Newton, J.D. (1933) Canad. /. Bor. 31, 253-264.

Steinborn, 1. & Roughley. R.| (1974} /. Appl Bacreriel 37. 93-99,

Thompsen, LA, (1960} Awure (Lond.) 187, 169,

Thompson, J.A. {1980} Production and quality control of legume inoculants #n:
Methods for evaluating bislogical nitrogen fixation, F.J. Bergensen, (Ed.),

Wiley, New York. NY. USA. Pp. 489-534.

Wilson, DO, & Trang. K. M. {1980) Trop. Agric. (Trinidad) 57, 2313.23%,



BNF Technology for Tropival Agriculnee i27

CULTURING RHIZOBIUM IN LARGE-SCALE FERMENTORS

A.P. Balattit

Sunmuinary

This paper considers the different types of fermentors, with and
without agitation, that can be used in laboratories, pilot plants, and
in large-scale fermentations. Using a balanced medium and eithera
mechanically stirred or airlift type fermentor, it is possible to obtain
cetlutar concentrations of about 1.5 x 101 cells; ml of R. jgponicum
in 48 h.

INTRODUCTION

Although the legume inoculant industry started in the early 1900°s, it is only
relatively recently that attention has been given to the production of high-
count broth cultures of RAizobium with which to inoculate earriers or for
direct field use. This paper considers some aspects of the technology by which
Rhizobium are propagated.

LABORATORY S5CALE FERMENTORS

To obtain a Rhizobitem culture of a high concentration, the fermentation
method in submerged process is used. {t is convenient to start the first step ina
rotary shaker. This operation is normally done in Erlenmeyer flasks using 1/ 5
part of the volume of the liquid medium in relation to the volume of the flask.
It is common to transfer an agar slant culture from a tube to an Erlenmeyer
flask of 500 mi with 100 mi of medium, The Erlenmeyer flasks are placed ina
rotary shaker at a constant femperature (26-30°C)

Figure [ shows two different types of fermentors, used in laboratories and
in small-scale industrial production. Both of them are suitable for the
development of Rhizobium. One warks with mechanical agitation. It has an

! Centro de Investigacion y Desarrollo de Fermentaciones Industriales, 47 ¥ 115, La Plata,
Argentina.
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air entry, baffles, and & turbine-type impeller. The principal objective of the
baffle is to produce turbulence and so to increase the interfacial area of the
bubbles in the liquid. This is important in meeting the oxygen requirements of
the growing organism; it is also helpful in the heat transfer process. The other
fermentor shown in Figure 1 is of the aiclift type, without mechanical
agitation, In this case agitation is achieved by circulation of the liquid mediom
following air injection. This type of fermentor is very easy to build (Mazza,
Lopreto & Balatti, 1978), as it essentially consists of two concentric pyrex
glass tubes stoppered at each end with synthetic rubber stoppers. The drawing
shows air intake and sampling ports set into the base, and tubes in the top for
adding medium, inoculum, and antifoam, as well as for air escape. Both
fermentors can be sterilized empty, by passing through fluent steam for 60
min; alternatively they can be autoclaved with the medium at 121°C for 20
min. Counts of up to 1.5 x 1° cells/ mi can be obtained with this type of
fermentor using a sucrose, yeast extract medium containing KNOQ;. Figure 2
shows the growth curve for a strain of R. meliloti in 2 mechanically agitated
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Figure 2. Growth curves of Rhizobium melifoti in a mechanically stirred fermentor.
Operation condition: 250 rpm and 0.5 vol air: vol. medium per minute,
Medium (base): sucrose, 10 g/k MeS04.7 Ha0, 0.6 g/l; Na(Ql, 0.1 g/
veast extract, 3.0 g, L MaSQy, (10%) 0.1 mk FeCls, (109%) 0.1 mi pH=7 2,

fermentor when an agitation rate of 250 rpm, an air flow of 0.5 air voliunies/
medium velume per minute, and 3 | of medium in a 5 | fermentor, were used.

The figure shows clearly that addition of KNO to the medium both favors
high cell counts and controls pH.

Figure 3 shows the resclts of a similar fermentation using a strain of R,
japonicum. Note that, in this case, glycerol has heen used as the carbon
scurce, because R. japonicurm cannot metabolize sucrose

INDUSTRIAL FERMENTATION

While many inoculant producers employ small fermentors of 10-20 |
capacity, industrial fermentors with capacities up to 30,600 1 can be used to
grow Rhizobium. The sequence by which a stock culture is built up in volume
until it can be used as ineculum for a production-stage fermentor is shown in
Figure 4. At each stage the inoculum must comprise 5-6% of the volume to be

moculated; otherwise there will be a prolonged lag phase with greater
opportunity for contamination.
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Growth curves of Rhizobium

Japonicurm in a mechanically 5. |} YJ /

stirred fermentor. Operation 1A

condiion: 250 rpm and 0.3 vol. 47 -~ 8 /"/ / \\ 450
air/vol. medium per minute. | / 3y oHy |
Medium: glycerol 10 g/t Y1 1 ¢ #if ® glycerol
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I P AN 7573
HPO,. 0.3 g/l NaCl, 0.} g/h; i ;‘/a/' i
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‘ a

0.2 g L. yeast extract, 4 g/l; (!
MnS04, (10901 m] /L, FeCl;, ° PR

v 12 24 36 48 6t "IR 84 13
(10523 0.1 ml/L Time ()

A typical production tank with its most important auxuiaries i shown in
Figure §.

Stainless steel is the usual material for fermentation vessels. The
fermentation tanks are conventionally designed with a height:diameter ratio
in the range of 2-3:1, and with an operating volume of about 75% of the total
capacity to allow some room for foam to build up. Mechanically agitated
tanks have four baffles; coil and jackets are used for heating and temperature
controls. The up-to-daiz fermentors have an external coil around the tank
wall. This sytem helps to achieve a better heat transfer. The agitation is
provided by some type of turbine impeller mounted either singly or in
multiples on a central shaft. The shaft enters the fermentor through a stuffing
box or rotating seal. The air enters through a sterilized filter, air pipe, and
sparger at a pressure of about 1.5 atm. The sparger most commonly used is the
one that consists of a circular ring with holes drilled at intervals. A high
velocity nozzle can also be used. The control devices most commonly used are;
ait pressure flow recorder controller, temperature recorder and antifoam
addition-controller. Water is needed to cool the tank and a supply of sterile air

o meet the organism’s need for oxygen. Cellulose filters are usually used to
provide sterile air.
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In the scale up from pilot equipment to industrial production it is common
to use similar rates of power consumption per unit volume of licuid. The
power of agitation used in most fermentors is from [-3 watt/liter (Balatti,
Morisi & Gualandi, 1968). This guarantees a good mizing of the culture and
adequate biomass production.
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BNF Technology for Tropical Agriculture

SOIL CONSTRAINTS TO LEGUME PRODUCTION

BN, Munnst and A A. Franco?

Summary

Lack of information and response criteria make itimpossible for
us 1o assess accurately the extent to which soil constraints might
limit legume productivity. The following are estimates: Erosion
hazard on 73% of tropical land; excepting only the deep, level
echesive alluvial and Oxisol soils. Dironghtiness on $3%; especially
shallow and sandy soils, Oxisols with few pores of mtermediate
size, Alfisols and Ultisols with impeding subsoil. Escessive
compactability or cohesiveness on 25-30%; mainly Yertsols and
weakly structured Alfisois. Salinity snd alkalinity on 7%; mainly
eoastal and semiarid inland areas. Aeidity and) or Mo deficiency en
3565 mainly humid Oxisols, Lltsols, some Alfisols; with high lime
requirement on 19 of the 33%. Phosphate deficiency on 80%;
exceptions mainly aliuvial and basaltic, Other deficiencies on 5-
10%; mainly S, K, Zn in high rainfall areas and Zn elsewhere; likely
to increase with timne.

Erodibility, droughtiness, compaction/ cohesiveness and severe
salt, being economically difficult conditions to alter, are usually
“capabilily limiters™ to which land use, ¢rop type and management
practices must be adjusted. By contrast, acidity and nutrient
deficiencies can often be corrected economically. Costs for P and
lime are greatest where the soil is high in reactive colloids (acid
Andosols and clayey Oxisols, for example). Fertilizer costs also
depend on transport availability and proximity. Inputs could be
made more efficient by improving root growth and mycorrhizal
development, by better soll management, and by selection of
legume and Rhizobium for wlerance 1o low P, acidity, and salinity.
It is espectally desirable to raise the salt and acid tolerance and
reduce the P and S requirement of the legume 1o levels comparable
with other crops in the system.
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INTRODUCTION

The following sets of soil properties are likely to constrain production of
Iegumes:

Droughtiness, due to shallowness, impedances, pore characteristics;

Excessive strength, cohesiveness, and ease of compaction;

Excessive erodibility;

Salinity, alkalinity, sodicity;

Acidity and related properties; and

Nutrient deficiencies.

The constraints are not peculiar to legumes or to the tropics. They operate
on crops worldwide and underlie most schemes for assessing or rating land
capahility or fertility (USDA, 1971; Sopher & McCracken, 1973; Bucl ez g/,
1975; Lal et al., 1975).

in general, the physical properties and severe salinity are unlikely to be
altered easily or economically. They appear, therefore, in capability
classifications as “capability limiters.” Their main influence is to restrict the
options for land use and crop choice, and to limit the benefits derived from
improvements in technology. By contrast, acidity and nutnent deficiencies
can often be economically remedied. They define inpuis that are a recognized
part of biological nitrogen (N3) fixation technology and, therefore, receive
most emphasis in this paper,

The severity of a constraint depends on what one is trying 1o do and the
resources available. For the purposes of this paper we propose two reasonable
short-term goals in legume development:

Maderate extension of grain and pasture legumes onto land with the
icast severe physical capability limitations (certainly excluding
maost of the 509 of tropical land that is above 3000 m, steeper
than 10%, and; or drier than 250 mm annual rainfall); and

Improvement of yield to levels that are now easily achieved on
expertmental fields. “Soil constraints” then, include all those
properties that need to be modified in arder for these goalsto be
achieved.

Assessing the extent and severity of soll constraints is difficult. What is
needed are comprehensive field trials and supporting research at a large
number of sites that accurately represent the diversity of tropical conditions.
Without this snformation, we must resort to available response data and
gencral knowledge about soils, and attempt to develop vaguely quantitative
estimates, only some of which can be checked against soil surveys, local
fertilizer recommendations, and published papers. (There i3 probably a
wealth of unpublisbed information in files of experiment stations, extension
offices and the like. Some priority could be given to a project intended to
extract this information, assess i1, compile it, and publish it.)

As our first approximation, Table I relates the likelihood of major
problems to the soll orders of the USDA Soil Taxonomy. These orders can be
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translated into the categories used in other soil classifications (Sdnchez, 1976;
Isbell, 1978). Figure | suggests the distribution of the soil orders in the tropics.

TABLE 1 Limitations of tropical soils for agriculture.

Soil A Problems and their likelihood of ocurrence’
order total
area Water Strength Erosion Salt  Acid Nutrient
Aridisols 18wk * b b 0 *PZn
Vertisols 3 * b 0 * & *pZn
Molli- Enti-
Inceptisols
Fine b4 G 0 * * 0 0
Sandy g e 0 e 0 » *PK,S,Zn
Ando (ash} 4 ® 0 i 4] * ¥k p
Alflsols 18 ** ks b G i **PSZInK
Ultisols 12 * ) bk 4] #x%  dkxpPSMo K Zn
Oxisols 20 0 * 0  **% %P S MoK Zn

"From 0, little likelihood, to ***, very high likelihaod.

PHYSICAL CONSTRAINTS
Shallowness, low water retention, impeding horizons

Growth reduction by drought is more likely and more severe if soil profile
characteristics limit the storage of water accessible to the plant. These
characteristics are particularly important where rainfall is low and unreliable,

Shallowness is undoubtedly important, though there are few good data
{Lal, 1979). By itself it is likely to be a severe problem in soils less than 70 cm
deep; or about 5% of the tropical lowlands and much more of the uplands.

Pore size distribution that is unfavorable 1o water retention at potentials in
the available range can make even deep soils droughty. These soils include
sandy and rocky Entisols that occupy some 10% of the tropical lowlands,
mainly in West and Southwest Africa (Ahn, [970; Moorman & Greenland,
1980), and some Oxisols (Sharma & Uehara, 1968), Sanchez & Cochrane
(1980) rate nearly all Oxisols of tropical America in this category. Even
halving their estimate would still leave {0% of the tropics occupied by
droughty Oxisols.

Subsurface clay, hardpan, plinthite, and gravel impede root extension,
water movement, and gas movement. They can aggravate temporary
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waterlogging and erosion due to runoff as well as aggravate the effects of
drought. Improvement by deep plowing or ripping is possible but usually not
economically feasible (Nicou & Charreau, 1980). Soils with serious
subsurface impedances are mainly Alfisols and Ultisols on land surfaces of
low or moderate relief. They probably amount to about 25% of the tropical
land surface (Lal, 1979) and include few of the soils that are droughty for other
Ieasons.

Excessive strength, cohesiveness, compaction

in the topsoil these properties can impair emergence and root development
to the point of precluding production of root and tuber crops. They can make
machine cultivation difficult and manual cultivation impracticable, and they
can lead to increased runoff, erosion, and drought stress.

Vertisols in particular, though usually level, fertile, deep, water-retentive,
and potentially highly productive, are difficult to till and irrigate. Broad-
based furrows and other management practices for easier water management
have been worked out (Kampen & Burford, 1980). Vertisols occupy about 4%
of the tropical land area, mainly in Australia, East Africa, and India.

Surface crusting and compaction can be alleviated by minimizing traffic
and tillage, and by mulching and residue incorporation (Lal, 1979; Nicou &
Charreau, 1980). Nevertheless, or because of the need for these practices,
crusting and compaction tendencies are significant constraints in most soils
and serious constraints under mechanization and on the 20% or so of soils
with particularly weak surface structure.

Erodibility

Erodibility depends on soil and site properties. It limits use and
management options mainly by requiring that ground cover be maintained at
critical times. Acceptable soil loss rates consistent with sustained productivity
can be as high as 5 t/ha per year in deep soils with medium texture, high
fertility, and subsoils favorable for growth; but almost no loss is acceptable in
shallow soils with strong or gravelly subsoil {Wischmeier & Smith, 1978).
Erosion due to wind is greatest in soils with silty or fine-sandy, weakly
structured topsoil that is exposed during dry windy periods. Erosion by rain,
which is, in general, greater than wind erosion, is predictable in principle from
the equation:

Annual soil loss=ReK+S+L+C«P.

where the terms are scaled factors for erosiveness of the rainfall (R),
erodibility of the soil (K), angie and length of slope (S and L), effectiveness of
cover and management (C), and effectiveness of control practices (P).
Tropical soils are not inherently more or less erodibie than others: values of K
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for samplings of solls from both Hawai and the temperate continental USA
ranged between U1 and 0.5, and the Oxisols and Ultisols were within the
normal range (Wisciuneier & Smith, 1978}

Mevertheless, erosion and erodibility might be the single most extensive and
serious soil constraint to crop production in the tropics. Highly erosive
raintall patterns are common, especially where long dry spells and intense
storms alternate, Population pressure and poverty also combine to force
cultivation of steep or semiarid land with inadequate protection from rain or
wind. Severe erosion has already damaged much fertile land of the tropics
{Ahn, 1970; Kampen & Burford, 1950; Moorman & Greenland, 198(;
Sanchez & Cochrane, 1980).

T'wo groups of soils on which ¢rosion hazard is minimai both occur on land
surfaces of low to moderate relief. They are deep Oxisols with favorable
subsoils, and Vertisols and Entisols of alluvial origin. These soils ocoupy,
respectively, about 15% and 18% of the tropical land surface. On the
remaining 7540, erodibility is a serious constraint.

Ercdibility is more important forannual grain legumes than for perennials,
cover crops, pasture, forage, and timber legumes. Indeed one of the best
redsons for cultivating the latter groups is the need for erosion control.
Among grain jegumes. erosion might sometimes be a factor in favoer of using
sprawling types rather than inherently more productive. upright determinate

types.
SALINITY AND ALKALINITY

Salinity is common in coastal, arid and irrigated soils. There are also some
very alkaline soils of only moderate salinity. Afkalinity appears to be the more
severe. though less freguent, stress for legumes (Munns, 1977). Salteffectson
fegumes have received little study; atkalinity effects even less.

Salt tolerance varies between legumes. Pisum sativum. Phaseolus spp.,
Cicer arietinum, and certain Trifolium spp. are highly sensitive. Medicago
sativa. Vigna unguicutata and Vicia faba are moderately sensitive (like maize,
wheat and rice) and AMefifores spp. are slightly sensitive (like barley and
rvegrass) (Richards, 1954; _J. Lauter, and V. A. Marcarian,unpublished
data.). These sensitivity categories reflect 509 growth reduction at electrical
conductivities of about 4, 8, and 12 mho/cm, respectively (25°C, saturated
30il paste), H these data are typical, few legumes are as salt tolerant as the
major crop species. Phere are, however, claims for tolerance among legume
species that are at present little used for agriculture (National Academy of
Sciences, 1979). Dependence on N, fixation seems to lower the salt tolerance
of legumes for poorly understood reasons that involve more than just
mierference with N, fixation (Lauter er af., 1981).

Because rhizobia tolerate much higher salt concentrations than do
agricultural plants, selection for tolerance would be useful only to eliminate



the odd sensitive sirain (Graham & Parker, 1964; Lanterer o/, 1981) On the
other hand, selection in the host to reduce salinity constraints appears
promising, at least for some species (V. A, Marcarian, personal communica-
tion).

Coastal lands that are saline, but otherwise capable of agricultural
development, occupy atrout 30 million ha in southern Asia (Ponnamperuma
& Bandyopadhya, 1980), and there may be comparable areas in tropical
Africa and America. The expense of reclaiming these soils might be justified
for highly productive crops such as rice.

Estimates of the extent of inland saline areas vary. Thus, for India,
estimates range between 7 mililon ha (Kampen & Burford, 1980) and 20
million ha (Ponnamperuma & Bandyopadhya, 1980). The difference may
depend on what level of salinity is considered significant. If so, the larger
estimate (¢qual to 7% of the land area) seems preferable for the more sensitive
legumes. Simitar areas might exist in tropical Africa. Again. intensification
would depend on irrigation, and legumes would be minor members of a
system with other crops. Improving their salt tolerance to match that of the
main crops would have obvious advantages.

SOHL. ACIDITY

Low soil pH is often associated with aluminum toxicity, manganese
toxicity and calcium deficiency. All four disorders are corrected by iming.
They interfere with legume growth and N> fixation in several ways: stopping
growth of the rhizobia and nodule initiaticn, impairing nodule function, and
slowing growth of the plant.

The presence of aluminum and low pH itself can inhibit growth of rhizobia.
Most slow-growing strains are more tolerant than most fast growers, but not
ali slow growers are cqually tolerant. A screening procedure, in which growth
is evaluated in medium containing 50 nmolar Al at pH 4.5, has been used to
identify strains of cowpea rhizobia tolerant of acid soil stresses {(Keveer &
Munns, 197%a}, and has shown good agreement with glasshouse tests of strain
performance in acid soils (Keyser ef of., 1979). Manganese toxicity and
cakeinm deficiency seem unlikely to be important inhibitors of growth of
rhizobia in soils {Keyser & Munns, 1979b),

Improvement of acid soil tolerance also reguires attention to the plant,
Even with adequate rhizobial numbers on the root, nodule imitiation is
inhiibited by acid soil factors. T'his has been shown for low pH and Ca in
temperate species (reviewed by Munns, [377); for Al in Soylosanrhes spp.
{Carvatho er al., 1981); and for Mn and low pH in Phasecius vulgaris (see
Figure 2; Doberciner, 1966).

The plant’s own sensitivity may cause symbiotic failure more often than
older literature would suggest. Thus, in US soybean and Al-sensitive cowpea
cultivars, Al toxicity has been found 1o stop legume growth in acid soil
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without inducing nodulanon failure or N starvation (Munns, er al., 198];
D N. Munns, unpublished data), Variation in acid-soil tolerance has been
shown in a few legume species (Foy e al, 1967; Spain er af., 1975; Munns,
1977). Plant selection would appear ta be a useful way to lower the lime
regmrement for legumes.

Scil acidity results from prolonged leaching with input of biologically
generated acids. The most acid soils coincide with high rainfall, low relief, old
stable Iand surfaces, and free drainage (though hardpan development may
have eliminated the latter). The acids responsible are mainly carbonic, sulfuric
and nitric acids, the latier originating via oxidation from N1 fixation. The
acidification that results indirectly from N input depends little on whether the
N was fixed biologically or industrially. It is maximal if N is put in as
ammomum or N, rather than nitrate, if nitrate is leached, and if large
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amounts of planl nutrient cations are removed in the harvest (Nyatsanga &
Pierre, 1973; Helyar, 1976).

The relative importance of H, Al, Ca, and Mn varies from soil to soil,
Manganese toxicity is most common in acid soils, where temporary or local
anoxia results from wetness, high organic matter, or impeding lavers; but it
can also occur in well-drained Oxisols (Vidor & Freire, 1972y Calcium
deficiency seems to be most important as a factor aggravating acidity and Al
or Mn toxicities. Occasionally it may be the dominant factor by iiself, as in
moderately acid Oxisols with low Al (pH above 3), and in acid Histosols
where Al is immobilized in humic chelates (Evans & Kamprath, 197);
Pearson, [975), In most acid soils, Al toxicity is dominant. Exchangeableand
solution Al correlate closely with pH (Adams & Lund, 1966, Kamprath, 1970;
1978) so that Al toxicity can be expecied in sensitive species as pH falls toward
3.0 (and solution Al approaches 200M) and in tolerant species as pH falls
toward 4.3 {60.uM Al} {Adams, 1978; Helyar, 1978, Munns, 1978).

Soils acid enough to need lime include Ultisols, many Oxisols {especially
the acric and ultic subgroups}, many Alfisols, and some Entisols, Inceptisols,
and Histosols. Appropriate recommendations for most tropical situations are
te lime to pH 5.5 or 6.0, or to reduce exchangeable Al to below 109 of the
exchange capacily (Adams, 1978, Kamprath, 1978). Few field trials show
benefits from lming to higher pH, and adverse effects are common
{Kamprath, 1971). This should not preclude testing a full range of rates in
research {Munns & Fox, [977)

Quantities of lime required range between 500 and 5000 kg/ ha depending
on the crop and on the soil’s inivial pH and buffering capacity. Buffering
increases with the amount of exchangeable Al and the variable charge on
humus, amorphous, and oxide colloids. The most expensive soils to ime are,
therefore, very acid Andosols, clayey Oxisols, and soils high in humus. Cost of
liming also depends heavily on transport costs. Some large acid-soil areas
have well-distrnibuted deposits of limestone, but other areas are less fortunate.
Investment 1n lime can last several vears, bul sometimes (for unknown
reasons} the residual effect dissipates in a vear or two (Pearson, 1975),

Soils likely to need lime for crops of moderate sensitivity represent about
35% of the tropical land area. This estimate agrees with the reported
frequency of lime responses in field tnals with Phaseofus (Franco, 1977), and
with the lower frequency reported in trials with more tolerant species, e.g.,
Stviosamhes and Arachis {Broce & Bruce, 1972). Soils with high lime
requirements, above 4 tons/ ha, may account for 10% of the tropical land area.
These figures may underestimate the importance of acidity: it is a major
feature of the extensive, potentially productive Oxisols and Ultisols that
remain to be developed.

In large areas of Oxisols and Ultisols, subsoils that are low in Ca and high in
Al restnict root growth and aggravate drought stress. A cheap technology for
modifying subsoil acidity is needed. Incorporating lime as deep as is
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ecopomically feasible and waiting two to five years for leaching has been
recommended (Bouldin, 1979). I'he time may be shortened by adding a sulfate
source {gypsum, ammonium sulfate), presumably to increase Ca mobilization
and Al immobilization (Ritchey er g/, 1950},

NUTRIENT DEFICIENCIES
Phosphorus

In legumes, P 1s more commoenly deficient than any other nutrient. Severs
inhibition of N, fixation 15 most hikely a consequence of reduction of plant
growth, but there are more subtle, incompletely understood effects on the
symbiosts (Munns, 1977; Robson, 1978). Nodulation inhibiis root extension,
a possible reason for the 509 increase in fertilizer P requirement observed in
soybeans dependent on N, fixation (Cassman, Whitney & Fox, {981}
Nodules contain as much a5 0.5% P and form a small but possibly significant
P sink m relation to the rest of the plant (P.H. Graham. personal
communication). Phosphate nutrition of Rhizobiumn has been neglected, but
recent lindings show that some rhizobla can utilize stored P and, more
importantly, grow at normal rates with P held as low as 10-3M in solution
media equilibrated with phosphated iron oxide (Cassman, Munns & Beck,
1981} {see Figure 3}). Such organisms should not be P limited in any soil
capable of growing a plant. Other rhizobia lack these capabilities {see Figure
4}, an observation fthat might explain scattered reporis that P deficiency
interieres with nodulation { Munns, 1977). Screening to eliminate P-inefficient
strains and provision of high P in inoculants seem justified.
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Phosphate 15 a minor constituent of soils {below 0.1%}, and itiskept at low
concentration in solution (between 1473 and 10-"M) because almost all soils
have strongly P-sorptive surfaces on oxides, amorphous aluminosilicates.
kaolinite, or calcite. The exceptional naturally P-sufficient soils are the most
fertile Histosols, Mollisols, and Inceptisols — and nearly all are intensely
cuitivated.

Because of the low mobiiity of P, transport to roots hmits uptake (Nye &
Foster, 1938}, Thus, the rapid extension of fine, densely distributed reots, and
the abundance of root hairs and mycorrhiza, may be critical for adequate P
nutrition {Crush, 1974; Mosse, 1977; Andrew & Jones, 1978). Plant selection
for P efficiency of the root svstem mught be worthwhile; butin legumes factual
evidence for varietal differences in P requirement is limited to Stlosanthes
{Jones, 1974}, Between-species variation is documented (Russell, 1978). In
particular, Stylosanthes humilis and Centrosemn pubescens have lower
internal critical P concentrations than speaies of Macroprilium, Desmodium,
Giyeine, and Medicago (Andrew & Robins, 1969). Exploiting such a low
internal value (0.169%) could mean P deficiency in grazing livestock, which
require 0174 (Little & Shaw, 1979; Shaw & Andrew, 1979}, unless phosphate
were fed supplementally. Mycorrhizal inoculation has given positive response
in the field (Schenck & Hinson, 1973; Mosse, 1977; Yost & Fox, 1979 butst s
still early to decide how frequently mycorrhizal inoculation would be
beneficial, especially for annuals. Additional possibilities for improving
efficiency of P use include better management of organic matter, water, and
physical properties to enhance P mobility and root growth, There is hittle
evidence on the effectiveness of these measures. Liming can both aggravate P
deficiency and alleviate it, or appear to do so (Kamprath, 1971; Adams, 1978),
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Measurss to improve efficiency of P utilization are unlikely to eliminate the
need to apply P. Phosphorus requirement is commonly 200 to 500 kg P/ha
initially, followed by maintenance rates of 10 to 100 kg/ ha per year. Residual
effects in most soils are high, especially if erop offtake and erosion loss are
properly accounted (Brams, 1973, Fox, 1978}, Leaching is rarely significant,

From the above, it is clear that phosphate deficiency can be expected
wherever N limmtation 1s alleviated. Field and greenhouse trials indeed
indicate P responses in 80-909% of such cases (Fassbender, 1967; Bruce &
Bruce, 1972, Franco, 1977) even where the test plamnts are P efficient
{Stvlosanthes, Cenirosema). Large initial requirements are mainly in soils
with large contents of amorphous or poorly crystallized (large surface) oxides
in their upper horizons {Fox & Kang, 1977; Moorman & Greenland, 1980).
These soils include some, but certainly not all, Oxisols and Andosols; perhaps
10% of humid tropical soils.

Costs of P fertilizer are vanable and unceriain. Without acid treatment,
phosphate rock can be effective in acid souls, and cheaper than conventional
fertilizers. Rock phosphates of inferior quality are being successfully utilized
after silicate fusion in Brazil (W.A.G. Braun, personal communication). The
larger question in most countries is the availability of ¢commercial quality
rock, whether for direct or indirect application. If the more generous
estimates of the world’s reserves are correct we have several centuries’ supply
(IFDC, 1978), but these reserves are concentrated in a few countries.
Elsewhere, dependence on imports could make eritical issues of P supply and
P-use efficiency.

Micronutrienis

Sanches (1976) and Lopes (1980} have reviewed the general micronutrient
status of tropical soils and Andrew (1976), Munns {1977) and Franco (1978)
the specific situation of planls growing on N,. In general, three main cases
may be recognized:

Alkaline soils where Fe, Mn and B may be deficient;
Unlimed acid soils where Mo is most limiting; and
Limed soils where deficiencies of Zn, Mn, B, and Cu may appear.

Molybdenum is the most widely reported micronutrient deficiency in Na-
dependent legumes on acid soils. Lime can alleviate the deficiency. Large
differences in plant response have been observed. In bean, lack of response to
Ma application at low pH cannot be attributed 10 impairment of Mo uptake
{Franco & Munns, 1981} Large differences in Mo accumulation in seed arise
from varietal and soi} differences and suggest the possibility of using high-Mo
seed for deficient areas {see Table 23, For annual legumes applications of Mo
with seed may also be successful,

Zinc deficiency is general in the Oxisols and Ultisols of the central plateau
of Brazil and the Oxisols of Colombia and central Africa, especially when they
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TABLE 2: Concentration of Mo in seeds of several field grown bean cultivars
in Goiania, Go, Brazil and in Davis, CA, USA.

Cultjvar Grown in: Mo concentration (ug)
Per g seed Per seed
Venezuela 350 Goiania 0.091 0.024
Davis 2.030 0.385
Rico 23 Goiania 0.177 0.040
Davis 2.206 0.433
Carioca Goiania 0.099 0.023
Davis 1.864 0.402
Chief Davis 6.568 1.064
Light R. Kidney Davis 1.860 1.180
Sultan Pink Davis 2.460 0.700

L.S.D. (P = 0.05)

'Valid only for the cultivars grown in both locations.

are limed and put under intense cultivation. Zinc deficiency has also been
recognized as a major limiting factor in calcareous and saline alkaline soils of
India, Pakistan and the Philippines.

Responses to B, Mn, and Cu are less trequent. However, soilanalyses show
a large numbers of cases where levels are below or near critical, and responses
have been observed in greenhouse experiments (Franca & Carvaiho, 1970;
De-Polli et al., 1975; Lopes, 1980).

The use of fritted trace elements (FTE) containing one or several nutrients
seems to be promising for humid and hot conditions (Franco, 1978). The long-
term effects of FTE containing all micronutrients are exemplified by a four-
year field trial with pastures containing siratro, centrosema and stylo (De-
Polli ez al., 1979). Siratro alimost disappeared from the pasture without FTE,
but after four years it still comprised 25% of the herbage when FTE were
applied.

Sulfur

Sulfur deficiency in legumes reduces protein content and protein quality
{Andrew, 1978; Robson, 1978). Reduction of yield and indirectly of N1
fixation has been mostly attributed to inhibition of protein synthesis, effects
on nodulation being mainly indirect (Robson, 1978). We know of no studies
on S nutrition of Rhizobium.
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Reyuirement and crop removal of 5 resemble those of P, and both nutrients
occur mostly 4s oxyanions, but there is a long list of dissimilarities (Barrow,
1978; Fox. 1978), lhus;

Sulfur is even lower in most rocks than P,

Inputs of 8 from water and air are important,

Humus is the most important § reserve in most soils;

Significant loss is cansed by burning and leaching; and

Retention by adsorption is significant for sulfate only in some heavily
weathered soils, and even then, rarely makes 5 unavailable

Sulfur delhoiency associates with rainfall high enough to cause strong
leaching but not sufficient to lead to the development of high capacity to
retain sulfate. Other factors conducive to S deficiency include remoteness
from mdustnal éand oceanic inputs to the atmosphere, high crop yield and
harvest. and the replacement of superphosphate and ammonium sulfate by
biological N, fixation or by fertilizers with high N and P but low S (Barrow,
1978; Fox, 197%).

1hese considerations and tield trial data (Bruce & Bruce, 1972; Fox &
Kang. 1977} indicate that § deficiency 15 Incipient in much of the humid and
subhumid tropics: ready to appear as increased harvest or protein guality
cause removals to exceed the modest inputs from atmospheric and humus
SOUECES.

Of the macronuirient deficiencies, % should normally be the cheapest wo
correct. Initial appheations need not be large. and maintenance rates are
similar to or less than those for P (10 to 50 kgrha per vear, depending on
yield, leaching and solubility of the fertilizer). Gypsum is abundant and well
distributed.

Potassinm

Potassium deticiency doees not seem to directly affect N concentration in the
leguminous plant {Andrew, [976), but it can seriously inhibit N2 fixation by
reducing growth, It is also tmportant in the persistence of legumes in mixed
swards with grasses that are competitive for K uptake {Bryvan, er af., 1971;
Mecissner & Clarke, 1977). There are few response data for K in legumes in the
tropics. Sail test data can be misleading for soils with vermiculite, illite, or
primary minerals that slowly release K or selectively adsorb it (Meissner &
Clarke. 1977, Kemmler, 1980}, However, Ullisols and Oxisols lack such K
sources, and soil tests for exchangeable K seem to indicate K availability
reasonably well

At present, K does not seem to be a major limiting factor for legume
production in the tropics {(Andrew, 1976; Sdnchez, 1976; Franco, I977), but
s deficiency normally develops with intensive cropping and with increased
yields over time (Shaw & Andrew, 1979 Kemmler, i980).

It is ebvious from the material presented here that soil factors will be an
important constraint to legume yield and development in the tropics, and will
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have tremendous direct and indirect influence on I, -fixation research. Many
research areas still require attention, perhaps the principal one being the
development of cultivars with improved acad soil wlerance and lowered P
requirements.
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EFFECTS OF INOCULATION, NITROGEN FERTILIZER,
SALINITY, AND WATER STRESS ON SYMBIOTIC N
FIXATION BY VICIA FABA AND PHASEOLUS VULGARIS

A.S. Abdel-Ghaffar, H.A. El-Attar, M.H. El-Halfawi, and
A.A. Abdel Salam!

Sumemary

This study reports the effects of inoculation, salinity, water stress
and aitrogen {N) fertilization on N, fixation by faba beans and
beans. Inoculation of faba beans increased nodulation and
nitrogenase activity, while addition of N fertilizer {180 kg N/ha)
suppressed nodulation and Ny fixation but increased vields. Saline
conditions also depressed nodulation and N» fixation and
decreased crop yield in the absence of fertilizer N. Water stress
inhibied nitrogenase activity in faba beans, but had no marked
effect on nodulation.

Inoculation of £ vuigaris markedly enhanced nodulation and
N> fixation, plant dry weight, N content and final vield. The
granular inoculum had a betier effect than either the powder form
or hiquid culture. Apphcation of N fertilizer {100 kg N/ ha) reduced
nodulation and depressed nitrogengse activity but resulted in yields
less than those obtained through moculation. Salinity and water
stress inhibited nodulation, depressed nitrogenase activity, and
decreased the yield of bean plants. Maximum N, fixation and yield
were obtained when plants were irrigated every 7-12 days.

INTRODUCTION

Environmental factors such as soil moisture stress (McKee, 1961; El Nadi,
Brouwer & Locher, 1969, Hamdi, 1971, Sprent, 1971; 1976), salinity
{lbrahim, Kamel & Khader, 1970; Wilson, 1970), and availability of
combined N (McEwen, 1970; Candlish & Clark, 1975; Gibson, 1976; Hamdi,

i Dept. of Soil and Water Science, Faculty of Agriculture, Univ, of Alexandria, Alexandria,
Egypt.
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1976; Dean & Clark, 1977; Richards & Soper, 1979) can affect the nodulation
and nitrogen (N} fixation of grain legumes,

Neodulation of Phaseolus vidgaris under Egyptian field conditions is scarce
(Hamdi, 1976). but faba beans (Vicig faba) are usually well nodulated even
without inoculation, The yield of both crops can be affected by salinity and by
infreguent irrigation that causes water stress. The experiments reported in this
paper test the effects of inoculation, salinity, and water stress, in the presence
and absence of added N fertilizer, on symbiotic Ny fixation by Vicia fabae and
Phaseolus vulgaris.

MATERIALS AND METHODS

Field and pot experiments were conducted at the Farm of Alexandria
University, Alexandria and Sakha Experimental Station, Kafr El-Sheikh,
using Ficia faba *Giza 3" and Phaseofus vulgaris *Giza 3, In pot experiments
sceds were planied in earthenware pots containing 7 kg soil and were given
water as needed. In field expeniments, plot dimensions were 7 X 6 m; each plot
contained 10 rows, 60 cm apart and only plants from the center rows were
used for subsequent analyses. All plots received superphosphate apptied at
locally recommended rates, and were replicated at least five times.

In all experiments inocuants were added to the soil or seed at planting.
Local and imported {(Nitragin Co., Milwaukee, WI, USA)} inoculants were
used. Plants were sampled for nodulation and N, {CH,) fixation at several
stages in the growth cycle. U 3H; assays foliowed the method of Dart, Day &
Harris (1972} and used a Varian model 1400 gas chromatograph with
nydrogen tlame 1onization detector. Specific treatments evaluated three
factors.

Salinity: Effect of sahnity was studied only in pot experiments. In one
experiment, the soil was salinized with NaCl and CaCl, (i:1 by wt) before
potting. In a second experiment, the plants were irrigated with water salinized
with the same saly mixture. The glectrical conduetivity (EC) of the salinity
levels tested was 2, & 7.5, and 18 mmhos/cm.

Water seress: Effects of water stress on cultivated faba beans were evaluated
by comparing plants irrigated when 25% or 75% of the available soil moisture
had been depleted. Inthe experiment with beans, plants were irrigated every 7,
12, 17, or 22 days during the growing season.

N fertilization: Field as well as pot experiments were carried out with and
without N fertilizer. In the pot experiments, N fertilizer was added before
seeding, while in the fiekd experiments, N was applied before the first
irrigation after sowing. The form and dose used are indicated in the results,
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RESULTS AND DISCUSSION
Vieig faba

Table | shows the response of faba beans to inoculation and N fertili-
zation. As indicated earlier, nodulation was abundant, even in gninoculated
plots. Even so, incculation in the absence of combined N enhanced N;
{CoH7) fixation and improved dry matter production and yield. As to be
expected, N fertilization reduced nodule number per plant and N> (CoH2)
fixation. Maximum dry matter production was achieved in N fertilized plots,
but grain yields in inoculated and +N treatments were not significantly
different.

TABLE 1: Effect of inoculation and N fertilizer! on nodulation, acetylene
reduction and yield of a faba bean pot experiment (planted Nov. 6,

1979).

Uninoculated Inoculated

N, N, N, N,

Nodules/plant® 126 70 387 132

umol C; Hy /g dry nod. per h 19 B2 113 97
umol CoHy/plant per h 0.81 7.14 12.7% 4.61
Yield of dry matter {g/plant®) 11.21 12.85 14.12 16.37
Seed yield (g/plant) 3.53 4.15 4.63 4.45

1
N1: 80 kg N/ha as ammonium nitrate.
2

Age of plants: 70 days

3
Age of plants: 120 days

The effect of soil salimty on nodulation and N, fixation in Vicia faba is
sitown in Table 2. In this experiment faba beans proved very susceptible to
salinization with vields reduced almost 139 by the use of irrigation water with
an EC of only 2 m mhos; cm. While the nodulation and N, (C,H,) fixation of
inoculated, but not N fertilized, plants of V. faba were also highly sensitive to
salt, plants that had also been N fertilized showed enhanced nodulation and
total N5 {(C,H,) fixing activity at the 5 mmho/cm level of salinization.

Though reducing the frequency of irrigation reduced the N, (C,H,)
fixation of faba bean from 19 to only 6 umoi Cs H4 produced; plant per hour,
this difference was not reflected in yields. Nodule number was also little
affected by irrigation frequency.
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TABLE 2: Effect of salinity and N fertilizer' on nodulation, acetylene reduc-
tion and vield and N content of a fzbs bean pot experiment
{planted Mov. 6, 1979},

EC of irrigation water, mmhos/cm

0 2 3 7.5 10

EC of soil extract at harvest

1.5 8.8 15.3 21.0 26.0
Nodules/plant? Ny 382 97 79 17 4
N, 132 274 321 102 51
amol CoHy /g dry Ng 113 171 126 6 3
nodules per h Ny 97 184 193 96 37
umol CyHy/ Ng 12.8 7.2 1.6 0.4 0.3
plant per h Ny 4.6 21.3 285 17.6 .8

Yield®: Dry matter Ny 14.12 12.72 11.56 8.03 3105
(g/plant) N 16.37 14.18 11.14 7.77 399
Seeds No 463 4.02 3.35 1.85 0.25
(g/plant) N; 4.45 4.21 3.62 1.67 0.33

INy 180 kg Nfha as ammonium nitsate.
2
Age: 70 days.

el
Age: lilidavs

Phaseolus vuldgaris

The response of Phaseolus vulgaris to inoculation is shown in Table 3. In
this case uninoculated control plants bore no nodules and gave very low dry
matter production. While the rates of N, (C,H,) fixation cited are low in
comparison with nodule number and dry weight, there was 8 very clear dry
matter increase with inceulation, granular inoculation being most effective.

Saline conditions depressed the nodulation, N, fixation, and yield of bean
plants {see Table 4}, with N yield teduced more than 30% when the soil salinity
was increased from two to five mmhos/cm.

Effects of irrigation interval on parameters of nedulation, N; {C3H»)
fixation and yield in P. vulgaris are shown in Table 5.

Generally, nodulation and nitrogenase activity, as well as seed yields of
beans decreased as the time intervals between irrigations increased. Although
N fertilizer increased seed yield in this experiment, it depressed nodulation



157

TABLE 3. Effect of type of inoculum on nodulation and scetylene reduction
by beans (P vilgaris) in a field sxperiment {planted April 18, 1980,
sampled after 48 days).

Inoculum t}«ffse1
Liguid Powder Granular  Contrel
Nodules/plant 72 49 146 ¢]
Nodule dry wt {mg/plant) &1 43 106 -
amol CoHy/gdrynod per h 6.2 181 206 -
Amol CHy/plant perh 0.37 (.81 1.94 -
Dry matter (g/plant)’ 25.47 34.59 37.18 6.67

1
Fhe iguid culture was supplied by the Microbiclogy Research Depl., Agricultural Research

Center, Cairo, Egypt;
Milwaukee, WI, USA,

2
Age of plants: 82 davs,

the powder and granuler inoculanis by the Nitragin Company,

TABLE 4. Effect of salinity and N fertilizer' on nodulation, acetylene reduc-
tion, visld and N content of heans /P vulgaris) in a pot experiment

{planted May 10, 1970).

Soil salinity, mmhosfom
2.0 5.0 75 10.0
Nodules/plant? Ng 25 15 6 3
N, 21 15 3 3
amol CoHy /g diy witnodperh Ny 16.9 - 4.9 7.7
N, 158 5.2 1.6 -
Asmol C;Hy fplant per h Ny 350 350 63 40
N; 290 60 4 2
Yield: Dry matter (g/plant)’ Ny 3.02 1.26 0.74 0.48
Ny 3.09 1.11 0.64 0.52
N (mg/plant) Ny 5§7.70 2470 1380 6.50
N; 6490 21,50 1120 8.20

1N;: 100 kg Niha as ammonium sulphate,

2

Using plants 30 days ohd.
3

At 60 days
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TABLE 5: Effects of water stress and N fertilizer' on nodulation, acetylene
reduction and yield of beans (P, vuigaris) in field experiments
(planted May 4 and harvested August 5, 1980). Plants sampled at
the age of 60 days.

Period between irrigation (days)2

7 12 17 22
Nodules/plant Ng 70 107 31 14
N, 62 50 13 14
N, 10 35 2 1
umol CoH, /e dry wt Ny 41 37 1o 0.6
nodule per h N, 17 40 2 0.6
N, 1 2 1 0.3
umol C, Hyfplant per h Ny 2334 5635 368 41
N, 400 5480 12 4
N, 218 475 3 4
Seed yield (g/plant) Ny 6.39 6.58 6.15 5.62
N, 9.42 8.84 6.99 5.19
N, 9.16 9.00 8.44 7.95

1
Ny 70 kg N/ha, No: 140 kg N/ha,

2Number of irrigations: 9, 6.4 and 3, respectively,

and N,(C,H,) fixation in all irrigation treatments. Maximum nitrogenase
activity was attained when bean plants were irrigated every 12 days while
highest yield was obtained with irrigation every 7 days. Sprent (1976) stated
that water stress as well as waterlogging reduced nodule number and size and
depressed N, fixation in P. vuigaris.

In these experiments P. vulgaris clearly benefited from inoculation, with
dry matter production in inoculated treatments often as good as, and
sometimes superior to, plots receiving combined N. By contrast V. faba was
extensively nodulated by native soil rhizobia. The indications are that many
ol these were ineffective. If N5 fixation in these two species is to be maximized,
careful attention will also need to be paid to irrigation procedures and
salinization effects, areas of research too little studied until this time,
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INFLUENCE OF MOLYBDENUM ON NITROGEN FIXATION
BY WHITE CLOVER IN THE BOGOTA SAVANNA

A. Lozano de Yunda and N. Mors de Gonzile!

Swnmary

in a glasshouse experiment with white clover, two soils from the
Bogota savanna responded differently to the application of
moivbdenum {Mo}. With soil from the Tibaitatd series, appheation
of 230 g; ha of ammonium molybdate 1o the soil increased the vield
and aifrogen content of white clover by 23%, and raised nitrogenase
activity 3257, but the changes were not statisfically significant. By
contrast, soil from the Techo series responded strongly to Me
appheation with 750 g; ha ammoninm molybdate apphed giving the
best results.

INTRODUCTION

Production of dairy cattle on the Bogota savanna {altitude 2600 m above
sea level, average temperature 14°C, and average annual rainfall, 941 mm} has
in recent years, moved toward legume-based pastures, with white clover
{Trifolium repens L.) and Pennisetum clandestinum emphasized. (Carrera,
Pichott & Alexander, 1968). Good responses to inoculation have been
obtained, especially when basa! applications of phosphorus (P), potassium
{k}, and boron (B) were applied {(Gonzaler & De Rozo, 1979 Lozano de
Yunda, 1981, The objectives of the present study were:

To determine the response to molybdenum { Mo) of white clover grown
i these sotls;

To compare methods of application of Mo; and

To determine the interaction of lime and Mo,

' Depto. de Quimica. Universidad Nacosal de Colombia, Cuudad Universitaria, Bogoid,
Colombia.
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MATERIALS AND METHODS

The Tibaitaid and Techo soil series were chosen for this study. Salient
properties of each are shown in Table 1. The Tibaitata soil was tested both
unamended and limed to pH 6.0 by the addition of 2 tons/ha of caicium
carbonate. The soil received applications of 266-300 kg P.Os/ha as
Ca(H ;PO 4) 4 50 kg K-O/ha as K;80,; and 1-2 kg B/ha as H,BO .

The expernnents were undertaken in the glasshouse using plastic pots
containing | kg soil. Fifteen seeds/ pot were planted, then inoculated with a
liguid eulture {15 x 107 cells; ml} of RAizobium trifolii strain CIAT 63.

For the Tibaitatd study three methods for the application of Mo were used,
and within each, four different rates of application adopted. Treatments were:

Ammonium molybdate at 0, 250, 500 and 730 g/ ha applied to the soil
at planting;

Ammontum molybdate applied in the inoculant at rates equivaleat to
&, 1.5, 2.5 and 3.5 mg/!: and

Sodium moelybdate applied to the foliage as solutions of 0, 0.1, .15
and (0.20% Mo at 7, 9, and 1] weeks after planting,

For the Techo study, foliar fertilization with Mo was not attempted, the
other treatments remained the same.

Plants were harvested 99 days after planting and dry matter (DM}, nitrogen
{N) content, and parameters of N, fixation determined from 3 plants/pot.
Nitrogenase activity was determined on roots and nodules using the acetylene
reduction technique and a Hewlett Packard gas chromatograph with a
hydrogen flame lonization detector,

TABLE 1: Physicochemical properties of Tibaitatd and Techo soils.

Property Soil serieg

Tibaitatd Techs
pH (11 in water} 5.5 5.9
N{Z} 047 0.13
Organic matter ( %) 7.9 1.5
Texture Loam Clay loam
Available Mo (ppm)’ 0.54 0.66

1Using ammonium oxalate extraciant at pH 3.3,




TABLE 2: FEffect of molybdenum application on growth and N, fixation by white clover in Tibaitatd soil.

Without lime With lime
Molybdenum treatment Yield N nmol C,Hg/ Yield N n mol CpHy/
(mg/pl) {mg/pl) plant - h (mg/pl) {mg/pl} plant - b
Control 324 111 114 422 15.1 106
Soil applied, 250 g/ha 400 137 283 391 136 234
Soil applied, 500 g/fha 287 9.7 &2 145 5.9 54
Soil applied, 750 g/ha 276G 2.5 160 254 10.3 94
Inoculant applied 1.5 mg/l 311 10.2 113 187 6.8 62
Inoculant applied 2.5 mg/1 148 6.1 &0 271 9.6 44
inoculant applied 3.5 mgfl 335 11.0 78 358 12.0 46
Foliar epplied, 0.1 9, soln. 292 10.3 179 274 7.7 i7
Foliar applied, 0,15 % soln, 306 10.2 70 372 14.6 36
Foliar applied, 0.20 % soln, 247 9.4 35 244 9.1 57

I3



i6d

RESULTS AND DISCUSSION

Application of Mo to the Tibaitata soil at the rate of 250 g ammonium
molybdate; ha enhanced the yield and N content of tissues 23%, and increased
N, {C,H,) fixation by 32%. However, neither of these increases proved
statisticaily significant (see Tabie 2). Higher levels of application had negative
effects on vield and N» fixation, and the other methods for the application of
Mo were without effect. Lime, in the treatment without Mo, produced a
nonsignificant yield increase of 30% and increased the N content of tissues
3&tp, but mitrogenase activity declined,

The application of Mo to Techo soil resulted in a significant increase in
yield and in the N cortent of tissues (see Tabie 3). Highest yields were obtained
with the addition of 750 g/ha of ammonium molybdate to the soil. Similar
vields were obtained by applying 2.5 mg/ | of ammonium molybdate in the
inpculant,

TABLE 3: Effect of molybdenum application on growth and N, fixation by
white clover in Techo soil.

Molybdenum Yield N nmol CoHy,/
treatment {mg/pl} {mgfpl) plant - hr
Soil applied,

250 gfha 202 &' 6.1 ¢ 122 a
Soil applied,

300 g/ha 263 ab 28 b 120 a
Soil applied,

750 g/ha 341 a 138 a 211 a
Inoe, applied,

1.5 mg/l 307 4 9.2 ab 92 a
Inoc. applied,

2.5 mefl 322 a 110 a 153 a
Inge. applied,

3.5 mg/l 268 a Bi b 74 a

"The variance analyses for 2ach method of application were made independently, For gach
method of application means followed by the same letter are not significantly ditferent.
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NITROGEN AND PHOSPHORUS REQUIREMENTS FOR THE
GROWTH AND NODULATION OF CA4JANUS CAJAN IN
PANAMANIAN SOILS

B.C. Hernandez?, J.M. Mendez-Lay! and D.D. Fochi?

Summary

Chemical analysis and missing element trials with Sorghum
vielgare 1. showed that three Panamanian soils, representative of
three great soll groups, were deficient in both nitrogen (N) and
phosphorus (P). When a greenhouse trial was undertaken to test the
response of Cgjanus caran to chizobial inoculation, N and P
fertilization in these soils, no response was obigitied in either the
Rio Hato or Los Santos soils. There was a definite response to P
and a shight response to inoculation in the Pacora soil, which had
the poorest fertility level. N applications depressed nodulation. The
lack of response of Cajanus cajan to P in the Rio Hato soil was
astributed to the high incidence {3597} of VA myecorrhizal infection.
Inoculation of Cajanus cafan with both Rhizebium and Glomes
may be important in low-fertility soils.

INTRODUCTION

Inoculation trials with tropical legumes can give extremely variable resuits,
in part because many of the legumes used are symbiotically promiscuous and
s0 will nodulate with native soil rhizobia (Norris, 1972a; 1972b), but also
because elements other than nitrogen {N) can limit plant growth, Phosphorus
{P) is frequently a problem in tropical soils, especially latosols, and has been
reported 1o be more limiting than N for tropical legumes (Loneragan, 1972),
Soluble P is highly vanable mn tropical socils; moreover, the soluble P
concentration for maximum yield varies between crops (Fox, 19731 §
deficiency is also recognized as a problem in some tropical soils (Bolle-Jones,
1964). No general rule can be made regarding micronutrient deficiencies.

U Escusls de Buologia amd Escucka de Agronomia, Universidad de Panama. Republic of
Panama, espectively.
* Dept. of Boil and Environmental Saences, Univ. of California, Riverside, CA 92521, USA,
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The present study was undertaken to establish the limiting nutrients in
Panamanian soils that could affect the response of Cajanus cajan to
Rhizobium incculation.

MATERIALS AND METHODS

The thres soils studied represent great soil groups important in Panama,
Their physical and chemical properties are detailed in Table 1. All soils were
imitiadly screened for response to N, P, S, Ca, Mg, B, Zn, Fe, K, Cu, Mn, and
Muoin rephcated missing-element trials with Sorghum vedgare L, Control pots
received no fertilization, while the complete plots received all 12 elements,
After 30 days, plants were topped, dried and weighed. The same three soils
were used to assess the effects of N and P addition on response to inoculation
in pigeonpea {Cafanus cajan). In this study, elements other than N and P,
shown to be deficient in the missing-element trial, were added art a single
prescribed rate as appropriate to the differant goils. Since the Rio Hato soil
respoaded only to N and P, it received no supplemental fertilizer. Given the
differences in P fixation for the three soils, cach received different levels of P

Rio Hato: 0, 50, 100 and 200 ppm P.

Los Santos: . 35, 70 and 140 ppm P

Pacora: 0, 100, 260 and 300 ppm P,
Thirty ppm N was used in the +N treatments; the inoculant for Cajanus cajan
was provided by J.C. Burton.

After 50 days plants were topped, the roots washed free of soil, the nodules
exeised; then plants and nodules were dried and weighed.

Mycorrhizal 1nfection of pigeonpeas in the Rio Hato soil was also
determined. Fifty root sections/plant were stained with trypan blue and
examined microscopically for infectivity as recommended by Dalt &
Nicholson {196%),

RESULTS AND DISCUSSION

Yield responses of Sarghean vidgare in the missing-element trial are shown
in Table 2. All three soils responded strikingly to nutrient additions, with N
and P responses found in all three soils. Even with complete fertilization, the
Pacora soil gave only moderate yields. There was a direct correlation between
organic matter content of the soils and their control (y=0.49 x - .64, r2x0.99)
and complete (v =1.14 x +1.20, r2=0.97} yields.

Surprisingly there was no response to either inoculation or P in the Los
Santos and Rio Hato soils. This may have been due to the presence of both
native rhizobia effective for Cajanus and endotrophic mycorrhiza. In the Rip
Hato soil the percent infection with endotrophic mycorrhiza ranged from 62%
at 50 ppm P to 469 with 200 ppm P,



TABLE 1. Characteristics of soils, Pacora (Oxisol}, Los Santos (Mollisol), Rio Hato (Oxisol}.
Soil Depth Texture pH P K Ca Mg Al oM Mn Fe Zn Cu
8. 8i-C
(%) (ppm} (meq/100 g) (%) (ppm)
Pacora & 36-14-50 5.5 Fr 45 4.5 3,08 5.3 1.45% 2.0 9.0 - T
Tos Santos & 32-16-52 7.15 13.6 1000 12.0 5.75 a.11 546 92.4 18.0 - 2.0
Rio Hato &> 62-16-22 6.5 12 85 330 0.74 0.2 246 41.40 290 — Ir

691
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TABLE 2:  Yield response {myg dry weight/pot) of Sorghum vulgare L.,

Soil Complete  Control iiighes%z Missing-element fesp{msej

response
level

Los Santos 7.31a' 2.40¢ 575 Zn, B, Mo, Fe, N, Mn, Cu, §, P
Rio Hato 4,54 b 0.72 4 1.83 NP
Pacora 231¢c 006¢ .74 Ca, S, Mg, N, P

Seans sharing the same letter are not significantly different at P < 0.05.
2I*'!ighest vield that wus significantly different {F <C0.05) than the complete treatment,
Listed in respective order from left to right as yield response was greater,

On the Pacora soil there was a strong response in dry matter production
and nodule <dry weight to P application, a substantial response to applied N,
but little response o inoculation (see Figures | and 2). We assume that native

|
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soil rhizobia were competing for nodule sites with the added rhizobia, and by
this competition limiting the capacity for N fixation of the host. Certainly,
plants receiving N fertihzer performed better than those that were only
inoculated.
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THE LEGUME; RHIZOBIUM ASSQCIATION AS AFFECTED
BY HIGH ROOT TEMPERATURE

F. Munévart and A.G. Wollum 12

Summiary

Selecuon of Khizobiwm strains and plant genotypes was studied
as 4 means to alleviate the eftects of high temperature stress on the
Rhizobnan; legume symbiosis. Pure culture stadies, in which 42
strains oF Rhrzobiwm japonicum wece grown in liguid medium at {9
different (emperatures {27.4 10 34.1°C), indicated that strains of
this species difler in their tolerance of Increasing temperature. The
effect of high root temperature on the nodulation, nitrogen (N7}
fixanon and dry matter production of sovbean plants inoculated
with dillerent strains frem the pure calture study was examined in
the greephouse. lemperature effects on the symbiotic response
were dependent on the rhizobial strain and were related 1o the
response of the strains to temperature in pure culture. Screening of
rhicobial strains could, therefore, help to identify strains that are
telerunt of high temperature and, thus, better able to symbiose with
iegumes under tropicad conditions. Bifferences in high temperature
tolerance were also found ameong sovbean ¢ultivars and may be an
alternutive means o overcome high sodl temperature stress,

INTRODUCTION

Temperature is one of the major environmental factors influencing the
legume; Rhaizobium association (Gibson, 19713, Both low and high
temperatures are detrimental to the symbiotic system and to the symbionts
grown independently (Gibson, 1977 Parker, Trinick & Chatel, 19775, In
tropical areas, high temperatures will constitute a limitation under many
circumstances, whereas low temperatures may be limiting only at very high
elevations. Although high temperatures affect the response of both the roots

Programa de Seeloy, Institute Calombiano Agrepecuseie {1CA)Y ALAL 151123, Bogotd,
Colgmbia.
Dept. of Soil Science, North Carolina State Unrv., Raleigh, NO 27630, USA.
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and the shoots, it has been suggested that root temperatures are moreg eritical
for the symbiosis than shoot temperatures (Gibson, 1976; Possinghatmn, Moye
& Anderson, 1964). For these reasons this paper emphasizes the effecis of
high root temperature,

Both tropical and temperate soils may reach temperatures detrimental 1o
thizobial survival (Bowen & Kennedy, 1959) and the legume; RAizobium
symbiosis (Gibson, (977). Among the processes affected by high soil
femperature arg:

The survival in soil of essentially all the Rhizobium species (Marshali,
1964; Parker et al., 1977; Vincent, 1977);

Root bair formation in Pisum sarivum (Frings, 1976), Phaseolus spp.
(Lie, 1974), and Trifolium spp. (Kumarasinghe & Nutman,
1979);

Binding of the Rhizobium to root cells of Piston sativum (Frings,
1976,

The formation of infection threads in Lotus corniculatus{Rao, 1977a),
Trifolium subterraneum (Pankhurst & Gibson, 1973) and
Pisum sarivion {Frings, 1976},

Nodule initiation and growth in Glycine max {(Dart et al, 1975,
Munévar & Wollum, 1981}, Stylosanthes and Lornus spp. (Rao,
1977a), Pisum sarivimn (Roponen, Valle & Enala, 1970},
Phaseolus valgaris (Roponen e al., 1970; Small er &/, 1968),
and Trifolium subsrerraneum (Pankhurst & Gibson, 1973);

Leghemogiobin content 1 Trfolium subterranewm (Gibson, 1976),
Vigna sinensis {Gibson, 1974) and Piszon sativum (Frings,
I976); and

Nitrogenase activity in Glveine max (Aprison, Magee & Burris, 1954,
Dart er al., 1976, Munévar & Wollum, 1981), Cicer grietinum
{Dart et al., 1976), Pisum sarbvum {Lie, et al., 1976}, Phaseolus
vuigaris (Pankhurst & Sprent, 1976, Graham, 1979}, Lorusspp,
and Stylosanthes spp. (Rao, 1977b), and Medicago sariva
{Baris, 1978).

As a consequence of the effects of high root temperature on one or more of
the processes mentioned above, lower nitrogen (N) contents and biomass
production of the host plant have been found for a number of species,
including Desmiodium spp., (lyveine wigheii, Macroptilium atropurpureum,
and Stplosanrhes huemilis (Gibson, 1974), when grown at high root
iemperature,

While the processes mentioned have different critical temperatures
(Gibson, 1977}, the fact that all are affected by high root temperature suggests
that the whole system is very susceptible and that ways must be found to
alleviate the effects of high root temperature. Among promising alternatives
are the identification of Rhizobium strains and legume genotypes tolerant to
high soil temperature {Gibson, 1971).
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This paper presents some studies conducted with the objective of selecting
Rhizobium japonicum strains and {lycine max genotypes tolerani of high
root temperature.

MATERIALS AND METHODS

Pure culture studies

The tolerance of 42 stramns of R juponicum to high temperature was
evaluated in pure culture. The strains were isolated from nodules of soybean
plants grown in different locations of the United States, Brazil, Malaysia, and
Japan (Munévar, 1981). Liguid cultures of rhizobia grown on HEPES-MES-
gluconaie (HMG) broth (Upchurch & Elkan, 1977) were incubated for 96
hours at 19 different temperatures ranging from 27.4 to 54.1°C. The
temperatire treatments were imposed using a “Poly-Temp” apparatus, with
bacterial growth monitored by measuring the optical density (0D} of the
cultures at 600 nm. At the end of the incubation period cultures were
transierred to an incubator maintained at 28°C, and their ability to grow after
removal of the temiperature treatments was determined. A bacterial culture
was considered to have survived the temperature treatment when its OD
increased at any time during a six-day period following the removal from the
Poly-Ternp apparatus. The maximum survival temperature (MST} of astrain
was the highest temperature at which survival following heat treatment was
recorded. A detalled description of these procedures is presented by Munévar
{1981).

Strain evaluation based on the response of inoculated plants to high root
temperature

To establish whether there was a relationship between the temperature
response of strains in pure culture and their performance as sytnbionts, 13
strains from the pure culture study were inoculated onto six-day-old soybean
plants (cv. Lee) grown in polyvinyl chloride pots containing vermiculite and
supplied N-free nutrient selution {McClure & Israel, 1979}, Roof temperature
treatinents were imposed by submerging inoculated pots in thermostatically
controlled water baths providing constant root temperature of 28°, 33°, and
38° 20,50, Quantitive observations of nitrogenase activity (C :H ; reduction),
nodulation, biomass and plant N content were made at harvest time (34 days).
Four experiments were conducted, in which four strains were compared ata
time. Procedures are detailed elsewhere {Munévar & Wollum, 1981).

Caultivar evaluation

Two experiments were conducted to study the influence of plant genotype
on symbiotie response to high root temperature. The cultivars used (Gasoy-
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17, Bragg, Hutton, and Ranson} were inoculated gither with strain USDA
110 or 387, Plant culture conditions were as described in the previous section.
Three root temperature treatments were factorially combined with the
cultivar and strain treatments.

RESULTS AND DISCUSSION
Pure cultare studies

Strains differed markedly in response to temperature in pure culture, with
four general responses identified among the different strain/temperature
combinations studied. For each strain there was a temperature range, within
which O increased continuously during the incubation period (Response A
it Table 1}. The upper himit of this temperature range for each strain was
designated the maximum permissive temperature (MPT). Within the same
range a specific terperature value gave the highest OD for each strain at the
end of the incubation period. That value was considered as the optimum
temperature (OT} for growth of the particular arganism,

The other three growth responses shown in Table 1 are:

An initial increase in the OD of the cultures at certain temperatures
followed by a decrease in OD with time;

A continuous decrease in the QD thronghout the course of the
incubation;

No noticeable change in culture OD at high temperature,

The results presented in Table | show a diversity in strain growth respanse
to temperature. Thus, for the 42 strains tested, the OT ranged from 274 1o
35.2°C, the MPT from 29.8 t0 38.0°C, and MST from 33.7to 48.7°C. Strains
587, TAL 102, NC 1005, TAL 184, and NC 1033 appeared 1o be most tolerant
of high temperatures, while the more susceptible strains included NC 1016,
USDA 123, and 572

Relation between the response of strains to temperature in pure culture and
as symbionts

The response of inoculated soybean plants to high root temperature varied
with the R. japonicum strain used as inoculant as indicated by a significant
temperature x sirain interaction (probability <0.05) for fresh weight of
nodules per plant, and the total N content of the plants (see Table 2}, That
interaction was also significant for the specific nitrogenase actvity (C-H»
reduction) of attached nodules and the dry weight of the plants {(data not
included}.

Strains 5387 and TAL 184 had higher OT, MPT, and M57, asdetermined in
the pure cuiture stuches, than strains USDA 110and USDA 122 {see Table 1),
Concomitantly, plants inoculated with the former two strains had higher



ABLE 1: Response of Rhizobium japonicum strains to high temperatures.

Strain Temperature {* ()
27.4 5.8
to o
298 31t 335 337 352 367 38.0 391 405 42.3 43,7 455 47.2 48,7 541

587 Al A A A A* A A B/72 Bj48 BA/48 B/48 Bj4% Bj48 B/48 B/48
TAL102 A A A A* A A AA  Bj48 Bf24  B/24  B/24 Bj24 Bf24 B24 C
NC 1033 A A A A* A A BA/96 B/48 B/4S B/24 B/24 Bj24 C € C
NC 1005 A A A A A*Y A Ba/96 B/48 Bj48 C ¢ ¢ ¢ ¢ ¢
NC1029 A A* A A A A B/72 B/48 BA/48 B/24  B/24 B/24 Bf24 ¢ C
USDA 110 A* A A A A A B/72 B/48 B4/24 B24 B4 C C € C
TAL184 A A A A* A A B/43 B/48 B/48 B/72 BM48 D D Da D
TALI83 A A% A A A A B4A/24 B/24 B/4S Bf24 B2 C € € O
USDA 122 A* A A A A& B/48  B/48  B/48 B/24 B/24 B/ B2 C ¢ €
NC 1016 A* A A A A B/24 BA/24 Bj24 B4 C ¢c ¢ ¢ ¢ ¢
5§72 A* A A A B/96 B/72 Ba/24 B/24 C c c ¢ ¢ ¢ ¢
527 A* A A A B/96 BA/48 Bf4§8 C C c ¢ ¢ ¢ ¢
USDA 123 A* A A BA/48 B/24 B/24 Bj24 B4 C C c ¢ ¢ ¢ C
NC 1031 A B*96 B/9 B/96 B/9¢ B/24 B/72  B/72 B/72  Ba/24 B/4S B/4S BM4S D D

ﬁmters indicate the rosponses as follows: A = Continuous increase In optical density during the 96 hours of incubation: B = initial incrense
in optical density followed by a decrease (the number after the stash indicates the fime in hours when the decrease in optical density was frst
observed); € = continuous decrease in optical density; I3 = no detectable change in optical density with time. * indicates the optimum
temperature, and A indicates the maximum survival temperature, The highest temperature at which response A was chserved for each strain,

is the maximum permissive temperatuse,

L1
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TABLE 2:  Effect of roct temperature and Rhizobiun strain on the fresh weight
of nodules and the total N content of soybean plants {(adapted from
Munévar & Wollum, 1981},

Strain Nodule weight N content

{mg/plant} {mg/plant}

Temperature (° ) Temperature {(°C)
28 33 33 28 33 38

587 436.0 550.2 32.8 41.4 323 4.1
USDA 110 3921 384.0 4.9 38.2 19.3 $4
USDA 122 440.8 327.5 0.0 40.6 12.4 52
TAL 184 394 4 728.8 39.8 37.6 49.4 5.1
LSD' .05: T,145.3; §,88.2,Tx §, 1960 T.9.3; §,ng; Tx§, 179

"Least ggnificant difference at the 0.05 level of probabilily io compare temperatuze (17,
sirain (8), and any two (T x 5) means, respectively; ns: nonsignificent at the 0,05 level,

nodule weights than plants inoculated with the latter two strains at a root
temperature of 33°C, in spite of the similar nodule weights obtained at 28°C,
Although the N content of plants dhd not differ with strains at the 28°C root
temperature, higher N contents were found for the plants inoculated with 387
and TAL (84 at 33°Cthan for plants inoculated with USDA 110 and USDA
122, Plants inoculated with the temperature-tolerant strains formed nodules
at a root temperature of 38°C, whereas nodulation at that temperature was
aimost nil when the plants were inoculated with heat-susceptible strains.

The results presented in Table 2 along with those of four additional
experiments including a total of 13 sirains (data not shown]), suggest a close
association between the tolerance of the strains to high temperature in pure
culture angd the response of inoculated plants to high root temperature.
Correlation analyses were therefore used to guantitatively cstimate the
relationship between temperature profiles of the strains in pure culture and
their symbiotic performance at different roet temperatures. No statistically
significant correlations were found between OT, MPT, and MST and any
plant variable at 28°C; however, significant positive correlations were found
at 33°C (see Table 3).

Results of the correlation analysis indicate that the ability of inoculated
soybean plants to form and sustain nodule development, te fix and
accumulate N, and to produce dry matter at high root temperature {33°C) is
related to the ability of the Rhizobius strain applied to grow in pure culture at
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TABLE 3. Correlation coefficients between variables measured in the pure
cuiture studies (OT, MPT, and MST )} of RAizobium jeporicurm straing
and variables measured for plants inoculated with the same strains
and grown at g root temperattre of 33° C, A total of 45 observations
is inchuded. {Adapted from Munévar & Wollum, 1981).

Variables from the inoculated Variables from the pure culture
plants studies

oT MPT MST
Nodule number/plant 0.233 0.436 ns'
Fresh wi of nodules/plant 0.554 0.568 0678
Nitrogenase activity/plant 0.581 0.612 0.341
Nitrogenase activity/g of nodules 0.450 0.548 ns
N content of taps and roots 0.608 D.552 0.738
Diry wi of tops and roots 0.544 0.446 0.553

Tas: nonsignificant at the 5 % level. Al other correlations were statistically significant
(P < 0.05)

high temperatures. Therefore, pure cullure evaluation can be used as a
preliminary screening procedure to identify strains that are tolerant of high
temperature as petential symbionts for soybean.

Cultivar differences

Cultivars Bragg and Gasoy-17 responded somewhat differently to the root
temperalure treatments (see Table 4). When sirain USDA 110 was used as
inoculant, the changes in nodule weight and plant N content were inversely
proportional to root temperature for both cultivars. Nodule weight and plant
™ content also decreased with increasing temperature for cv. Bragg inoculated
with strain 387. However higher nodule weights were obtained at 33°C than
at 28°C for cv. (yasoy-17 in association with strain 587, For that association,
no significant difference was observed in the N content of plants grown at a
root temperature of 33°C compared to those grown at 28°C.

A significant temperature x cultivar interaction (probability<0.05) was
found for the parameters included in Table 4 as well as for the number of
nodules and the dry weight of the plants {data not shown). In the second
experiment in which cvs. Hutton and Ransom were compared, the
temperaiure X cultivar interaction was significant for the number and weight
of nedules, but not for the N content or the dry weight of the plants (datanot
showny),
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TABLE 4: Effect of root temperature on the fresh weight of nodules and the
N content of ‘Bragg’' and *Gasoy-17' soybean plants inoculated
with the R. juporicum strains USDA 110 or 587.

Temperature Strain USDA 110 Strain 587

') ‘Bragg’ “‘Cagoy-17° ‘Brage’ ‘Gasoy-17

Nodule fresh weight (mg/plant)

28 7015 366.7 781.2 7283
33 5938 554.3 600.6 790.7
37 0.0 0.0 0.0 34

N content {mg/plant}

28 62.4 414 47.5 419
33 22.5 227 282 43.7
37 7.2 8.0 6.6 24

These results suggest that soybean genotypes could differ in their high root
temperature tolerance and that selection of soybean cultivars with char-
acteristics of tolerance to high root temperature in symbiotic association with
R. japornicien could be a means to reduce high soil temperature stress.
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MICROBIAL CONSTRAINTS TO LEGUME SYMBIOSIS

C. Vidort

Summary

Symbiotic nitrogen {N) fixation in the legume/ Rhizobium
association can be reduced markedly by antagonistic migrobial
mierdctions in the soll and rhizosphere. Besides their efficiency in
Ny fixation, Rhzobiwm strains used in inoculants must be able to
compele actively with native RAizobium strams for nodule sites.
Microbial interactions that limit nodulation, N, fixation, and
Rhizobun survival are discussed in this paper.

INTRODUCTION

The symbiotic association between Rhizobiem and legume can provide
most of the nitrogen {N) required for the growth and productivity of the hosi
plant. However, for this to be true, the legume host must be efficiently
nodulated by its homologous RAizobinm. 1n some soils large populations of
thizobia that are effective with the legume to be planted are already present,
and no inoculation is needed. More commonly, however, the natural
population of Rhizobium in the soil will be small or the strains that are present
will be ineffective. Inoculation will then be necessary and must aim at the
long-term establishment in the soil of an ¢fficient strain of RAizobium under
conditions that permit it to form a high percentage of the nodules produced on
the homologous host, Inoculant strains, therefore, must not only be of proven
ability 1 fix N, with the appropriate host, but also must be capable of
survival as saprophyses in soil and be able 1o compete with other rhizobia in
the seil for nodulation sites, This paper examines some aspects of the survival
and strain competition problems.

b Depto. de Selps. UFRGY and 1IPAGRO, Secretaria de Agricultura, Porio Alzgre, Brazil,
Boldsisiy o O Py,



184

SURVIVAL OF RHIZOBIA IN SOIL

Survival and establishment of an inoculant strain in soil is influenced by
host, strain and soil factors. Nonbiotic soil factors are considered separately
{see p. 133}. There are situations where introduced strains easily colonize the
soil, and conversely, where they do not even establish in the rhizosphere of the
host. While nutnerous examples can be given, the factors invelved in strain
survival in soil remain unclear.

The survival of strains of R. phasecli in Brazilian soils of different pH is
reporied elsewhere in this volume (see Vidor, Lovato & Miller, p. 201). While
the effect of pH was evident, especially in the Erechim soil, Rhizobium
survival in all soils was excellent until 63 days after incubation.

Bohiool & Schmidt (1973) studied the persistence of the R. japonicum
strain USIYA 110 in clarion silt loam, At an initial population of 2.2, x (¥
cells/ g this organism produced 85% of the nodules. However, on incubation
of the soil for 10 and 30 days the percentage of nodules due to strain 110
dropped to 35 and 45%, respectively, This decline was related to the inability
of the strain to survive in soil.

ANTAGONISTIC INTERACTIONS

Antagonistic interactions exerted by the soil microbial population against
Rhizobium have much to do with the degree of persistence achieved by
different strains of Rhaizobium, Figure } shows the population change over
time of effective strains of R japomicum intreduced into a soil with an
indigenous population of this RAizebium species {Vidor & Miller, [980). All
strains multiplied and survived well in sterile soil. However, in nonsterile soil
all strains decreased in oumber during the seven-week incubation period. The
most rapid death rate was observed with strain USDA 123 which declined
1000-fold during the first five days. There was a direct relationship between
the population decline of this strain and the simultaneous population increase
of a lytic organism, probably a bacteriophage (see Figure 2). Numbers of the
isolate 10/ 74 (serogroup 123), originally isolated from a Miamian soil, were
unafiected by the presence of this organism, nor did the number of plaques
increase significantly.

Serogroup 123 1s the dominant serogroup in field plots of the Miamian soil,
occurring in 50-70% of soybean nodules. Bacteriophage specific for this
serogroup are, thus, more likely to be present in this soil because of previous
contacts. Isolate 10/ 74 is likely to survive because of changes in cell surface
configuration or lysogeny, changes that are of ecological significance for it.

Similarly Chatel & Parker (1973a) report that a number of the problems of
pasture establishment in Australia can be explained by antagonistic
interactions between Rhizobium and other soil micro-organisms, Specifical-
ly, they showed the second-year clover mortality problem in Western
Australia to be due to such an interaction (Chatel & Parker, 1973b).
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Figure [ Rurvival of R. japosgerem strains {115, 123, 532¢, and 386) in sterilized

{—— } and nonsterilized {—— ) Miamian silt loam as determined by
quantitative fluorgscent antibody techniques {Vidor & Miller, 1980},

According to Chowdhury (1977} the antagonistic interactions exerted by
the microbial population against rhizobia in soil include competition,
amensalist, predation, parasitism, and lysis.

Competition for nutrients in the soil needs to be considered under two
situatzons. The first is in the soil rhizosphere, where RAizobiam populations
of 10¢ cells per g dry soil, or higher, are reached (Nutman, 1965}, and the
second is in the soil away from the root zone. In the first case, Rhizobirn may
have an advantage for nutrient uptake in comparison to specific groups of
micro-organisms because of the stimulus exerted by root excretions and the
atiraction of the RAizobium to the host legume root (Munns, 1968; Currier &
Strobel, 1976, 1977), Conversely, in the soil away from the root influence, the
competition {for nutrients is directly related to the saprophytic competence
exhibited by the Rhirebium population. Low Rhizebium cell densities,
usuaily less than 103 celis/ g dry soil, may be an indication of its disadvantage
in competing for nutrients with the microbial population, which is frequently
above 10¢ cells; g dry soil,
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Figure 2. Survival of added cells of R. japoricion strain 123 and isolate 10/73 in
Miamian silt loam compared to the number of plagues formed by an
unknown parasite. Nimber of cells of serogroup 123 and parasite in an
unamended control soil are included for comparative purpose (Vidor &
Miller, 1950).

The ability to persist m the soil for extended periods under starving
conditions would be a useful attribute for a Rhizobium strain. Survival under
such conditions may be due to higher amounts of reserve polymers such as
poly-R-hydroxybuiyrate or production of extracellular polysaccharides
{(Wong & Evans, 1971, Chen & Alexander, 1972, Patel & Gerson, 1974;
Vincent, 1974},

Bacteria, actinomycetes and fungi can all exercise amensalism with respect
to Rhizobium. Among the bacteria Pseudomonas and Bacillus spp. have been
reported as the principal anlagonistic organisms against Rhizobium (van
Schreven, 1964; Damirgi & Johnson, 1966; Patel, 1974). According 1o van
Schreven (1964} antagonistic actinomycetes can reduce nodulation of the
legume host. Members of Aspergiflus and  Peniciflium have bheen
demonstrated as the principal inhibitors among an appreciable numbsr of
harmful penera of fungi (Chowdhury, 1977).

The importance of streptomycin resistance to the establishment of rhizobia
for soybean and Styfosanthes in “cerrado” soils in Brazit is detailed on page
195. Use of antibiotic-resistant rhizobia in inoculants, together with soil
amendments that encourage the growth of Srreptomyces in soil, might be one
means to establish an inoculant strain in soils with high indigenous
populations of Rhizobium. A similar approach with fungicide-resistant
rhizobia applied to treated sceds has already been used experimentally.
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Bacteriocinogeny is the ahility of a bacterium to produce bacteriocins,
proteinaceous compounds with antibacterial action (Schwinghamer, 1971).
Schwinghamer {1975} also demonstrated that two different bacteriocins werg
produced by strains of K. erifofii: one of low molecular weight and the othera
phage-like compound. Since bacterioeins exhibit strain  specificity,
bacteriocin-producing strains can limit the growth of other rhirobia in mixed
culture or in multi-strain inoculants. According to Schwinghamer (1975),
about 5% of the R trifolii sirains from the Canberra culture collection
(Austraha), or 1salated from clover nodules, were bacteriocinogenic,

The holozoic group of protozoa feed directly on bacteria. Alexander (1961)
reported that when pure cultures of bacteria and protozoa were inoculated
into sterile soil, bacterial growth was initiaily rapid. but that the protozoa then
began 1o multiply with a corresponding drastic decrease in the number of
bacteria. He estimated that one species of Sercodinag required about 4 x 10#
bacteria per ceit division. Danso, Keya & Alexander (1975} stated that the
Rhizebium population decline is a matter of energy relationships in which the
equilibrium 15 reached when the energy required by the protozoa to find
suitable prey equais or exceeds the energy obtained from the feeding process.
Figure 3 shows the fluctuation in the population of R meliloti when
incubated during a period of 42 days in sterile and nonstenle Valois silt loam
(Danso et af, 1975). The authors demonstrated that predation by protozoa
assumed an important role in the Rhizobium population decline (see Figure
4). They inoculated samples of nonsterile Lima silt loam with Rhizobium
strain KU48 (effective on cowpea and resistant to streptomyein) and
estimated the protozoa and Rhizobium population using appropriate
selective media,

Since the initial report on the occurrence of the bacierial predator
Bdellovibrio bacreriovorus by Stolp & Starr {1963) a wide range of bacterial
and Bdellovibrio imeractions have been reported (Sullivan & Casida, [968).
Parker & Grove (1970) demonstrated the ability of B bacteriovorus to
parasitize R. meliloti and R. trifolii in soils of Western Ausiralia. Keya &
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Alexander (1975) studied the influence of different factors on the growth of
Bdellovibrio and Phizobium, They showed, for example, that Bdellovibriois
adsorbed more strongly te clay minerals than is Rhizobium, reducing the
extent of parasitism in the presence of montmorillonite, kaolinite, and
vermiculite.

Bacteriophage are a potentially imponant biotic factor affecting rhizobial
multiplication in the rhizosphere. According to Bruch & Allen {1855), the
occurrence of rhizobiophage was first demonstrated by Laird in 1932, Since
then, several reports have shown that bacteriophage limit the Rhizobium
population in soils, Further, strain specificity {Golebiowska, Sawicka &
Sypnieska, 1971; Atkins & Hayes, 1972; Barnet, 1972; Kowalski er al., 1974;
Patel, 1975} could cause population shifts.

COMPETITION FOR NODULE SITES

Competition for nodule sites can be both host (see p. 27) and Rhizobium
mediated. The mechanism that enables some strains to oceur in nodules with
greater frequency than they are found in the surrounding rhizosphere and soil,
though extensively studied, is still not understood. Johnson and Means(1964)
observed that only |3 of 299 R, juponicum strains were more competitive for
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nodule sites than the chlorosis-inducing stram 76, Table | shows remarkable
dilferences in competitiveness for nodule sites among R. japonicum strains
when used as a mixture on soybean cultivars. Strain 28 W was dominant,
oceurring in 86-1009; of the nodules when strain 387 was not mixed in the
inoculum (Vidor, Brose & Pereira, 19793, When strain 587, considered highly
competitive for nodule sites, was mixed in the inoculant, the percentage of
nodufes due to 29 W fell. The other sirains —even though highly efficient in
N- fixation— were not able to compete actively for nodule sites (Peres &
Vidor, 1980a). This is not to say that highly efficient strams tend to be
noncompetitive. A study by Franco & Vincent (1976) showed clearly that the
efficiency of strains was not correlated with ability to compete for nodule
ses,

TABLE 11 Competitiveness for nodule sites among R feponicum on scybean
cultivars grown on sand N-free nuirient sclution (Vidor, Brose &
Pereira, 1979 Peres & Vidor, 1989a),

Cultivars Percentage of nedules due to:
513Re 327 532c 366 386 587 9w

Pérola o i+ P ) g ot 98
Missoes g g 5 0 2 NS a3
Bragg 4] 2 4 ¢ 2 NS 92
Parand 0 3 1R 0 0 NS 36
Hardee 0 G 0 ¢ 0 NS 130
Flanalto 0 0 0 ¢ g NS 100
Santa Rosa 2 G i 0 ¢ N8 98
Prats g i) G 0 4 N3 100
Pampeira 5 3 2 0 2 N§ 88
Bragg NS 12 7 N§ G 15 &9
Santa Rosa N§ 16 8 NS 4 21 49
VUFV-1 NS 18 3 NS 2 42 45
1IAC2 NS 4] 0 N§ 0 29 71

NS - not studied,

While studies on the competitive ability of inoculant strains are obviously
important and must be considered an essential step in strain selection, we
must also consider the effect of environmentat factors on the survival and
competitiveness of strains, as a function of time, Table 2 demonstrates the
different abihities of R, japonicum strains to compete for nodule sites when
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TABLE 2: Competition for nodule sites among R, japonticum strains used as a
mixture on 12 soybean cultivars grown under field conditions
{Freire er gl , 1976),

Cultivars Percentage of nodules due to:

527 332% 566 587

1975 1976 1975 1976 1975 1976 1975 1976

Bragg 37 & 33 5 0 2 30 83
Bossier 15 17 12 s 0 3 73 62
Davis 35 11 14 6 0 1 35 76
Hardee 37 0 9 g O 2 54 94
1A8-1 12 13 13 10 1} 0 73 40
IAS4 34 1 43 & ¢ 3 21 §1
1A S-S 38 9 12 7 0 9 50 68
Pérola 39 5 6 3 3 3 66 88
PBampeira 29 15 5 2 0 0 66 83
Planaito 25 0 30 0 O 3 45 25
Prata 13 15 38 3 0 1 49 78
Santa Rosa 27 11 23 3 0 0 47 76

used as mixture on |2 soybean cuitivars (Freire e al., 1976). In the first year,
all strains save strain 566 occurred with more or less similar frequency in
nodules. Strain 587 was dominant in the second year, occurring in more than
70% of the nodules of most soybean cultivars. Since this strain is tolerant of
high temperature (A.(G. Wollum, personal communication) and high
aluminum and manganese concentrations (R.H. Miller, personal com-
munication), the betler performance of strain 587 in the second vear could
well be due to its ability lo survive adverse soil conditions.

Different concentration ratios of strains can effect their distribution in
nodules of the legume host, especially when they are highly competitive and
used as a mixture {Peres & Vidor, [980b). However, when a highly
competitive strain is mixed with a noncompetitive one, the former one can still
dominate, even at very low ratios (Robinson, 1969; Skrdleta & Karimova,
1969). Table 3 shows the effect of concentration ratios between strains 587 and
29 W on the frequency of serogroup distribution in a soil with a low
population of R. japonicum({Peres & Vidor, 1980b). There was no dominance
for nodule sites when both strains were mixed at ratio I;1. However, af ratio
10:1, the strain present in greater number occupied 80% of the nodules, while
at ratios of 10011 or higher, there was a complete dominance of the strain that
was present in greater number.
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TABLE 3:  Occurrence of R, jeponicum strains $87 and 29 W in nodules of
soybeans grown in a R. faponicum-free soil inoculated with different
concentration ratios (Peres & Vidor, 1980b).

Inoculum Number of Strain

iavel crushed 587 29W No reaction

nodules (% %) (%

Control 63 17 51 32
A,B, 123 45 52 3
AsB 4 341 i6 79 5
A3B5 389 2 a8 0
Aa}}s 391 0 100 5
A, Ba 201 7% 17 5
A5B3 &0 57 37 8
AB. 321 23 6 1

Letters A and B represent, respectively, strains 587 and 29 W, Numbers 3 to & represent the
fog number of cells per gram of inccuiam,

The need to increase inoculation rates to favor the introduced strains has
been reported by many investigators (Johnson, Means & Weber, 19635;
Holand, 1970; Kapusta & Rouwenhorst, 1973, Hamdi er g/, 1974). In soils
containing an indigenous population of R, japonicum (above 103 cells/ g dry
soil} it is unlikely that inoculation at rates recommended by inoculant
manufacturers (7.3 x 104 cellss seed for R, japonicum) can increase nodule
formation ( Weaver & Frederick, 1974a}. In further research the same authors
{1974b} observed that to obtain 50% of the nodules from the introduced
strain, an inoculum rate at least 1000-fold greater than the soil population (per
g dry soil) is needed, According to them, most manufacturers cannot supply
an inoculant to meet this requirement.

The examples sited above emphasize R. japoricusn. Similar work has also
been done using R. trifolii in Australia, with essentially identical results
{lreland & Vincent, 1968; Marques Pinto, Yao & Vincent, 1974; Gibson ez o/,
1976;.

CONCLUDING REMARKS

Even though a great many papers deal with antagonistic mteractions
among the microbial population and rhizobia, it is not known what really
happens in the natural and complex system that is the soil. One of the great
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limitations in most studies to date is that they were undertaken using culture
media or sterile soils,

Since strains introduced by inoculation into soils wath low natural rhizobial
populations usually establish without problems, it must be assumed that
antagonistic mechanisms de not often limit the survival or establishment of
introduced strains. Predation by protozoa and parasitism by Bdellovibrio and
bacteriophage are more likely to be constraints in soils cropped to the same
legume for many years. Even in these soils it is likely that antagonistic factors
will be of secondary importance behind interstrain competition for nodule
sites,

Improved competitiveness by inoculant strains must be achieved. Research
exatining the use of higher inoculation rates, better inoculation methods,
and the use of soil amendments that favor introduced competitive strains
must be implemented.

REFERENCES

Alexander, M. (1961) Introduction to soil microbiclogy. (First edition.} Wiley, New
York, NY, USA. 472 pp.

Atkins, G.J. & Hayes, A H. {1972) J. Gen. Microbiol 73, 273-278.

Barnet, Y. M. {1972} J. {fen. Virel 15, 145,

Bohtoo!, B.B, & Schmid:, E. L. (1973} Saif Sei Sec. Amer. Proc. 37, 361-564.

Bruch, C.W. & Allen, O.N. {1955) Soil Sci. Soc. Amer. Proc. 19, 175179,

Chatel, D.L. & Parker, C.A. (1973a) Soil Biol Biochem. 3, 415-423.

Chatel, D.L. & Parker, C.A. {1973b} Soif Biol Biochem, 5. 425-432,

Chen, M. & Alexander, M. (1972) Souf Biol Biochem. 4, 283-288,

Chowdhury, M.S. (1977) Effects of soil antagonists on symbiosis. fa: Exploiting the
legume- Rhizobium symbiosis in tropical agriculture, J. M. Vinceni, A.S.
Whitney & J. Bose {Eds.}. Univ. Hawaii College Trop. Agric. Misc. Publ 145,
Pp. 385414,

Currier, W.W. & Strobel, G. A, (1976) Plans Physiol. 57, 820-823,

Currier, W.W. & Strobel, G. A, {1977} Science 196, 434-436,

Damirgt, $. M. & Johnson, H. W, (1966} Agron. J. 58, 223-224.

Danso, S.K.A., Keva, $.0. & Alexander, M. (1975) Can. /. Microbiol 21, §84-8953.



193

Franco. A A, & Vincent, J.M. (19763 Planr Soil 45, 27-42.

Freire, J.R. 1., Kolling, J., Godinho, LT., & Pereira, J.S. {1976} Competicio,
sobrevivencia e especializacio simbiotica de estirpes de Rhizobium japonicum
em varkedades de soja. Asa da IV Reuniac Conjunia de Pesquisa da Soja -
RE, 8C, Santa Maria, RS, Brazil. Pp. 93-102,

Gibson, A H., Date, R.A., Ireland, J.A. & Brockwaell, J. (1976} Soif Biol. Biochem.
§, 393401,

CGaolebiowska. J.. Sawicka, A. & Sypnieska, U. (1971} Soif Fert. Abse. 36, [10. 1973,
Hamdi, Y. A, Abd-cl-Samea, M . E. & Lofii, M, (1974} 80il Ferr, Abst. 38, 508, 1975,
Holiand, H.H, (1970) Plenr Soil 32, 293-302.

Ireland, J.A. & Vincent, J. M. {1968} Trans. 9th Intern. Cong. Soi Sci. Adelaide,
Australia. Yol. 2, pp. 8593,

Johnson, H.W. & Means, U.M. (1964) Agron. J. 56, 60-62.

Johnson, H. W, Means, U. M. & Weber, C.R. {198%) Agron. J. 57, 179-185.
Kapusta, G. & Reuwenhorst, 2. L. {1973} Agron. 4 65, 916-919,

Keya, 5.0, & Alexander, M. (1975) Arch. Microbiol 103, 37-43.

Kowalski. M., Ham, G.E., Frederick, L.R., & Anderson, 1.C. (1974) Sofl Sei. 118,

221-228.

Marques Pinte, ., Yao, P.Y. & Vincent, I, M, (1974) Ause. J. Agric. Res. 25, 317-
329,

Munns, D.N. {(1968) Plant Soi 28, 129146, »

Nutman, P.S. {1965) I he relation between nodule bacteria and the legume host in the
rhizosphere and in the process of infection. M Ecology of soil-borme plant
pathogens, K. F. Baker & W.C. Synder (Eds.). Univ. of California Press, Los
Angeles. CA, USA., Pp. 231-247,

Parker, C.A. & Grove, P.L, {1970} /. Appl. Baer. 33, 253-255.

Patel, F.1. (1974} Planr Soid 41, 395402,

Patel, J.J. (19738 Virulent phages of Lo rhizobia. their ecology, morphology and
host range. Proc. Sth Aust. Legume Nodulation Conf., Brisbane, Australia. Pp.

H-13.

Patel, . J, & Gerson, T. (1974) Arch. Microbiol. 104, 211-220.



194

Peres, JLR.R. & Vidor, C. (1980a) Agron. Sulriogr. 16, {In press.)

Peres, JLR.R. & Yidor, C, ([980b} Rev. Soc. Bras. Ciencig do Sole 4, 139-143,
Robiason, A.C, (1969} Ausr. J. Agric. Res. 20, 827841,

Schreven, DA, van (1964) Plant Soil 21, 283-302.

Schwinghamer, E.A, (1971) Soif Biol Biochem. 3, 355-36),

Schwinghamer, E.A. (1975} Types of bacteriocing produced by Rhaizobium trifolii.
Proc. Sth Ausi. Legume Nodularion Conf., Brishane, Ausiralia. Pp. -6,

Skrdleta, V. & Karimova, J. (1969 Arch. Microbiol, 66, 25-28.

Stolp, H. & Starr, M. P. (1963} Anronie van Lecuwenhoek 29, 217-248,

Sullivan, C. W, & Casida, L. E. (1968) Anrenie van Leeuwerhoek 34, 188-196.

Yidor, C. (1977} Studies of saprophytic competence in strains of Rhizobiwn
Japonicupy (Kirchner) Buchanan, PhD Digsertation. Ohic State Univ.
Columbus, OH, USA. 189 pp.

Vider, C. & Miller, R_.H, {I1980) Soil Bisl. Biochem. 2, 483.487,

Vidar, C., Brose, E. & Pereira. J. 5. (1979) dAgron. Sulricgr. 15, 227-238.

Vincent, J. M. {i974) Root-nedule symbioses with Bhizobium. In: The biclogy of
nitrogen fixation, A. Quispel (Ed.}. North-Holland Research Monographs:
Frontiers of Biology. 33, 265-341.

Weaver, R.W. & Frederick, L R, {1974a} dgron. J. 66, 229-232.

Weaver, R. W, & Frederick, L.R., {1974b) Agron. £ 66, 233-236.

Wang, P, P. & Evans, H.J. (1971} Plam Physiol 47, 750-755,



BNF Technology Jor Tropical Agriculiure [95

SUSCEPTIBILITY OF RHIZOBIUM STRAINS TO
ANTIBIOTICS: A POSSIBLE REASON FOR LEGUME
INOCULATION FAILURE IN CERRADO SOILS

M.E.M.M.L. Scotti,) NNMLH. Sa,! M.A.T. Vargas,? and J. Dibereiner?

Summary

Seybean nodulation problems in the Braziian “cerrados”™ (atype
of edaphicsavanna) were solved by the introduction of strains, 29W
and 587, gach resistant o 82-160.ug/ ml of streptomycin. A survey
in representative arcas of this region showed thal 86% of 218 R,
Japonicurn strains isolated were resistant fo high levels of
streptomyein (80ug/ mior more). Among 149 strains of Rhizobium
sp. isolated from Styfosanthes spp. collected in cultivated cerrado
s0ils, 4345 were resistant to 4Dug/ ml of streptemycin, while only
165; of 68 Srylosanthes solates from undisturbed cerrado savannas
supported this level. 11 is suggested that the ecological changes
caused by cultivation of the virgin savanna resulted in survival
advantages for streptomycin-resistant Rhizobiurs sirains,

INTRODUCTION

One hundred and eighty million ha of the Central Highland of Brazil are
“cerrados,” an edapbic type of savanna (Goodland, 19713 Now that
economically viable fertilization practices have been developed, this area is
being epened to intensive agriculture. Soybeans are among the legumes suited
to the region, with some | miilion ha planted in 1980. Inoculation problems
seemed initially to restrict this crop, but twa new Rhizobium strains (29 W
and 587} were found that nodulated soybeans effectively when apphed at five
times the rate commercially recommended (Vargas & Suhet, 1980a; 1980b;
Peres, Vargas & Suhet, 1981).

U Dept. of Mictobiology, Umiv, Federal de Minas Gerais, 30.008, Bele Horizonte, MG, Brazil.

= Centres de Pesquisa Agropecuariz dos Cerrados, EMBRAPA, OF 70: 0021, 73,306, Brastiia,
B.¥ ., Brazil.

+ Programa de Fixacao Blologica do Nitrogeno, Km 47, 23460 Seropedica, R 1., Brasil,
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Since Rhizobium establishment problems in some virgin soils have been
attributed to the predominance of antagonistic micro-organisms, especially
actinomycetes {Damirgi & Johnson, 1966; Patel, 1974), with soybean
nodulation in sterile soil inhibited by the inoculation of antagonistic
actinomycetes (Damirgi & fohnson, 1966), and since in virgin cerrado soils
75-949% of the totai microflora were found to be Strepromyces spp. (Coelho &
Drrozdowicz, 1979), it seemed possible that resistance to certain antibiotics
could be needed for legume root infection and nodule formation in cerrado
soils. The present paper demonstrates that spontaneous streplomycin-
resistant RAizobiwm strains dominate in newly cleared cerrado soils,

MATERIALS AND METHODS

Soybean nodules were collected at 11 sites in the vicinity of Brasilia,
ltuiutaba, Araxg, Uberaba, and Uberlandia, representative areas of cerrado
savanna. Soils were red vellow or dark red Oxisols with very low base
exchange capacity, that had been cieared, limed and fertilized three to five
years before and had been planted with soybeans for at least three years.
Inoculants were used during the first years but not in the year of sampling
(1979). The soybean cultivars sampled were Sta. Rosa, UFV-1, Parana, [AC-
2, JAC-5 and Bossier. At each site 20 plants were collected and two nodules
per plant stored in vials with CaCl,. Rhizobium were isolated from the dry
nodules using the isclation procedure of Vincent (1970).

Stylosanthes nodules were sampled within two major areas: native cerrado
near Brasilia, where many spontaneous Stylosarnthes plants can be fouad, and
neat Sete Lagoas and Uberaba where Stylosanthes spp. are cultivated after
cash crops that are limed and fertilized. In neither area had these {orage
legumes been inoculated. The isolation of Rhizobium strains from
Stylosanthes was carried out from fresh nodules, within 2-24 after harvest.

Two hundred and eighteen Rhizobium strains were isolated from soybeans
and 149 from three Stylosanthes spp. (5. guianensis, 8. grandifofia and §.
bracteata). All isolates were plant-tested in sterilized Leonard jar assemblies
or sterile test tubes (Norris, 1964) using either the sovbean cultivar JAC-2 or
the Stylesanthes sp. from which the strains had been isolated. For
comparison nine strains of R. japoricum and eight strains for Srylosanthes
spp., each used in commercial inoculants, were included in the study.

Level of resistance to streptomycin was determined using agar pour plates
of yeast mannitol medium { Eagle, Levy & Fleishman, 1952) witha pH of 6.8-
6.9. Increasing concentrations of streptomycin sulphate were sterilized by
filtration and added to the agar after cooling to 45°C. The inoculant was
standardized to an optical density of 100-120 Klett units. 8ix strains were
streaked in star-like design on each plate, using four replicate plates for each
streptomycin level. Growth of Rhizobiurm was observed after three to four
days at 29°C in both the control {(streptomyein-free medium) and the test
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plates. Single colony growth after seven days was considered negative. The
level of streptomycin-resistance achieved by a strain was considered 1o be the
highest level of antibiotic at which growth comparable 1o that of the controls
was achieved in at least three of the four replicate plates.

RESULTS

Eighty-six percent of the R. faponicum strains isolated from cerrado soils
were resistant to more than 30ug/ mi of streptomycin sulphate (see Table 1},
This suggests that streptomycin resistance is needed for survival and legume
nodualation in cerrado soils and expiains why strains 29 W and 587, each
naturally resistant to relatively high levels of streptomycin, have performed so
well in the cerrados (Peres er al., 1981).

In Table 2 the streptomyein resistance of other RRizobitam strains used in
commercial inoculants can be compared with that of strain 29 Wand 387, The
commercial strains that failed to nodulate soybeans in the cerrado soils
showed a streptomycin-resistance level of only 5-20 ug/ml.

The data in Tables | and 2 also indicate that Siylosanthes solates, in
general, are more sensitive to streptomycin than are soybean strains, with
most commercial strains tolerating only 2 to 3 ug/m! of streptomycin
sulphate. The isolates from native cerrado showed a near normal distribution
in resistance to streptomycin, in which the majority of strains were resistant to
only 5-20.ug; ml of streptomycin. The isolates from cultivated cerrado areas
showed an extended peak for resistance with 34 of 81 strains resistant to at
least 40} ug; ml streptomycin. Six very highly resistant strains occurred in
native cerrado, and one occurred among the commercial strains, indicating
the need for further study. Strain Bria, which was the only one among the
commercial strains which telerated 600.41g/ ml streptomycin, wis isolated
from a hydromorphic seil formerly planted to rice in Rio de Janeiro State.
This strain was tested in a feld inoculation experiment in cerrado soil
{A.M.Q. Escuder, personal communication) and was found to cause profuse
nodulation and to increase dry weight of Stylosanrhes guianensis by a
significant amount.

DISCUSSION

The great proportion of spontancous high level{ > 80ag/ ml) streptomyein-
resistant Rhizobium strains found in the nodules of soybeans grown on
cerrado soils, and the competitive advantage these strains have against
common inoculant strains, seems remarkable, Spontaneous streptomycin-
registant strains are usually few (Gareth-Jones & Hardarson, 1979) and
resistance levels of 5-10ug/ ml are considered normal (Schwinghamer, 1967),
A group of R. japonicurs isolates obtained in Iowa State (USA) contained



TABLE 1: Levels of resistance to streptomycin among isolates of Rhfzobium from Gilyveine max and Stylosenthes spy. found
in cerrado soil.

Origin Host species No, of Streptomycin levels {ug/ml)
of strains
strain tested i 2 5 10 20 40 80 150 300 600

861

Number of tolerant strains’

Brasilia Glycine max 114 - o 1 i 4] iR 47 43 1 3
Ituiutabs g - e 0 0 ] 0 & 2 0 o
Araxd 32 — - 1 g 2 4 11 13 4] 1
Uberaba 17 - - O 1 0 1] & 3 0 2
Uberlandia 47 - - 0 4] 1 1 23 16 2 4

¥ of total - - 1 i H 11 43 38 1 3
Cultivated cerrado’® Stvlosanthes spp. 81 2 7 i7 11 10 15 7 7 i 4
Undisturbed cerrado 68 3 8 15 13 13 4 I 2 4 4

3’F9§emm 1o indicated strepiomycin level when grown on YMA plates,

*Strains isolated from cultivated regions that hud received Hime and fertilizers.
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TABLE 2: Levels of resistance to streptomycin among strains of Raizobium
uzed in commercial inoculants for Glycine max and Stylosenthes spp.

Inoculant for: Strains tested Level of resistance (ug/ml)

<20 40-30 150-300 600

Glyeine max 9 7 1 1? -
Styiosanthes spp.” g & 1 - 1

sStm&n 29W
2Strain 387

3Strains for Stylosanties moculants were kindly provided by PH, Graham (CIAT, Colom-
bia), J. Diberciner {(EMBRAPA, Brazil) and W.P.L. Sandmann {Ministry of Agriculiure,
Zimbabwe),

[9%% resistant strains (130 ug; ml) while 449 tolerated only {Qug/ ml (Cole &
Elkan, 1979). Mutation to streptomycin resistance was not observed to
interfere with symbiotic performance (Josey er af., 1979; Franco & Vincent,
1976) but competitive ability against other sératns was reduced (Gareth-Jones
& Bromficld, 1978). These studies, however, were performed in sterile test-
tube cultures and did not take in consideration interactions and competition
with the soil microflora.

Changes in the microbial equilibrium caused by the drastic modification of
the ecosysterm, when virgin soils are taken inte agricuiture, should be
expected. The very high proportion of actinomyestes in cerrado soils (Coelho
& Drozdowicz, 1979) indicates changes in favor of this potentially antibiotic-
producing group, and a build up in streptomycin concentration seems
possible. While streptomycin is readily inactivated in soll (Pramer, 1958), it
can remain active in plant tissve for several weeks (Schwinghamer, 1967).
Selective and active assimilation of this antibiotic by plant roots and its
translocation to stems and leaves has also been reported (Crowdy & Pramer,
1955; Pramer, 1936). The possibility that streptomycin is produced on the
root surface and assimilated by the plant can also not be discounted.

The use of antibiotic-resistant Rhizobium strains in inoculants, in
comjunction with agricultural practices that have enhanced antibiotic
production in soil and;or on the root surface, opens a promising new field of
research.
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SURVIVAL OF STREPTOMYCIN-RESISTANT MUTANTS OF
RHIZOBIUM PHASEOL{ IN NONSTERILE SOIL

C. Vidor,! P.E. Lovato! and R.H. Miller?

Summary

Antiblotic-resistant mtants of Riizobiwm phaseoli were used o
follow fluctuations in the population density of this organism in
{ive ditferent soils. There were remarkable differences in gell
survival rates in the different soils. In some soils cell numbers
declined from 190 cells: g at time $1o about 104 celis; gafter 63 days
incubation, presumably because of low pH and related factors. In
the Vila soil, with a nataral pH higher than the others. cell numbers
declined by fess than two log uniis during the incubation period.
‘Fhe implications of these resulls for nodulation and N, fixation in
acid soi} are discussed. B

INTRODUCTION

Mutants resistant to antibiotics and fungicides have emerged as a useful
tool for ecological studies of Riizobiumin soil (Obaton, 1971, Schwinghamer
& Dudman, 1973; Danso & Alexander, [974; Odevemi & Alexander, 1977),
particularly when introduced rhizobia bear antigenic similarities to the
indigenous population.

Resistance (o streptomycin has been the moest common marker gsed in
genetic and  ecological studies of Rhizobium  species  (Brockwell,
Schwinghamer & Gault, 1977). In most cases, effectiveness was maintained by
the streptomycin-resistant mutants {Schwinghamer & Dudman, {973).

The failure of nodulation in Phaseolus vulgaris in southern Brazi! has
triggered research to wentify the factors limiting the symbiosis between this
feguminous plant and its homologous Rhizobium. As a part of this research
population changes and possible differences in survival of tweo streptomycin-
resistant mutants of R. phaseoli inoculated into soils with different physical
and chemical properties were examined.

¢ Depto. de Solos. UERGS and IPAGRO. Seeretaria de Agncultara, Porto Alggre. Brand
< Agronorry Dept | Olue State Universite. Columbus, OH 43210, USA.
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MATERIALS ANID METHODS

Bulk soil samples from the surface (0-20 cm) were taken from five different
localities in Rio Grande do Sul, Brazil. The samples were kept at field
moisture, sieved (2 mm}, and stored at 4°C.

The soils were incubated for three weeks with two levels of lime: zero, and
half the amount required to raise the scil pH to 6.0, according to the madified
SMP method (Mieiniczuk. Ludwick & Bohnen, 1969). Selected physical and
chemical properties of these soils are given in Table |,

Rhizobium phaseoli strains 484-6 and 487-1, resistant, respectively, to 5000
and 500,ug of sireptomycin per mi of medium were grown on yeast mansitol
extract-agar (YMA) slants for one week, washed off with saline solution,
dispersed with a Vortex mixer, and the cell population adjusted 10
approximately 0¥ celis; mi,

Aliquots of one ml from each cell suspension were individually added to
replicate test tubes containing 10 g of nonstenile soil. The moistute was
adjusted with sterile distilled water to 60%; of the field capacity for each soil
and maintained during incubation by periodically weighing each test tube and
adding sterile distilled water as needed. All tubes werestored in the laboratory
at room temperature,

Survival of the mutant straing was estimated by plate count on the day of
woculation and at 3, 5, 7, 14, 21, 42, and 63 davs after inoculation using a
sciective medium (¥ MA) contamning 500 ug of streptomycin; ml.

TABLE 1:  Selected physical and chemical properties of the experimental goils.

Soil Order Sand Silt Clay pH C N CEC Al'+
(%Y (%y (%) (%) (%) {meq/ (meg/
100g) 100g)

Bom Jesus  Haplumbrept 14 30 3% 44 2.79 0.24 00 572
Vacaria Haplohumox 8 31 &1 45 264 0.20 164 45
Erechim Haplorthox 2 21 7039 L8 013 137 54
Vila Argiudoll 4 5 36 56 132 0.9 230 42
Tupancireta Paleudult 82 8 10 4.4 Q.68 0.05 37 09

RESULTS AND DISCUSSION

Both mutant strains showed similar survival patterns in soil, bacterial
populations in all soils declined from 10¢ cells/ gat time zero to 10%-j0%celis ' g
by day 63. The rate of the decline varied, however, according to soil type and
pH (see Table 2).
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TABLE 2:  Survival of R, phaseoli strains 4846 and 487-1, natural streptomy-
cin resistant mutants, in nonsterile soils, Data expressed as log
number of cells per g dry soil,

Soil pH Incubation period {days}
0 3 5 7 14 21 42 63
Strain 484-6
Erechim 39 192 6322 773 163 4584 5.00 3.48

54 801 845 800 796 7564 7.01 501 5.83

Bomlesus 44 806 794 744 4680 641 603 467 412
52 801 782 743 768 6,76 631 4.67 461

Vacatia 43 8.02 754 .02 7.1 652 560 532 415
33 796 186 .34 803 672 6.00 570 586

Vila 56 7.96 BA45 857 843 833 725 6.10 6.24
6.1 807 846 849 844 8.00 745 660 £.26

Tupancireta 4.4 B8.00 7.66 694 775 35.67 5.70 548 4.84
54 802 855 760 775 6.83 6.48 &6.12 578

Strain 4871
Erechim 3% 763 o680 7.14 620 494 348 350

54 776 763 740 740 7.31 713 5580 3594

BomJesus 4.4 763 686 688 634 6.10 532 460 336
52 70 689 689 743 641 605 520 445

Vacaria 43 170 678 641 636 590 5.33 445 3.6
53 774 752 7153 689 116 691 590 598

Vila 56 763 820 800 750 7.70 7.38 704 696
61 723 820 B8.08 761 763 751 6,95 697

Tupancireta 4.4 750 693 626 6.57 4.84 5.23 411 300
54 754 834 788 765 7.57 7.33 538% 5389
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In some unlimed soils {e.g., the Erechim soil} cell populations were reduced
by more than four log units in the unlimed treatment, with liming definitely
beneficial to Rhizobiwm survival. By contrast, Rhizobiumsurvival in the Vila
soil, where the natural pH was higher, was not affected significantly by liming.

The poor respoase to liming in the Bom Jesus soil could be due to the high
organic maltter content of thus soil; liming may have stimulated the growth of
antagonistic micro-organisms. Vincent {1974} reported that other soil micro-
organisms could share the advantage of raised pH in nonsterile soils and
hence depress Rhizobim multiplication.

The effect of low pH on different species of Rhizobium has been studied
extensively (Vincent, 1974; Munns, 1977}, Some species are highly sensitive to
pH below 5.0, whereas others are tolerant even at pH around 4.0 (Graham &
Parker, 1964}, According t¢ Nutman {1972}, nodule formation is much more
sensitive 10 low pH than the Rhizobium strain itself. While this in
undeubtedly true, several recent reports have suggested a close correlation
between ability to survive in acid medium and the strain’s capacity 1o nodulate
its host legume in acid soils (Manns er al, 1979; P.H. Graham, personal
communication). In this experiment inoculant levels were above those
normally used. While survival levels undoubtedly reflected this, the rate of
decline in soil Rhizobiumt levels was not great, and even at more conventional
rates of inoculation, enough cells should have been available for the oritical
period of root hair infection and nodulation.

In soils, acidity cannot be viewed as the exclusive action of the hydrogen ion
concentration, but rather as an “integrated soil acidity,” involving acidity,
calcium deficiency, aluminum toxicity, and manganese toxicity, as well as
organic matter content { Munns, 1977). Soil properties, therefore, may playan
important role in ameliorating or intensifying the action of low soil pH.
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SURVIVAL OF COWPEA RHIZOBIA AS AFFECTED BY SOIL
TEMPERATURE AND MOISTURE

Nantakorn Beonkerd! and R. W, Weaver? .3

Summary

Successful inccuolatien of peanut and cowpea can depend on the
survival ol rhizobia in seils undergoing marked fluctuations in
temperature and water content. To determine the survival of
rhizobia in sterile and nonsterile soils under various environmental
conditions, two cowpea and two peanut strains were studied. Each
was incubated under three moisture conditions: air dry, moist
{-.33 bar) and saturated. The temperatures used were 25 and 35°C
for nonsterile soil and 40°C for sterile soil. Populations were
measured periodically for 45 days. Strain 20t survived relatively
well under all environmmental conditions in nonsterile soil. The 353°C
temperature in coniunction with the air dry or saturated soil was the
most detrimental to survival. At this temperature, the poptlations
of strains T-1, 309 and 3281 declined by as much as 995 during the
45 days of incubaticn. In moist sterilized soil, the populations of all
sirains except €B756 {replacing 3281 in this experiment) increased
during the two-week incubation, All sirains declined in number
when incubated in sterile dry soil. However, in contrast to the
nonsterile soil, the papulations did not decline under saturated soil
conditions.

INTRODUCTION

Some effects of environmental stress on Rhiizobium survival have been
reported. Day er al. (1978) reported that some cowpea rhizobia were able to
survive on seed at 45°C for three days, whereas other strains survived poorly
at 42°C and did not survive at 45°C. Wilkins (1967) found strains isolated
from a dry area with high temperatures were better survivors at high

I Drept. Agricutiure, Bangkhen, Bangkok - 9, Thailand.
* Pept. Soil & Crop Scences. Texas A&M University, College Station, TX, USA,
i The financial support of USAIL under project AG: TAB610-9-76 s gratefutly ackpowledged.
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temperatures than strains isolated from cooler areas. Survival of cowpea
rhizobia on seed (Herridge & Roughley, 1974) and in inoculants {(Wilson &
Trang, 1980) was better at 25°C than at 35°C or above. Several investigators
{Marshall, 1964; Chatel & Parker, 1972; Bushby & Marshall, 1976, Philpotts,
1977) have reported that slow-growing rhizobia are comparatively more
resistant to high soil temperatures than R, trifolii and R, melilori. Moisture
level in soil v also important for survival of rhizobia. Pena-Cabriales &
Alexander (1979) veported the decline of R. jeponicum populations in soil to
be biphasic with initial, rapid decling as the soil dried, and subsequent slow
decline in viability when soil was relatively dry. Osa-Afiana & Alexander
{1979} reported that R, trifolii and R. juponicum survived better at 109 soil
moisture content than at 2295, 354, or 4055, Mahler & Waollum (1980) found
the survival of R. japormicum to be from one to three orders of magnitude
lower under water potentials of -13 bars than when soil was incubated near
field capacity.

Sarvival of R japonicum strains in sterile and nonsterile soils was
compared by Vidor & Miller {1980) who found all strain numbers increased
about [00-fold in sterile soil but decreased about 10-fold in nonsterile soil.
Our objective was 1o determine changes in the population of cowpea rhizobia
as a function of moisture and temperature conditions in both sterile and
nonsterile soils,

MATERIALS AND METHODS

Survival of cowpea rhizabia under nonsterile conditions was studied in two
soils, one from Thailand and one from Texas. The Thai sei! used was asandy
Ioam with pH 5.7. The Texas soil was a sandy clay loam with pH 6.8. Four
strains of cowpea rhizobia were selected: 3281 (n15), TAL 309, 201 (Thailand)
and T-l1 (Texas A&M), Three moisture regimes {dryv. - 0.33 bar, and
saturated} .nd two temperatures {25°C and 35°C) were used, All treatments
were replicated twice.

Only the Thai soil was used for the sterile soil experiment. In this
experiment strain 3281 (n15) was replaced by CB756. The maoisture regimes
were as before, but an incubation temperature of 40°C was used. All
treatments were replicated twice,

Each strain of Rhizobium was inoculated into either 10 g samples of soilin
small plastic bags (nonsterile soil} or small test tubes with piastic caps (sterile
soil); then their moisture content adjusted to the desired level by the addition
of sterile distilled water or by drying. The samples were incubated for periods
of 0, 5, 15, and 45 days; then enumerated by either the MPN plant-infection
technique with siratro { Macroptilium atropurpureum (D.C Y Urh) (Weaver &
Frederick, [972) or by plate count.
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RESULTS AND DISCUSSION

MNonsterile soils

As no statistically significant differences (0.03 level) in the survival of
rhizobia in the two soils were obtained, the results were averaged. The
composite daty Tor each treatment are provided in Table 1.

TABLE 1:  Survival of cowpes rhizobia in nonsterile soil incubated at different
temperatures and moistures.’

Straing Moisture Temperature
status

25°¢ 35°C

Incubation time (days) Incubation time {days)
0 5 i3 45 Qg & 15 45

(log. no. per gram soil)

201 Dry 437 411 352 380 437 324 363 353
Moist 437 500 449 439 437 480 393 395
Saturated 4.37 438 446 381 437 39% 3356 289

T-1 Dry 423 407 329 2.9 423 342 243 282
Moist 423 4463 44% 472 423 454 396 3192
Baturated 4.23 439 361 406 423 366 246 2.30

309 Dry 4,17 375 343 333 417 3.24 311 2357
Moist 417 439 472 434 417 480 3.73 343
Saturated 4.17 342 398 383 4.17 306 293 143

3281 Dy 435 371 323 3068 435 380 290 264
Moist 435 461 403 396 435 3323 257 1.95
Saturated 435 414 303 3.26 435 3.23 2357 1.95

'Each number represents an average of four samples,
The .V, 15 16 Z and the L85, (05715 1,25,

In moist soil { ~ .33 bars) the numbers of strain 201 were increased after
five days of incubation at both 25°C and 35°C. By 15 days of incubation at
35°C the population had declined to shightly below the initial numbers, and
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this level was maintained for the fellowing 30 days. However, at 25°C the
rhizebial numbers remained higher than the initial numbers for the entire
experimental period. Strain 201 also survived well a1 25°C when incubated in
either dry or saturated soil but showed reduced survival at 35°C under both
dry and saturated conditions. This notwithstanding. the population remained
relatively large.

Survival of strain T-1 in moist sl at either temperature was similar to that
of strain 201. The rhizobial numbers in dry soil at 25°C and in dry and
saturated seil at 353°C decreased more rapidly for strain T-1 than for strain
201, The populations of strain TAL 309 at 25° C were similar to those of strain
201 for all meisture conditions, but at 35°C, the population changes were
similar to those of strain T-f. Survival of strain 3281 in moist soil at 25° Cwas
sunilar to that of the other strains but in dry or saturated soil the population
declined somewhat more. At 35°C, the population decline was similar to that
of the other strains.

‘The data show good survival of all strains tested in maoist soil (—0.33 bar) at
23%(. At this temperature strains 201 and 309 also survived well in dry and
saturated soil conditions but strains T-1 and 328] were affected by the stress
conditions.

At 35°C, survival of ali strains at —0.33 bar was again satisfactory although
numbers had declined slightly by day 45. Under moisture stress, the
population of ail strains except 201 was approximately an order of magnitude
lower. Strain 201 was originally isolated {rom a relatively hot environment.

Sterile soil

Survival of cowpea strains in sterile soil is illustrated in Table 2. The
population of strains 204 and T-1 in moist soil increased from 107 to 108
within five days and was maintained for 45 days. but for strain 309, the
increase was less dramatie. Incontrast to other strains, cell mambers of CB736
decreased approximately | log by 45 days.

All strains survived well in saturated sterilized soil at 40°C, but populations
did not significantly increase. Under dry conditions the population of all
strains decreased at least an order of magnitude within five days. Strain T-1
was raost severely affected; its population decreased more than two orders of
magnitude within five days and three orders of magnitude within 45 days.

The results of this investigation indicate that dry and hot soil conditions
affect the survival of cowpea rhizobia. Under these conditions, the order of
survival was: 201 > CB756 >309 > T-1, Day er al. (1978) observed that cirain
NGRY could survive on seed for three days at 45°C, whereas other strains
including < B756 failed to survive. The data on survival of cowpea rhizobia in
this study support the resuits of Vidor & Miller (1980) and indicate that
abiotic factors do not Himit survival or rhizobla in moist soil exposed to
moderate eimperatures,
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TABLE 2.  Survival of cowpes rhizobia in sterile soil incubated under different
moistures stresses at 40°C.'

Strain Moisture Incubation time €days)
status

g 5 15 43

{log. no. per gram soil}

201 Dry 7.53 6.53 6.25 641
Moist 7.53 8.15 8.20 8.17
Saturated 7.53 732 7.28 7.92
T-1 Dry 7.53 499 3.00 4.30
Moist 7.53 8.15 8.20 8.17
Saturgted T.53 7.32 7.28 792
309 Dry 7.25 6.32 6.28 5.43
Moist 7.25 1.30 7.66 7.36
Saturated 7.25 6.80 6.84 684
CB756 Dry 161 6.40 597 5.93
Moist 7.61 7.46 7.17 632
Saturated 7.61 7.17 6.662 7.94

1Av&rag& stgndard deviation ® .32,

Survival of cowpea rhizobia was good in moist soil, whether or not it was
stenlized belore inoculation. Under saturated conditions the survival of all
rhizobial strains in nonsterile soil at 35°C was poor but survival was good in
sterile soil at 40°C. This suggests that the death of rhizobia in nonsterile,
Hooded sgoil may be due to biotic effects as suggested by Osa-Aflana &
Alexander (1979) who indicated that populations of indigenous protozoa
increase appreciably in saturated soil, and that the increase coincided with a
rapid decline in numbers of rhizobia.
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STUDY OF RHIZOBIUM IN THE LEGUME RHIZOSPHERE

M.P. Salema, C.A. Parker, D.K. Kidby,! and D.L. Chatel2

Summary

A selective method for the study of both fase- and slow-growing
thizobia, double-marked with resistance to streptornycin and
chloramphenicol at relatively low levels, has been developed and

{ested.

Rhizesphere counts of marked Ridzobium trifolii WU H (= TA
Iy on subterranean clover {frifolin subterraneum {L.) ov.
Dwalganup) and R, japoricum CB 1809 on soybean { Glyeine max
(L.} Merr.) were successfully made using this medium, In these
studies, only 156 and 0.445, respectively, of the marked Wi 1 and
CB 1802 cells applied to the seedling were present on the radicle of
the host pant 24 h after radicle emergence. The cells that gotinte
the rhizosphere multiplied faster than those on the seed, indicating
a strong stimulation of inoculant rhizobia in the rhizosphere of ks
homologous host. [t is suggested from these results that attention
should not only be focused on applying large numbers of rhizobia
10 the seed, but alse on those rhizobia that are capable of rapid

colonization of the ralzosphere.

INTRODUCTION

K.nowledge of numbers of rhizobia in the rhizosphere of the emerging root
of a legume is important in understanding the potential of inoculant
Rhizobium to initiate nodulation and nitrogen (N, }fixation rapidly. Various
methods available for the examination of soil and rhizosphere populations
have been reviewed by Parker, Trinick & Chatel {1577). Direct agar plate
count is the most convenient and accurate method of estimation of numbers
providing that the growth of other micro-organisms can be suppressed. The
aims of this study were to develop a selective medium for both fast- and slow-

boDept. Sod Sowenee & Plant Nutntien, University of Western Australiz, Nedlands 6009,

Australia.

¢ West Australian Dept. Agriculture, farrah Read. South Perty, Western Australia.
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growing rhizobia, marked with resistance to relatively low levels of
amtibiotics, and to employ this medium in rhizosphere studies of rhizobia
double marked with streptomycin and chloramphenicol (McKay, Salema &
Kidby, [979),

MATERIALS AND METHODS

Strains used

The parent straing were R irifolit WU | (zTA B, a commercial clover
strain used in Australia, and R. japonicum CB 1809, a commercial sovbean
strain. Mutants of these strains were obtained as described by Schwinghamer
& Dudman (1973). When mutants had acquired resistance to 200 ug/ mi of
streptomyein, they were exposed to chloramphenicol and solates were
selected that were tolerant of 50 ug/ mi. The double-marked strains derived
from WU | and CB 1809 are hereafter referred to as WU 1 strichlTand CB
i809 strf chlf, respectively. Infectiveness and effectiveness tests on the
mutants showed them to behave similarly to the parent cultures,

Selective medium

The medium used for the enumeration of the mutants consisted of (ug/mi)
streptomycin sulphate, 200; chloramphenicol, 50, bacitracin, 50; sctidione,
20; pimaricin, 10; and aystatin, 5 in Yeast Mannitol Agar (YMA) medium,
The YMA was of the foliowing composition: mannitol, 2,0 g; glucose, 3.0 g
sucrose, 5.0 g K.HPQO4, 0.5 g NaCl 0.1 g MgSO.L7TH0, 0.2 g
CaS04.2H,0,0.05 g NH CL 0.1 g:and Yeast Extract Powder (Difco), 1.0 g
agar {Difco certified), 20 g per 1000 ml of medium. The pH was adjusted to
6.8-7.0. Bacitracin was used in addition to streptomycin and chloramphenicol
to suppress other soil bacteria, while actidione, pimaricin and nystatin were
used to suppress {ungal growth. The bacitracin and the fungicides did not
suppress the growth of the marked strains when counted on thismediom. The
concentration of actidione could be increased to 100 ug/m! for WU 1 strrchit
and 5004 ug;ml for CB 1809 str7 chif without affecting numbers,

Rhizosphere counts

Subterraneant clover (Trifolium subterraneum L. cv. Dwalganup) and
sovbean { Glycine max(L.) Mernll ev. Clark 63 ) were used as host legumes
For WU 1 str® chi? and CB i80% str' chi®, respectively. A 48-hour ¢ulture of
WU 1 str® ¢hl” and 72-hour culture of CB 1809 str® chl” were used to
inoculate seeds. Celis were suspended in 205 methyl cellulose (Methocel) 1o
adhere the rhizobia onto the seed {Salema er gl, 1981}, Seeds were left to air
dry for | hour before being planted in coffee cups with 300 g Carnamah gray
sand moeistened 1o 606 of its water-holding capacity (Piper, 1944}, A control
with uninoculated seeds was also included in the experiment. Cups with sub-
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clover were stored at 20°C, and those with soybean were stored a1 28°C,
Courits on the seed and emerging radicle were made using the Miles and Misra
drop count technigue {Vincent, 1970). Duplicate samples of 50 sub-clover
seeds or seedlings and 10 soybean seeds or seedlings were vigorously shaken
for 16 minutes in YM broth to wash off the rhizobia. Necessary serial dilutions
were made in 9 mi deionized water. Seed counts for soybean after 48 hours
could not be made because the germinating seeds had shed their seedcoat.

RESULTS

The uninoculated controls gave no growth of rhizobia on the selective
medium, indicating that the medium unged was successful in controling
resident unmarked rhizobia,

Changes in the numbers of WU | sirf chl’ on the seed and rhizosphere are
shown in Figure la. There was overall decrease in numbers in the first 24h,
followed by a relatively more rapid decrease in the ensuing 24, At 24h
germination had just started. From 48h-72h numbers on the seed and radicle
increased steadily. At 48h after sowing, only 19 of the total number of
rhizobiz on the seedling were actually in the rhizosphere; the rest were on the
seed, The rhizobia on the radicle did, however, multiply more rapidly than
those on the seed.
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Changes in the numbers of CB 1809 str™ chl* (see Figure 1b) showed a
similar trend, excepi that numbers started increasing on the seedling soon
after germination. Only 0.04%5 of the rhizobia counted on the seedling after 48
werg on the emerging soybean radicle,

[
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Figure 1h. [
Changes in nienbers of rhizobia i
on  pgerminating  seed. R ; ; :
japonictm CB 1809 strt chlfon 26 0w 80
soybean. Hours after sowing

DISCUSSION

The medium developed for this study required only that the rhizobia be
marked at refatively low levels of antibiotic resistance. In this way, risks of
altering infectiveness or effectiveness (Zelazna-Kowalska, 1971} were
minmmized. Apart {rom that. the medium has the other advantages of a
selective medium-—none of the ingredients or materials wvsed in the
experiment had to be stertlized, and the experiment was conducted in a
nonsterile environment,

Radicle counts showed that only a small percentage of those rhizobia
counted on the seedling were actually on the radicle, although they multiplied
rapidly there. This is because the radicle contacts the inoculant rhizebia on the
seed surface only at the point of emergence from the seed. This is a
disadvantage of seed inoculation. Solid and liquid inoculants introduced
directly into the seedbed (Brockwell, er al, 1980 place the inoculum in &
strategic position to contact the radicle as it grows through the soil containing
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the inocuium. The more rapid multiplication of rhizobia on the radicle than
on the seed is another example of the so called “rhizosphere effect” {Bowen &
Rovira, 1976); the small number of inoculant cells reaching the radicle
emphasize the need to select inoculant strains capable of rapid multiplication
in the riuzosphere.

The fall in numbers following germination of sub-clover seeds imphes the
liberation of seed-coat toxins {Hale & Mathers, 1977) when the radicle breaks
the seed-coat. Sovbean, the seed-coat of which is not known to harbor
diffusable toxins for rhizobia, showed an increase in numbers, especially with
the formation of the radicle which has a stimulatory effect on rhizobia.
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THE PHYSICAL EFFECT OF DRYING AND REHYDRATING
RHIZOBIUM ON INOCULATED SEED

M.P. Salema, C.A. Parker, D.K. Kidby,! and D.L. Chatel?

Sumumary

Electren microscopy of Rifzobium on inoculated seed revealed
that the drying process did not atfect the marphology of cells of R.
pifolii WU | (= VA 1), However, when dried cells were rehydrated,
the eell envelope ruptured, resulting indistoried shapes and celiuiar
matenals oozing out from the cell

‘The practical implications of these findings for the survival of
Rhizobuwm on the seed and ia sotl are discussed.

INFRODUCTION

While it 15 well established that rhizobia die rapidly on the surface of seeds,
little is known about the cause of such death, Since all methods for
determining viability of dried cells involve rehydration it has proved difficult
to demonstrate whether death occurs during drying, rehydration, or both. In
this paper we report on the morphology of iresh, dried and rehvdrated cells as
observed by electron microscopy.

MATERIALS AND METHODS

Celis of Rhizobium irifolii WU | {=TA I} were grown on yeast mannitol
proth (YMB}, pH 6.8-7.0, for 48 h. Fresh cells, cells dried on glass cover slips,
and celis dried on seed and then rehydrated, were then examined under the
electren microscope {Hitachi tvpe HU-118) at 753 KV,

Preparation of cells was as follows:

Fresh cells: Cells were negatively stained on carbon coated grids with 0.49%
uranyl acetate (Haschemeyer & Myer, 1972),

CoDrept ol Suil Sawenee and Plant Suintion, Laiv. of Western Ansizalia, Nediands, WA

Austraia,

O Western Austrahan Dept. of Agriculture, Jarrah Road, South Perth, WA, Augiralia.
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Diried cells: To avoid rehydrating the cells it was necessary to use
shadowing. Cover slips were inoculated with broth cultures of Rhizobium,
then air dried. They were then coated at 30°C with {00 A® of gvaporated
carbon and shadowed at i8°C with platinum in a Siemens vacuum
evaporator, The carbon, platinum coat was floated off the glass in water,
picked up on a carbon coated grid and observed under the ELM,

Drried and rehydraied cells: Seed of mung bean ( Vigna radiata (1.} were
inogulated with Rhizobiem, air dried; then stored at 26°C for 24 h. The
rhizobia were then rehivdrated for 30 min by placing the seed in YMB, and the
seed agiated gently Lo ensure resuspension. The rehydrated cells were
negatively stained as already described. They were also shadowed to rule g
possible effects of the stain on cell morphology.

RESULTS AND DISCUSSION

Fresh negatively stained and air-dnied and stored cells were morphological-
ty similar, and had the normal rod shape with three subpolar flagella visible,
Negative staining of rehydrated cells revealed, in addition 1o normal cells
(see Figure la)
Collapsed cells with cytoplasmic membrane withdrawn from the cell
wall (see Figure b},
Cells with distoried shapes (see Figure Ic), and
Cells with cellular matenals cozing from the cell (see Figure 1d}.

Shadowed rehydrated cells gave similar results, indicating that the
observations with stained cells were not anifacts of staining. The shadowed
pictures did not show withdrawn cytoplasm, as shadowing only provides cell
outiines.

This study has shown that dried Rhizobinm cells look morphologically
stmilar fo umcdried ones, but that on rehydration, major structural changes
occur that must result 1n the death of many cells.

Chatel (1975) observed a fall in the population of K. Zupini on sown,
inoculated lupin seeds after successive wetting and drying of soil. Recently,
Pena-Cabrales & Alexander (1979) reported reduction in population size of
R japonicum in a silt loam with each welting and drying cycle. The resuits
obtained in this study offer an explanatios for the results of these workers and
perhaps for other cases of death in bacteria associated with rehydration,

Can these effects be minimized? Clearly one should aim to reduce the
number of cycles of welting and drying, by planting when there has been
sufficient rain to ensure seed germination, and not at the beginning of the
rainy season when showers can be spasmodic.

Bad effects can also be avoided if freshly inoculated sceds are sown into
moist sait while still wet, in order to avoid the initial dryving and rehydration
cycle. Although this is not feasible in mechanized, large-scale farming where
operations like sowing take up to several days, it should be quite possible in



Figure .

Rehydrated cells of Rhizobium erifolii WU 1 a) Normal looking, b)
collapsed; ¢} distorted cellular materials x 45,000 {negatively stained);
d) ruptured with cozing cellular materials x 45,000 (negatively stained}.
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sriall-scale peasant farming situations, where family labor is available and
sowing can sometimes be done in one day.

The use of liquid inocula for direct application to the seedbed (Brockwell,
Gault & Hely, 1979) is another alternative, which apart from minimizing the
number of wetting and drying cvcles, places the inoculum at a sirategic
position for the emerging radicle to be colonized by the inoculant rhizobia,
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THE INTERNATIONAL BEAN INOCULATION TRIAL (IBIT);
RESULTS FOR THE 1978-1979 TRIAL

P.H. Graham, C. Apolitano, R. Ferrera-Cerrate, J. Halliday, R. Lepiz, 0.
Menendez, R. Rios, S.M.T. Saito, and S. Viteri!

Summary

Response to the inoculation of dry beans ( Phaseolus viulgaris 1.)
in Latin America has been extremely variable. Because of this a
collaborative maulti-location inoculation trial using ten highly
efficient strains of RAfzobium phaseoli was indtiated. This paper
reports Tesults obtained in [978-1979,

Twelve 1BIT trials were sown in seven countries. Significant yield
responses {39-61% increase sbove contro! plants without nitrogen)
were obtained at five sites, with the strains CIAT 632 and 640
generally among the most effective. CIAT 57 (syn. CC311) was
disappointing. Extensive nodulation of uninoculated control
plants occurred at several sites highlighting the problem likely to
occur with native soil rhizobia intraditional bean-growing regions.
At one site in Piracicaba, Brazil, one inoculant strain produced
only 35% of nodules,

INTRODUCTION

Inoculation trials for dry beans { Phaseolus vidgaris 1..) in Latin America
have tended to use only a few strains of Rhizobium phaseoliand to include no
strains of recognized efficiency. Inoculant quality has also been suspect at
times. These and other factors have contributed to highly variable field
inoculation results with this crop, & high proportion of investigators obtaining
no response to inoculation {Pessanha o7 al., 1970, Sistachs, 1970; Fontes,
1972; Nufiez & Yaldes, 1976; Cuautle, 1979}, To overcome these problems a
collaborative multi-locational field trial was developed to evaluate the
response of £, vulgariy to selected and highly efficient strains of R. phaseoli.
This paper reports results from the first year of testing.

tooio CIAT, AA 67413, Cali, Coiombia.,
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FORMAT OF THE 1978-1979 IBIT TRIAL

No attempt was made in this first triai to impose standard conditions.
Guideiines were provided, but the scientist implementing the trial was free to
select the site, determine the need for liming and/ or fertilizer application and
select the variety and the cultural system to be used. Plot size ¢could also be
maodified according to labor availability and expertise,

For each location the experiment contrasted ten selected strains of K.
phasecli with -N and +N comtrols in a randomized block design having four
replications. The inoculant strains were selected from among 60 isolates
provided by collaborators, and all had been retested for nodulation and
nitrogen{N>)fixation at the Centro Internacional de Agricultura Tropical
{CIAT). The strains used, and their histories, are detailed in Table |.
Inoculants were normally provided to collaborating scientists as high-quality
peat cultures, air mailed or hand carried 1o their destination less than six
weeks before the intended planting date,

Again because of labor availability and expertise the data taken at each site
could be varied. Yield data was required, but most collaborators also gave
details of nodulation and some N,(CyH;) fixation data.

TABLE 1 Strains of RAizobium phaseoli used in the 19781979 IBIT trial

CIAT No.  Original No. Source
45 F1i0 [PEACS, km 47, Campo Grande, Brazil
57 cesn CSIRG, Canberra, Australia
258 2272 Isolated from the Danli region, Honduras
632 21 Isolated by R, Aguilera, JCTA, Guatenala
640 2632 Isolated by P. Graham, La Buitrera, Colombia
676 3620 Rothamsted Exp, Station, England
893 M20 Isolated by G, Ocampo, Carmen de Viboral, Colombia
203 TAL182 NifTAL, Maui, Hawail, USA
904 487 UFRGS, Porto Alegre, Brazil

905 127K17 Nitrazin Co., USA, Courtesy of 1.C. Burton

RESULTS FROM THE 1978-1979 1BIT TRIAL

Sites used in the 1978-1979 1BIT series are characterized in Table 2. As is
obvious from this table, sites varied appreciably in pH, soil organic matter,
and available P and in climate. The varieties used and the planting systems
adopted were also highly variable. Thus, while bush bean cultivars were used
in most trials, four trials were planted to climbing beans; in three of these
beans were grown associated with maize,



TABLE 2: Sites used in the 1978-1979 IBIT trial,

Location of trial Soil type Soil Qrganijc P Rainfall Mgst®
pH matter (ppm) (mm} °C)
)

Chapingo, Mexico' sand 6.6 27,0
Chiclayo, Peru clay loam 7.8 4.8 irrigated 226
Cochabamba, Bolivia clay loam 5.7 4 176 18.5
Jalisco, Mexico clay loam 6.0 2.0 2.9 473
La Selva, Colombia sandy logm 5.0 225 2.0
Maui, Hawaii, USA silty clay 57 1.0
Piracicaba, Brazil-Site 1 clay loam 5.8 1.5 1.0 210 18.5
Piracicaba, Brazil-Site 2 clay loam 6.1 2.4 5.0 211 18.6
San Andres, B! Salvador’ clay 6.3 76.0 60 24.5
Santander de Quilichao,

Colombia clay loam 4.9 7.1 1.8 irrigated 22.0

wo experimants op same site,
o
Mean growth season temperature { C)

LTA
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Yield data for the 12 experiments of the 1978-1979 series is included in
Table 3. As might be expected from the diversity of soils and cropping
systems, yields are extremely variable. This notwithstanding, a significant
response to inoculation was obtained in five trials including two with
relatively high soil Rhizobium populations. Yields of the best of the
inoculated treatments at the five sites were 39.9-61.1% greater than those of
-N controb treatments. The vield response to inoculation with the strains
CIAT 632 and CIAT 640 was consistently superior to that of the other strains.
In contrast, CIAT 57 (syn, CC511} fared peorly. This strain has been widely
used in inoculants and was considered a standard, but it gave very poor yields
at the higher-temperature Santander location. In early trials of the 1979-1980
IBIT, this strain has again performed poorly, raising the possibility that it has
undergone some modification of symbiotic praperties.

The yieid data is also of interest for the number of sites with low sail
grganic matter at which the -N controls vielded at least as well as those
receiving N fertilizer. In our experience, this is sometimes due to a higher
incidence of foliar pathopens on the more luxuriant +N plants. Disease-
resistant cultivars or heavy pesticide applications are needed.

As might be expected from the long history of bean cultivation in Latin
America, there were a number of locations at which competition for nodule
sites limited the opportunity {or response to inoculation. Thisis evident in the
nodulation data provided in Tables 4 and 5. Thus, uninoculated plants in the
first Chapingo trial averaged more than 100 nodules/ plant. For this location
R. Ferrera-Cerrato (personal communication} has concluded that less
than 2% of nodules are likely to come from the inoculant strain. High nodule
numbers/ plant were alsoevident at the San Andres, Piracicaba 2, Jalisco, and
Cochabamba sites. For the noncompetitive site at Piracicaba S.M.T.
Saito {personal commumication) has shown that the inoculant strains
produced 50-100% of nodules. In the second trial on a bean soil having
approximately 104 rhizobia/ gram, the percentage of nodules derived from the
inoculant varied from 35%-90%. with CIAT 904 the least competitive strain.
This finding parallels other results at CIAT.

FUTURE OF THE IBIT SERIES

The 1979-1980 IBIT series with new strains of R. phaseoli included has
already been distributed. For the 1981 trial we are proposing to usc again the
better strains from the previous two years of testing, but a number of them will
be distributed as antibiotic-resistant mutants, the competitive abilities of
which ean be followed in soil. Simultaneously, we propose more intensive
collection of additional isolates, with particular attention to those from acid
soils or regions of high temperature. We do not propose to reissue already
tested strains repeatedly, but will only continue the 1BIT trials if additionsi
select isolates can be identified.



TABLE 3:  Yield {g/plant) by location for the {9878-1979 IBIT trial.

Location of trial Yieid Yield Yield range in Best strains % yield increase
- +N ingculated with best straing
treatments
Chapingo, Mexico 1 11.0 9.5 7.7-11.1 640 g ns.
Chapingo, Mexico 2 8.7 54 5¢4- 1.2 632 7.4 ns.
Chiclavo, Perd 48.5 38.8 30.1 -51.6 255 6.3 ns.
Cochabamba, Bolivia 8.6 7.6 &8 - 9.1 893, 504 535 ns.
Jalisco, Mexico 15.7 149 12.9-16.8 632, 640 7.3 ns.
La Selva, Colombia 11.5 19.3 132-17.9 632, 640 563 ¥
Maui, Hawaii, USA 7.2 6.3 7.3-11.6 57, 893 61,1 #
Piracicaba, Brazil | 30.2 374 27.2-44.8 632, 640, 503 48.3 *
Piracicaba, Brazil 2 1.3 3.6 1.0- 1.9 203 46.1 *
San Andres, El Salvador 8.6 7.9 68~ 9.1 57 5.5 n.s
San Andres, Bl Saivador 51 5.3 48- 7.7 632, 640, 905 39.9 *
Santander, Colombia 5.3 5.3 4.8- 6.1 632, 640 155 ns,

Lze
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TABLE 4: Nodule number per plant for locations in the 1978-1979 IBIT trial.

Location of trial -N +N Range among
inoculated
treatments

Chapingo, Mexico | 102.5 1627 68.0 -223.7

Chapingo, Mexico 2 147.2 154.7 64,5 -173.1

Chiclaye, Peru 154 7.1 122~ 324

Cochabamba, Bolivia 26.7 262 31.0-205.2

Iglisco, Mexico 459 324 36.1 - 60.9

La Sclva, Colombia data not taken

Maui, Hawail, USA 0.1 V] a.l- 262

Piracicaba, Brazil | 13.9 36 24.6 - 50.7

Piracicaba, Brazil 2 §0.2 422 50.5- B8.1

San Andres, El Salvador 1 34.1 8 288 - 543

8an Andres, Bl Salvador 2 228 0 33.3- 403

Santander, Colombia

data not {aken

TABLE 5. Nodule fresh weight for locations in the 1978-1979 IBIT trial,

Location of trial N +N Range among
inoculated
treatments

Chapingo, Mexico 1 42.5 69.5 27.5-143.0

Chapingo, Mexico 2 131.6 95.5 70-176.5

Chiclayo, Peru 72.0 12.0 33.0-171.0

Cochabamba, Bolivia 7.5 11.0 154- 79.5

Ialisco, Mexico 190.0 £2.0 80.0 - 2470

ia Selva, Colombia datz not taken

Msui, Hawsii, USA 0 4] 0 - 186

Piracicaba, Brazil 1 118 24 206- 734

PFiracicabs, Brazil 2 104.8 10.6 93.4.183.8

San Andres, El Salvador 155 7.4 11.0- 30.0

San Andres, Fl Salvador 15.0 0 14.0 - 260

Santander, Colombia 384 2.6 14.8- 344
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MULTI-LOCATIONAL FIELD RESPONSES OF PHASEOLUS
VULGARIS TO INOCULATION IN EASTERN AFRICA

8.0. Keya, V.R. Balasundaram, H. Ssali, and C. Mugane!

Summary

Field experiments undertaken in Kenya, Tanzania, and Uganda
examined the response of Phaseolus vulgaris to inoculation. In
Kenya a survey of 68 bean producing regions showed that most
soils contained RhAizobium phaseoli and that bean plants couid
symbiose effectively with the native rhizobia. Despite this, yieid
responses to inoculation ranging from 7-47% were oblained in {ield
trials. Amaong inoculation treatments best results were usually
obtained using the commercial, imported inoculant culture.

INTRODUCTION

Phaseolus vuigaris L. 15 a major grain legume in Eastern Africa where
production is mainly by small farmers. The yields of beans are relatively low
with the national average in Kenya only 500 kg/ ha. Beans are traditionally
grown inrotations or mixtures with cereal crops, and little or no inoculation 1s
practiced.

Efforts to increase vields through inoculation in East Africa have not been
particularly successful (Macartney & Watson, 1966; Stephens, 1967, de
Souza, 1969 Mughogho, 1979). Nevertheless, some responses to inoculation
have been obtained in areas where beans have not been grown before
(Macartney & Watson, 1966, de Souza, 1969). More recently Keva (1976} in
Kenya and A. Hakizimana {personal communication) in Rwanda have shown
that vield increases of up to 209% can be obtained through inoculation.

Beans, however, do respond to the application of nitrogen (N} fertilizers. In
FAQ-organized trials on farmers” fields in Kenya, responses to N fertilizer
were recorded even for landrace cultivars. The current recommendation in
Kenya is to apply 20 kg N/ha.

' LUmiversity of Nairobl, Nairobi, Kenya.
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This paper reports field responses of P. viddgaris to inoculation and N
fertilization in different countries of the region.

MATERIALS AND METHODS

A survey of bean inoculation in some of the major bean growing areas of
Kenya was undertaken in 1979, Soil collected aseptically from the fields of
small landholders was inoculated onto bean plants (¢v. Candian Wonder)
grown in sterile vermiculite and watered with nutrient solution. After six
weeks, plants were harvested and their dry weight determined.

Field experiments to determine the response of beans to inoculation were
established in Uganda, Tanzania, and Kenva during 1979 and i980.
Recommended treatments were: not inoculated, no N; not inoculated + 20 kg
N/ha; not inoculated + B0 kg N/ ha; inoculated with a commercial inoculant
from the Nitragin Company, Milwaukee, W1, USA; and inoculated with a
local sirain of R phaseoli. A randomized block design with five replicates was
used in most trials, but at Morogoro, Tanzania, a split plot design was used.
The size of each piot was 3 by 4 m and the plants were spaced 40 by 15 cm.
Each plot had well-raised boundaries in order to cut down possible ¢ross
contamination. Application of fertilizers and other agronomic practices
followed local recommendations. Plants were sampled for nodulation, dry
weight and N content at the trifoliate leaf stage and at flowering, and seed
vield (14-169; moisture) was determined at maturity.

RESULTS AND DISCUSSION

Of the 68 sites examined in Kenya only six appeared devoid of soil
populations of R. phaseoli. The majority of these were from the Central
Province. When soil dilutions from the survey areas were inoculated onto
potied plants in the glasshouse, gains in dry matter production of from 53~
625% were obtained. For sotl from }8 of 23 sites tested in onetrial, the increase
i dry matter production was greater than that of control plants receiving the
eguivalent of 90 kg N/ha.

Soil characteristics for the four sites used in the field inoculation trial are
shown in Table 1. All sites were rather low in phosphorus, while the Kenyan
sites were higher in N than the other locations.

The response to imoculation and N fertilization is shown in Table 2.
Appreciable responses to moculation were obtained only in the 1979 trial at
Embu (vield increase of 169% following incculatiofiand in the 1980 trial at
Kabete (vield increase of 17% following inoculation with the Nitragin
commerciz} inoculant). At the Embu site there was a marked response to N
fertilization, with vield increased from 2555 to 3482 kg/ha by the application
of 8¢ kg N/ha. A smaller response was abtained in the 1980 planting at



FABLE 2: Effect of inoculation and N fertilization on the yield (kgfha) of beans in East Africa.

Treatments Locationy Mean increase
over control € % )
Embu Kabete Morogoro Makerere
1979 1979 1980 1980 1980
var. 1} Var. 1 Var, | Var, 1 Var, 2¢ var, 3° Var, 4*
Uninoculated 2555 3379 2082 494 258 1035 1607 -
Uninoculated +
20 kg Nfha 3109 3518 2425 49 262 964 1465 87
Uninoculated +
20 kg Nfha 3482 3410 2292 546 394 106§ 16G7 16.6
Nitragin
inoculant e - 2427 531 380 1024 1324 10.4
Locally prepared
fnoculant 2951 a4l 2220 536G 340 967 1589 3.4

1’Canadia.n Wonder' 2*Sehian Wonder’ 3]{20 * Banja 7°

1334




2134

TABLE 1: Some soil characteristics of the trial sites in East Africa.

Location Organic N CEC' Available pH  Sand  Silt  Clay

Matter (%) P (0 (23 (%) (%)
(%) (ppm} 111}

Embu 3.7 0,28 20.3 g §.3 S 12 13
Kenyva
Kabete 5.3 .31 228 12 6.1 3 16 81
Kenya
Morogoro 1.9 011 191 38 3.3 52 7 41
Tanzania
Makerere 4.9 0.14 11.6 4.5 63 1 is
Uganda
1’eieq,f 100 g soil,

Kabete, but no N response was apparent in the Morogoro and Makerere
experiments. Two NifTAL and fourlocalisolates were included in the Kabete
trial. None gave responses significantly different from those of the
uninoculated control plots. Additional studies with other effective and highly
competitive strains of K. phaseoli are obviously needed,
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ALTERNATE INOCULATION METHODOLOGIES FOR BEAN
FARMERS IN TROPICAL COUNTRIES

J.B, Sartain,! D.H. Hubbell’ and Q. Menendez?

Surtmary

inoculation studigs with dry beans ( Phaseofus vidgaris L.} in El
Salvador in 1979 compared the response of selected, locally
important cuitivars to noculation with two different strain
mixtures applied to the soil, either as granular formulations or as
pefiets,

Large gifferences in yvield between cultivars were obtained and
were associated with both site and season, "Porrille 70 produced
the highest yvield during both seasons. Inoculant form, granular or
pellet, had littie mfluence on any of the messured parameters.
Inocutant source (strain composition} had a variable influence on
yicld. nodule number and nodule weight, which was dependent
upen the season and Jocation. Al Ahuachapan the CIAT strains
produced a higher yield than those from Nitragin, but at Turinand
Quezaltepeque the reverse was true. Nodule number and nodule
weight were not strongly correlated with bean yield.

INTRODUCTION

In many tropical countries beans { Phgseofus vuldgaris 1) are grown on
small farms, generally less than ten ha in size. These farms operate at, or near
the subsisience level, and the absence of capital generally precludes the use of
improved technologies (fertilizer, pesticides, etc.). While many factors
contribute to the generally low yiclds of this dietary staple, legume
wnoculation might serve as an ¢conomical means of increasing vields, The
technology by which effective nitrogen {N,) fixing strains of Rhizobiurm are
established in the nodules of agronomically important legumes is well
documented. However, research on the value of this technology for beans

t Dept of Soil Science, Univ, of Florida, Gainesville, FL, 32611, USA.
2 CENTA, San Salvador. Ef Salvador.
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grown on small farms in the tropics is badly needed. This study was initiated in
El Salvador with the fellowing objectives:
To determine the value of exotie versus indigenous (native) strains of
Rhizobitan phaseoli for use as bean inoculants, and
To compare methods of inoculation for bean produoction.

MATERIALS AND METHODS

Beans { Phasecolus vulgaris) were planted at four locations in El Salvador
{Ahuachapan, Armema, Quezaltepeque, and Turin) during 1979. A split plot
design consisting of five replications was employed at all planting locations,
Four bean cultivars (Rojo de Seda, Nahuizalco Rojo, S-184N, and Porrillo
10y were planted in carly June and harvested in September of 1979 on the
experiment station in the State of Ahuachapan. The same four cultivars were
planted in farmers” fields in September and harvested in December of 1979 in
Turin and Quezaltepeque, except for the omission of ‘Pornille 70° in
Quezaltepeque because of the lack of seed. A farmer’s field near Armenia was
also planted 1o the same cultivars but was not harvested due to insect danmage.

Two different strain combinations of R. phaseoli were used as inoculant
treatments; Nitragin “D" (127K59 and 127K81) supplied by the Nitragin
Company, Milwaukee, W1, and strains CIAT 57 (syn. CC511) and 75,
supplied by the Centro Internacional de Agricultura Tropical (CIAT), Cali,
Colombia. Fhe strain combinations were used both as granular and pellet
preparations. A “pinch” of granular inoculant or three pellets of inoculant
were placed in the seed hole at planting. Al plots received 39 kg P,O«/ha as
ordinary superphosphate. The N-treated plots recieved 39 kg N/ha as
ammeonmium suifate. The applied nutrients repressnt the recommended
fertilization for beans in El Salvador, Three rows, 75 cm wide, of each cultivar
were stripped across subplet treatments, Rows of each plot were 6 mm length
at Ahuachapan and Armenia and 5 and 4 m, respectively, at Turin and
Quezaltepeque.

Nodule number and weight for five plants at 25 days after planting and vield
at harvest per one row plot were collected and analyzed statistically using the
Duncan’s New Muitiple Range Test (DNMRT) at the 5% level of probability
for mean separation.

RESULTS AND DISCUSSION

At Ahuachapan the two black bean cultivars (S-184N and Porrillo 70) gave
good vields and responded to imposed treatmenis, while the two red seed
cultivars { Rojo de Seda and Nahuizalco Rojo) gave poor yields and shawed
no response even to the application of fertilizer N (see Table 13 A highly
significant cultivar x treatment interaction was observed but the inoculant
form (granular or pellet) did not influence vield significantly.
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TABLE !: Effect of treatment on the yield of different bean cultivars grown
during the period June throwgh September on the Experiment
Station in the State of Ahuachapan.

Cultivar Treatment Yield (kg/ha}
Rojo de Seda CIAT inocnlant 643 a’
Nitragin inocculant 620 2
Control 637 a
Fertilized 728 a
Nahuizalco Rojo CIAT inoculant 578 a
Nitragin inoculant 661 a
Control 5376 a
Fertitized 689 3
S5-184N CIAT inoculant 1560 b
Nitragin inoculant 1532 b
Contrel {538 b
Fartilized 1719 a
Porrillo 70 CIAT inoculant 1805 a
Mitragin inocilant 1408 ¢
Control 1592 b
Fartilized 1938 a

*Any tweo means within a cultivar foliowed by the same leiter do not differ at the 5§ % lovel
of probability 4s judged by DNMRT.

‘Porntle T produced the highest vicld and greatest response to treatimnents,
Plots of “Porrillo 76" tecerving the CIAT inoculant produced as high a yield as
the fertilized plots. Nitragin inoculant and control plots produced significant-
ly less yvield. Fertilized plots of 5-184N produced significantly greater yield
than either of the inoculated or control plots.

A highly significant, riple order interaction between variance sources
intleenced the yield of beans at the Turin focation (see Tahble 2). Contrary to
the tune planting at the Ahuachapan site, ‘Nahuizalco Rojo’ produced a
greater vield than S-184N. '‘Porrille 70 consistently produced a greater vield
than the other cultivars. For both the ‘Reio de Seda’ and *Nahuizaleo Rojo’
cultivars inoculation with the Nitragin “D” inoculant produced justasgood a
bean vield as fertilizing with 3% kg N:ha, while CIAT inoculant on
‘Nahuizaleo Rojo’ reduced yvields below contro! levels. The low yields of
the 5-184N cultivar were positively influenced only by fertilization and not by
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TABLE 1:

Effect of form of inoculant, cultivar and treatment on the yields

of beans grown during the period September through December on

a4 small

farm near Turin.

Inoculant form Cultivar Treatment Yieid (kg/ha}
Granujar Rojo de Seda CIAT inoculant 597 be'
Nitragin inoculant 697 ab
Pellet Reoic de Seda CIAT inoculant 563¢
Nitragin inoculant 742 a
- Rojo d& Beda Control 615 be
Fertilized 656 abe
Gramular Nahuizalco Rojo CIAT incculant 706 b
Nitragin inoculant 1007 a
Pellet Nahuizalco Rojo CIAT inoculant 750 b
Nitragin inoculant 1047 a
e Nahuizaleo Rojo Conirol Y8l a
Fertilized 92k a
Granulay S-184N CIAT inoculant 358 b
Nitragin incculant 487 b
Pellet 85-184N CIAT inoculant 451 b
Nitragin inoculgnt 504 b
- S-184N Control 481 b
Fertilized 685a
Granular Porrillo 70 CIAT inoculant 908 b
Mitragin inoculant 964 ab
Pellet Porrillo 70 CIAT inoculant 509 b
Nitragin inoculant 936 b
- Porrillo 70 Control 8730
Fertilized 1066 a

Tany two means within a cultivar followed by the same letter do not differ at the 3 T level
of probability as judged by DNMRT.
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meculation. The granular form of the Niteagin inoculant produced as high a
vield as applied N on *Porrillo 7t¥, whereas the observed response to the
pelleted form was not different from the control,

TABLE 3:  Effect of cultivar treatment on the vield of bzans grown during the
period of Seplember through December on a small farm near Que-

zaltepeque,
Cultivar Yield (kg/ha} Treatment Yield (kg/ha)
Rojo de Seda 5224’ CIAT 529 b
S-184N 513a Nitragin 671 a
Nahuizalco Rojo 496 a Control 366 ¢

Fertilized 313¢

1Aziy two means within 2 coultivar or treatment foliowed by the same letter do not differ at
the § % level of probability as judged by DNMRT.

TABLE 4. Effect of location and treatment on the nodule number and weight
of five plants at 25 days after planting, for beans grown in the
Ahnachapan, Quezaltepeqgue, end Turin trials.

Bite Treatment Nodule Nodule
number weaight (g)
Ahuachanan CIAT strains 168 0.70
Nitragin strains 166 .51
+ N contral 70 0.32
N control &7 0.32
Quezaltepegue CIAT strains 18} 0.68
Nitragin straing 1o .83
+ N control 113 0.35
«N ¢ontrot 04 0.48
Turin CIAT strains 132 0.65
Nitragin strains 119 0.64
+ N control 84 0.38

-N control 113 0.52
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Bean yields were uniformly low, and unaffected by cultivar, ai the
Quezaitepeque site. Feruilization did not enhance vield though a significant
response to inoculation was achieved with both the Nitragin and CIAT
inocudants {(see Table 3}.

In these experiments fixation parameters varied markedly between sites,
and in their relation to yield, Thus at Ahuachapan nodule weight was not
altected by cultivar or treatment, while nodule number was negatively
correlated with yield {r=-0.41); at Turin, nodule number was unaffected by
treatment and nodule weight was negatively correlated with yield (r=-0.20;
and at Quezaltepeque, positive correlations between nodule number (r=0.28)
and nodule weight (r=0.40) and yield were observed. This, together with the
variable response to the two sources of inoculant used, and extensive
nodulation of the uminoculated controls at each location {see Table 4)
highlights the need for additional experimentation on the use of inoculant
technologies under small-tarmer production systems.
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RESPONSE OF GROUNDNUT (ARACHIS HYPOGAEA) TO
INOCULATION

P.T.C. Nambiar, P.J. Dart, B. Srinivasa Rao and H.N. Ravishankar!

Surimary

Though groundnuw 1s nodulated by a number of rhizobia
belonging to the cowpea ruscellany. the nodulation and nitrogen
{N3) fixation achieved under farmers’ conditions is often
inadequate. Studies at LCRISA'T have attempied 10 overcome this
by examining a large number of inocuiant strains and various
methods of inoculation.

Large vanabidity between groundnut rhizobia in ability to fix Ny
exists, but poor correlations between nodule mass and plant dry
weight gams cagn ocour. Inoculum size 1s important with nodule
numhber and distribution and N; fixation enhanced by heavier
noculation rates. Ligquid Inoculants have provided greater
mergases i yield than either granular or seed slurry tnoculation,
the latter method reduging germinaton and stand establishment,
Several tiekd tnals at WORISAL, hoth in the rainy and irvigated,
post-rainy seasons, have given significant responses (o inoculation,
even though the soil already contains 104 rhizobia; g. The cultivar
Robut 33-1 with strain NC 92 has given most consistent results.

INTRODUCTION

Though groundnut (Arachis hypogaea L.} is nodulated by rhizobia of the
cowpea miscellany (Fred, Baldwin & McCoy, 1932}, and can, under optimum
conditions, tix most of the nitregen (N2 ) needed by the plant (Pettit ef o/,
1975, Burton, 1976}, nodulation in farmers' fields in southern India is
generally poor. In one survey, 52 of 95 fields examined showed inadequate
nodulation, with rates of N, {C.H,) fixation less than one-tenth that which
can be obtamed under reasonable field conditions, Poor nodulation and N,

HCRISAL, Palancheruy P ), Andra Pradesh 302 3124, india.
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fixation are undoubtedly one reason for low groundnut yields in India,
currently averaging about 800 kg/ ha.

ICRISAT maintains a collection of Rhizobium for groundnut and has
experimented extensively with strain evaluation and inoculation method,
This paper reports some of these studies.

MATERIALS AND METHODS

Pot trials using the methods detailed by Nambiar & Dart (1980) were
undertaken (o determine the nodulation and dry matier production achieved
following inoculation with 14 selected strains for groundnut. N-free plants
and plants supplied nitrate were used as controls in this study.

Similar methods were used to evaluate the number of rhizobia required to
achieve profuse nodulation and active N fixation in the groundnut cultivars
TMV-Z {bunch), Kadiri 71-] {runner)and Robut 33-1 (semispreading). Strain
NC 92 was applied as a broth culture inoculant to the base of eight-day-oid
piants at inoculation rates ranging from 2.2 x 102 to 3.2 x 10% cells/ seedling.
Plants were supplied sterile, N-free nutrient medium during growth and were
harvested 57 days after planting, when nodule number, total N/ plant and
shoot dry weight were determined. Plants supplied nitrate were again used as
controls.

inocutation trials with groundnut have been undertakenat [CRISAT singe
1977. These have included a range of cultivars (TMV 2, Kadiri 71-1, Robut 33-
I, Argentine, AH 8189, and MH2) and straing (3a/ 70, IC8006, ICG 60, NC92,
NC 43.3 and NC 7.2} and have used both granular and liguid inoculation,
Fertilization in these trials has been at recommended local levels,

Finally, inocuiation method has been studied using granolar and liguid
soil-applied inoculation in comparison with conventional slurry inoculation.
All szeds in this trial were treated with thiram before planting.

RESULTS AND DISCUSSION

Response of groundnut to inoculation with selected strains of Rhizobiumis
shown in Figures {a and 1b. Strains varied markedly in noduie development,
and in ability to promote plant growth. While a good correlation between
nodule development and plant growth was observed under the -N conditions
of the experiment, the strains 1C6083, IHP 100 and IHP 2 developed
appreciable nodule mass without obvious benefit to the plant.

Tables | and 2 show the response of groundnut cuitivars to inoculant level,
From these results it is apparent that groundnut reguires 4 heavy incculation
rate (107 rhizobia/ seced) for adequate nodulation and N; fixation. Nodulation
and fixation were reduced when only 104 rhizobia/ seed were applied, while no
primary root nodules and only a few secondary root nodules developed when
only 10 rinzobia; plant were applied. The changing pattern of nodulation as
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Figure 11 Showot prodaction and nedule formation by groundnut inoculated with
different Rhizobiwm strains. Three plants per 20 em x 20 ¢m pot.

the inoculation rate was reduced resembled the response to delayed
inoculation reported by Dart & Pate (1959). Similar responses to inoculation
rate are reported by Weaver & Frederick (1972) in sovbean.

Table 3 summarizes the results of field inoculation trials conducted at
JCRISAT from [977-1980. Although response to inoculation was notalways
obtained, “Robut 33-1°, which is in the final stages of national release in India,
gave substantial increase in pod yield in four of the eight experiments. Tables
4 and 5 show the excellent response of ‘Robut 33-1" to incculation with strain
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TARLE 1: Influence of Rhizebium incculum level on nodulation and N,
fixation by groundnut ¢v, Kadiri 71-1.

Level of Riizobium Shoot dry wi Nadule dry wt Total N
applied as broth (g/plani) (g/plant) (mg/plant)
{no./seed}
3.2 x 10° 3.38 0.13 73.2
5.5 x 107 2.38 0.12 50.3
48 x 1¢* 1.08 0.03 18.6
6.1 x 107 4,97 0,072 14.3
Nitrate control 4.34 0 89.8
SEM + 0.3% 0.011 2.1
L8D(5%) 1.13 6.031 21.7

TABLE 2: Effect of Rhizobium inoculum popuiation on nodule dry weight
production aad 1‘32 fixation by 3;.11.-0l,zxndnuz‘1

Rhizobium Nodule weight N2 fixation
ineculom {mg/plant} {mg Njplant)
{cellyfsend)

Robut 33-1 TMV-2 Robut 33-1 TMV.2
2.7 x 10° 18 18 25 17
2.7 x 10¢ 36 79 23 3!
2.7 x 10° 125 101 43 39
2.7 x 108 119 120 . 48
LSD? (5 %) 90 4.1

tI-Im:\f&sms:i at 61 days after plenting,
For comparison within a particular cultivas.

NC92. One significant feature of those responses to inoculation is that they
were obtained in fields containing more than 104 cowpea group rhizebia per
gram of soil and uninocuiated plants were weil nodulated and yield levels were
high.

Inoculation with 4 liguid culture applied to the soil below the seed proved
superior to either granular or conventional slurry inoculation. Not only did
the liguid inoculant cause fewer problems in the germination of seedlings (see
Table 6}. its use resulted in significantly enhanced grain yield (see Table 7).
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TABLE 3 Summary of inoculation trials conducted at ICRISAT.
Yearfseason  Soil type Cuitivars Strain Pod vield response
Rainy season  HF,' Alfisol  TMV-2 5a/70 Nit
{977 Kadiri 71-}
Rainy season LF, Alfisol Kadiri 71-1 5270 T™MV-2,25%,
1977 Robut 3341, Robut 33-1,
T™Y-2 2%
Rainy season HF, Vertisol Kadiri 71-1  5a/70 Nil
1977 T™MY-2 IC 6006
Rainy season  HF, Alfisol Robut 33-}  3a/70 Nil
1978 Argentine 1ICG60
AH-3189 IC 6006
Mixture
Rainy season  LF, Alfisol MH-2 3a/70 Robut 33-1,
1978 Argentine ICG-50 26 % (N8)
Robut 33-1 65 Mixturs
Post-rainy HF, Allisol MH-2 NC 92 Robut 33-1,
season 1979 Robut 33-1  JC 6009 28.5%
AHE189 Mixture
Rainy season HF, Alfisol Kadiri 71-1  $5a/70 Robut 33.1,
1979 Robut 33-1  1C 6006 25.7%
AH-B18Y9 N( 43.3
NC 7.2
NC 82
Post-rainy HF, Alfisol Robut 33-1 N 92 Nil
season 1980

WE = High Ferility

LF = Low Fertility,




246

TABLE 4: Response of groundnut vield {kg/ha) to Rhizobium inoculstion in
the 1978-79 post-rainy season, ICRISAT,

Cultivass nocuium strain
Uninoculated 60091 NC 922 Mixtyre
(IC 6009 +
NC 92)
MHE-2 2220 1890 1940 2030
Robut 33-1 3510 3330 4520° 2810*
A-8189 2830 2860 2680 2810

*nocutum appling as ganule,
inoculum applied as liquid,

3 gignificant at the 1% level
Significant at the 5 % level.

Coefficient of vasiation, 15 % ; L8D, 291 kg/ha

TABLE 5: Effect of Rhizobium inoculation on groundnut vield {kg pods/ha)
in the 1979 rainy season, ICRISAT.

REuizabium Cultivar
strain
Kadiri 71-1 Robut 33-1 Ah 8189
5a/70 360 800 420
IC 6006 480 790 290
NC 43.3 460 960 480
NC 7.2 450 950 420
NC 92 S70 1160" 480
Conirel 500 870 479
SEM + 24 cv= 20%

‘Significant 2t § % fevel
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TABLE 6: Effect of method
groundnut.
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of inoculation on percentage germination of

Method of inoculation

Control, uninoculated
Seed sturry inocuiated
Liguid inocuignt in furrow
Gramuiar inoculant

LSD(G5%)
Coeficient of variation 9

Germingtion

ICRISAT Center Bolipur {outside
ICRISAT station)

83 77

46 71

98 79

73 57

g.6 9.1
8 13

TABLE 7: Effect of different methods of inoculation on groundnut yield
{kg/ha), 1980 rainy season, ICRISAT.

Rhizobium strain

Method of inoculation

Granuiar Liguid Secd
a0 1290 1770 240
NC 92 1020 1640 1020
6006 1000 i630 930
Mixtuse 1850 1520 1000

(3a]70 +NC 92 +6008)

SEM + 134
Uninoculated control 1345 + 7174
Coefficient of variation

15%

CONCLUSION

The data presented above indicate that it is possible to obtain increase in
pod yield of groundnut by inoculating with Rhizebium even in fields where a
suhstantial native population already exists. It may be possible to achicve
inoculation responses in many farmers’ ficlds where nodulation is found to be
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poor, provided other major constraints which limit yieids are overcome.
Methods of appiving inoculum in liguid or granular form below the seed need
te be developed for the small farmer.
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INOCULATION TRIALS ON GROUNDNUTS (ARACHIS
HYPOGAEA) IN SUDAN

M. A, Hadrd,! T.E. Loynachan ! and M.M, Musa?

Summary

Ficld plots estahlished on heavy cracking clays near Wad
Medani. Sudan, examined the etfect of inoculatton method. rate,
and depth of placement of inoculant on the nodulation and yield of
two adapied groundaut cultivars. Ashford and Barherton,

Mast probable number (MPN) counts with siratro as host
mdheated approximately 2 x [ cowpea-group thizoma/ g of soilat
Wad Medani. @hese were highly infective on groundnut, but did
nol supply the crop with all the nitrogen {N) it required, Thus,
addition of 40 kg N: ha increased the vield of *Barberton’ by 38%,
while 126 kg N ha increased vields of ‘Harberion® by 5200 and of
‘Ashiord " by 23%. The added inoculant bad ittle effect on any trais
associated with N fixation. This might suggest the need for ino-
culant strains compelitive with the naturaliy occurring rhizobia
that are infective for groundnaut.

A survey of 0 sites throughout Sudan indicated oanly one
lovation ~ inthe sandy sols of western Sudan ~ with fess than ¢
cowpea-type thizobia: g of soil,

INTRODUCTION

Groundnuts (Arachis Aypogaea L.} are both a source of protein for the
local inhabitants and a major cash crop for the Sudan. Currently more than
385,000 ha are planted, but the area sown is increasing, and the crop could
occupy severa! million ha in the near future if current rates of expansion are
maintained.

Research in the Sudan on groundnut as a nitrogen {N>) fixing legume has
been limited {Musa, 1972; Muktar & Yonsif, 1979}, Inoculation of groundnut
with effective compatible rhizobia may result in vield increases, especiatly 1f
P Agronomy Depl., Jowy State University, Ames, [owa, USA.

PoAgrwultural Research Corporalion. Wad Meadani, Sudan,
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the indigenous strains are not effective (Ham, 1980). Deeper placement of the
inoculant may be necessary to protect the riizobia from surface temperatures
as high as 60°C (Musa, 1972},

As Sudanese soils are known to be deficient in N (Said, 1973) a series of
experiments was undertaken to test the response of groundnuts to inoculation
and N fertilization at Wad Medani, and Lo survey outlying areas of Sudan o
determine the incidence, and efficiency in symbiotic N3 fixation, of native
cowpea-type rhizobia in soil.

MATERIALS AND METHODS
Field study at Wad Medani

Initial experiments were undertaken at the Research Center, Agricultural
Research Corporation, Wad Medani, Sudan. The sotls were heavy cracking
ciavs classified as Vertisols. containing free CaCO yand witha pH closeto 8.5.
The «ite was previously sown to cotton.

Two cultivars, Ashford., which s late matunng, semispreading, and
glterpately branched, and Barberton, an early maturing, seguentially
branched cultivar. were used n a randomized complete block design having
eight treatments {see Table 1), The inoculant used contained four groundnut
Rhizobiton strains (176A22 and 25B7 from the Nitragin Company,
Milwaukee, WI; 3G4b4, from the USDA collection at Beltsville, MD; and
TAL 309, obtained from North American Plant Breeders, Princeton, [L).
The strains were selected on the basts of greenhouse results at lowa State
University (1SU) with the two Sudanese cultivars, Two rates of incculum (1 (9
and 10f thizobia- two seeds) were applied to plots fertilized with P, K, 8, and
ali the micronutrients.except Mo, while the 0¥ treatment was applied both
with the seed and 8 cm betow the seed. The two rates of N (40 and 120 kg
N/ha} were applied as ammonium suifate,

Five plots each 3 x 9.6 m with five ridges 60 cm apart, were sown for each
treatment, and irrigated within 24 h after application of the moculant. Two
samplings were made to monitor growth during the season; the first at the
flowering stage (six weeks after sowing) and the second during pod filling (10
weeks after sowing), Both samples were taken from 50 cm of the outer two
rows, Nodule number, nodule dry weight, shoot dry weight, and N content
were determined. Harvest of the plots for vield was at 90 days after sowing of
‘Barberton’ and 120 davs after sowing for *Ashford’.

Most probable number (MPN) counts for the Wad Medani location used
siratro { Macroptitivm airopurpureum} as the test plant, and the method
detailed by Vincent (1970).
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TABLE 1:  Summary of treztments imposed in the field study.

Treatment Rhuizobiun NPK $ and micronutrients’
1 — - —
2 _ 1 . - -
k! — 1 1
4 10%/2 seeds ~ 11 i
5 10%/2 seeds — 11 1
6 103j2 seads — - -
7 10%/2 seeds -1 1 -
&2 198,(?, seeds? —— — -

Yertilizer rates are as foliows:
}é%: 46 kg N per ha as {NH‘1 )2:'%0‘1 H N3 ¢ 120 kg N per ha as {NH&‘ },%,304
P, 40 kg P, O per ha as triple superphosphate
K¢ 40 kg KE{) per ha as mutriate of potash

§ and micronutricnis

8§ 45 kg 8 per ha as eleraental §
B 0.5 kg B per ha as borax
Fe: 0.5 kg Fe per ha as chelate (6 § Fe}
Cu: 2 kg Cuperhaas Cﬁ&(}é,iHQO
Mn: I3 kg Mn perha as MﬁSO‘{‘HHO
Zn; 0.6 kg Z7 per ha ag chelate

2[)&(:;} placement,

Survey of cutlying regions

To gain a better understanding of groundnut rhizobia throughout Sudan,
samples were collected from the surface 15 em of soil from outlying regions of
the Sudan and taken to Wad Medani for a MPN determination using siratro
as the test plant. The lustory of the tield at each site was obtained, Also at Wad
Medani and at several of the outlying areas, gquantities of the inoculum
previously used in the Wad Medani study were supplied to cooperators who
established observation triais with & varying number of eultivars with and
without inoculation. The imoculated cultivars were grouped together to
mimize contamimation while the same cultivars, without inoculation, were
grown in an adjacent area. Fifty cm  of the planted rows were dug for
evaluation of nodulation and 1o determine an average shoot dry weight of the
inoculated and control plants. This study was designed mainly to gain survey
information and the treatments were not replicated.
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RESULTS AND DISCUSSION
Field study at Wad Medani

Native rhizobia and the need for inoculation

MPN counts with siratro showed that the Wad Medani site contained
approximately 2 x 104 rhizobia/g in the top 15 cm at planting. Many of these
rhizobia were apparently infective with both groundnui varieties tested, as
there was heavy nodulation of all control plots {see Table 2). Despite this,
plants in the control plots of both cultivars were decidedly chlorotic during
the early filowering stage when compared with N-fertilized treatments. This
indicated both the inetficiency of the native rhizobia in supplying the plants
with sufficient N, and the nced for N fertilization or inoculation with effactive
and competitive sirains of Rhizobium. Pod yvields at harvest were 4638, 5628,
and 5725 kg/ha respectively for the control, 40, and 120 kg/ha treatments
with "Ashford’; and 2335, 3229, and 3559 kg/ha, respectively, for the same
treatments with ‘Barberton’. By evaluating orthogonal comparisons (treat-
ment | vs. treatment 2, etc.), 40 kg N/ ha with ‘Barberton’ produced greater
vighd than the control, and at 120 kg N/ ha (treatment 3 vs, treatment 4}, yields
of both *Ashford’ and ‘Barberton’ were statistically increased over the control.

Response to inoculation

Little benefit from inoculation was observed in this study (see Table 2}, and
yields foliowing inoculation were not significantly different from control
plots. Since identification of nodule rhizobia was not attempted in this study,
the ability of the introduced rhizobia to compete for nodule sites under the
high-temperature conditions of this trial cannot be evaluated. Further studies
with marked or identifiable strains are required.

Survey of outlying regions

MPN counts with siratro as host showed that cowpea-group rhizobia
abounded in most of the soils tested, rrespective of the time since peanuts
were last planted (see Table 3). The one exception was a sandy soil from El
Obeid which contamed oaly 3 x 102 rhizobia/ g of soil. High numbers were
even found in virgin soils not previously planted to groundnut. Apparently
the native leguminous plants in the Sudan can serve as an inoculant source.

Trial plantings were made al Wad Medani, Abu Naama, Rahad, El Obeid,
and Sennar. Fourteen experimental cultivars were included in the Medani
study, and six at Rahad. Since the study was not replicated, only general
observations can be made. All of the cuitivars at the five locations were
nodulated without the addition of an inoculant {sce Table 4). It appears,
however. that there was a shight advantage in overall nedule numbers to
added inoculum. The variety MH383, at Wad Medani and Rahad, had
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considerably more nodules with inoculation, This is a variety that is being
constdered for replacement of ‘Ashford” as an irrigated variety within the
country, Overall growth of shoots at all sites appears to have benefited from
inoculation,

TABLE 2: The effect of added inocuiant on nitrogen-fixing traits.

Trait & weeks after sowing 10 weeks aftersowing

‘Ashford’ “Barberton’ ‘Ashford’ “Barberton’

Lateral-root nodules (no/plant)

Controt (trt 1) 39227  204abc  557a 16.2a
IN (trt 2} 36.7a 110¢c 49.6 4 2442
3N (trt 33 2263 T5¢ 38.1a 1762
10 (irt 6) 41.9a 16.6abc 2604 23.7a
1w (e gy’ 4302 33.0 ab 53.5a 24.1a
Main-root nodules (no/plant3
Control (irt 13 33.6ab 24.1a 4545 1702
IN {trt 2) 30826  14.2a 432 a 13.2a
3N (irt 3) 17.2 b i2.22 6764 1563
108 {trt 6} 254ab  147a 36.5a 1762
10° (trt 8)' 45.0 2 2524 $2.1a 2493
Total nodule dry wt {mg/plant)
Control (trt 1) 19b 11a 3954 227 a
IN {tre 2} 15 b 93 447 a 225z
IN {trt 3) 105 6a 376 a 184a
10® (trt 6) i7hb 103 2642 3202
10% (et 8)' 1172 108 471 a 323a
Shoot dry wt (g/plant}
Control (trt 1) 36s 53a 15.1hb 151a
IN {trt 2) 4.9 ab 43a 26.9 2 176a
3N (trt 3) 6.9a 7232 238ab 2168
0¥ (trt 6) 445 36a 160s5 1382

108 {trt 8)' 4.8 ab 1.6a 235ab 23.7a

'Inocu[ant placed at & cm below the seed.

23\433;%3, within the same column having common letters are not significantly diferent at the
0.3 fevel by DMRT,
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TABLE 3. Thenumber of viahle cowpea-group rhizobia found in Sudanese soils,

Number of Years since last planted Ave, MPN count
soils to groundnut with siratro

{Viable cells/g soil}

16°
10°
10?
10t
16°

2.3
3.6
2.9
3.7
? 4.9

R
[ 0 B e
womoH oM ox

* One of the six samplasgad 2.4 x 10° thizabiz/g soil; one sandy sample from westers Sudan
had fewer than 3 x 10° shizobia/g (lowest detection Limit of the test), and was not included
in the average.

*Never planted to groundnut.

FUTURE RESEARCH

Many areas for future research are evident from this initial study with some
additional studies already underway at [1SU. Thus:

Five isolates collected during the survey of outlying regions are being
evaluated for efficiency in comparison with other known
groundnut strains (25B7, 26Z6, 176A22, TAL309, BAll,
IGHI0, 3GH20). Tests of efficiency and infectivity with both
‘Ashford’ and ‘Barberton’ will be made;

Antibiotic-resistant markers are being developed in the above strains
to determine their competitive ability in the field. Antiserum
will also be developed for the best selected strains in order to
evaluate their characteristics against those of the Sudancse
strains;

The Sudanese and other strains are being evaluated for resistance to
high teraperatures and desiceation in a growth chamber study
at 18U, Inoculant strains must be able to compete with the
native strains in the hot, dry soils of Sudan in order to form
nodules.

If Tacilities permit, the field work in Sudan will be extended to
important production areas other than Wad Medani. With the
low number of native rhizobia and the potential for groundnut
expansion in the El Obeid region, this is a logical choice for
future work.
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TABLE 4: Summary of observation plots in groundnut-producing regions of

Sndan.
Location Cultivar Nodules/ pfam' Top dry wt!
Itocuigted  Uninoculated  Inoculated Uninoculated
Wad Medani: Ashford 150 (missing} 704 13.3
MH3R83 244 55 325 1540
Virginia 59 135 0.0 4.4
CI5/8-2 30 3z 30.0 6.5
C/i5/R-1 77 94 80.0 54
MH372 76 125 533 11.7
51 132 71 57.5 7.5
Wadie No.2 223 44 16.7 250
NA/Z2/40 {08 &6 22.0 20.0
AM-22 19¢ 157 40.0 24.0
Nigerian 141 176 233 330
430AD9G B0 164 60.0 11.7
NC-2 81 194 15.0 20.0
Cis/6 98 99 380 43
Average 121 116 405 15.1
Ruhad: Ashford G5 71 14.0 28.0
MH3283 134 78 21.3 16.7
MH372 119 95 15.0 20.0
Wadie No. 2 99 82 20.8 17.0
Nigerian 111 83 16.0 28.0
430AD9B 9% 106 18.0 16.0
Average HiD 86 16.9 16.0
Abu Naama: Ashford 835 93 10.3 7.6
Barberion 75 75 6.2 7.6
Average 8O 84 83 7.6
HE Qbeid: Barberton 75 71 5.0 4.4
Sennar: Ashford 33 21 2.0 1.5
Barberton 34 is 2.1 14
Average 3z i8 2.1 1.5

i\f'aixes are averages of ¥2 m of row, and depending upon plant density, ranped from four to
zight planis
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FIELD RESPONSES TO RHIZOBIUM INOCULATION IN
ARACHIS HYPOGAEA, VIGNA SPP. AND DOLICHOS 5PP.
IN INDIA

S.V. Hegde!

Summuary
‘Lhis paper reviews recent information on the response of some
grain legumes to inocuiation in [ndia.

INTRODUCTION

Grain legumes (pulses) are important food crops in India where they are
used extensively in the preparation of dhal, and are consumed in different
forms with cereals in the daily diet. Pulses are the most economical source of
protein in India, and consequently, the per capita daily consumption of these
grams is high. While the production and yield of cereals in India and elsewhere
has increased appreciably in recent years, pulse yields have changed little.
Because of this, the Indian Council of Agricultural Research {ICAR) has
given great emphasis to improving the quality and quantity of pulse
production, and has set up a network of research venters to work, in
coordination, on pulse crops.

Pulses and groundnut together occupy about 30 million ha annually in
India. Groundnut {Arachis Aypogaea L.} is one of the principal legume
oilseed crops in the country, The ¢rop is grown over an area of 7 million ha
with an annual production of approximately 5 million tons. This represents
about 46% of the total area under oilseeds and provides 60% of the edible oil
produced ia the country. Most of the area under groundnut is planted under
rainfed conditions in the kharif {monsoon) season; only 89 of the acreage is
grown under irrigation during the rabi (winter) season {George, Shrivastav &
Desai, 1978). Groundnuts are grown both as a monoculture and mixed with

Microlology Dept.. Lruverssty of Agnvultural Sciences, Bangalore, Indi.
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cereals and other puises. Compared with the maximum yields reported of
3000 kg/ ha, and the Brazilian average of 1308 kg/ha, the Indian average from
1972-1975 was a low 709 kg/ha.

Pulse crops oceupy about 23.5 million ha annually in India. Mungbean
(Vigna radiara {1..) Wilczek), blackgram (Vigna mungo (L.} Hepper) and
horsegram (Macrotyloma unifiorum (Lam.) Verde. Syn. Dolichos biflorus
L.} are grown on 2.8, 2.4, and 2.0 million ha, respectively. Cowpea ( Vigna
unguictidata (1.} Walp.) and lablab { Lablab purpureus {L.} Sweet) cceupy a
comparatively small area but have local importance in some states. In the
State of Kerala more than 40% of the total area under pulses is occupied by
cowpea.

Field-grown groundnut, mungbean, blackgram, pigeonpea, horsegramand
cowpes are generally well neduolated by naturally occurring “cowpea-group”
rhizobia in Indian soils {(Dadarwal er ¢/, 1977), with the number of rhizobia
nodulating groundnut in cultivated soils of India as determined by plant
infection technique, ranging from 10% to 10%/ g of dry soil, (Sheth, 1979),
However, reports of poor nodulation in the field are not uncommon (Nair,
Ramaswamy & Porumal, 1971}, especially in the close to 7 million ha of
saline/alkali soil, where pulse crops do not nodulate, though native rhizobia
are known to be present (Bhardwaj, 1974). Both fast-growing, acid-
producing and slow-growing, alkali-producing rhizobia have been isolated
from the root nodule of groundnut {Sheth, 1979} and horsegram (Sid-
daramaiah, 1977} and all the above isolates nodulated siratro (Macroptifium
atropurpureum (DC) Urb.) Some Rhizobitm isolates from the wild species of
groundnut, Argchis duranensis, were also very effective on the cultivated
species A, hvpogaeea (adarwal et gl, 1974). Thus, groundnut is a
promiscious iegume host nodulating freely with a wide range of Rhizobium
strains {Dart, 1974). Débereiner & Campelo (1977) suggested that 309 of
cowpen-group rhizobia nodulate groundnut effectively, and the remainder
ineffectively.

The high vicids reported in northern Nigeria suggest that groundnut
nodules can fix appreciable amounts of nitrogen {N), and estimates of as
much as 240 kg N/ha, or 80% of the plant’s N uptake, have been reported
{(Dart & Krantz, [977). In India the necessity to inoculate groundnut has
neither been shown conclusively nor investigated thoroughly. The reports on
the field performance of inoculant Rhizobium strains of groundnut vary
widely, from no response (Gaur, Sen & Subba Rao, 1974) to a significant
increase in yields (Sunder Rao, 1971 Bajpai, Lehri & Pathak, 1974; Iswaran
& Sen, 1974; Nagaraja Rao, 1974).

Sheth (1979) studied the field performance of five selected Rhizobium
isolates of groundnut at three different locations in Gujarat. A yield increase
was obtained with one isolate at one location and was equivalent to the yield
obtained with applications of 25 or 50 kg N/ ha to uninoculated plots. In other
studies application of phosphorus (P) alone or in combination with
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incculation increased oil and protein contents of groundnut but reduced the
total soluble carbohydrates. Free faity acids and pod yields were unaffected
{Arora, Saini & Gandhi, 1970). Lack of response to nodulation and low yield
in groundnut are probably due to competition from strains in soi] ineffective
with this host, and reguire that inoculant strains be both effective and
competitive (Guar er al., 1974}, Antagonism from other organisms in soilcan
also play a part (Jain & Rewari, 1974; Kumar Rao, Sen & Shende 1974).
Using inoculation rates 3 x standard and the application in the inoculant of
molybdenum and boron at 1.6 ppm and 4.0 ppm. respectively, was also
heipful in overcoming nodulation by ineffective indigenous rhizobia (Iswaran
& Sen, 1974). Sheth {1979) found inoculant strains for peanut to occupy 24-
649 of nodules.

Field response of ¥Figna spp. to Rhizebium inoculation has been studied
since 1975 in multi-locational trials under the auspices of the All India
Coordinated Pulse Improvement Project. Significant seed yield increases
following Rhizobium inoculation in mungbean, blackgram and cowpea have
been spasmodic (see Tables | and 2), and unrelated to host varigty, inoculant
strain, vear of trial, or locations tested, In other studies inoculation trials with
Vigna spp. have resuited in varied responses ranging from no response
(Sheriff ez af., 1970) to a significant seed vield increase incowpea (Bajpaieral.,
1974; Pawar, Shirshat & Ghulgule, 1977; Bagvaraj & Hedge, 1978; Thimme
Gowda, Hedge & Bagyaraj 1979), mungbean (Ramaswamy & Nar, 1965;
Oblisarni, Balaraman & Natarajan, 1976}, and blackgram (Sahu, Behera,
1972; Lehri, Gangwar & Mehrotra, 1974). Inoculants prepared with more
than one Rhizobium strain were found to be superior over single strain
inoculants in some (Oblisami er al, 1976), but not all studies (Bagyaraj &
Hedge, 1978; Kamachandran, Menan & Alyer, 1980).

Damage of root nodules of pulse crops by soil insects is also a problem in
many parts of India, with the maggots of Rivellig sp. and other soil insects
causing widespread and heavy damage to the root noduies of cowpea,
mungbean, blackgram, redgram, and groundnut. 10-98% of nodules may be
affected, the damage being most severe in July and in late-sown crops. Side
dressing of aldicath or disulfotan or carbofuran applied at the rate of 1 kg
active ingredient;ha gives complete protection from nedule damage by
insects and resulted in significant yield increases in insect-infested soils
{Iswaran, 1975; Rai & al,, 1976}

In India pulse crops are largely cultivated under rainfed situations in the
monsoon season. Prolonged moisture stress can occur due to irregular
distribution of rain. Nodule development and N, fixation were markedly
reduced under soil moisture stress {Prabhashankar, 1979). Soil muiching
with maize or ragi/straw at the rate of 3 ton; ha, three weeks prior to sowing,
reduced moisture stress and markedly improved N ; fixation in cowpea (8, V.
Hegde, unpublished).



TABLE 1: Incidence of significant seed yield increases due to RAfzobium inoculation in mungbean and blackgram.
Location Mungbean Blackgram
1977 1979 1977 1978 1979
v! 8? v $ v s v s v 8 v ]
Madurai 1/1 545 2 24 0f2 U4 11 10/11 3 - 22 24
4/4
Coimbatore - - i1 4/4 . - - 11 275 202 4/4
Kaveripainam - - iNn 2/4 - - - - 1/1 215 . -
Bangators 0/ 0/3 072 /4 042 0/4 1/2 373 /2 /4 072 074
0/3
(ulbarga 02 0/4 0/2 G/2 - o 042 0/4 - - -
Hy derabad - - 12 4 - - 0/2  0/16 ~ —~ - -
Badnapur 0/4 0/s 27 34 02 0/4 - - 12 1Ya o2 0/4
Dhoh 0/ 047 - - 212 474 212 7 - - 2{2 4/4
2/4
Durgapura if1 5/% - - - e - - - - G/ 0/4
Delhi — e - - g/2 /4 - - - G/2 4/5
172 0/4
Ludhiang - - 373 4/4 3/3 &7 — - — - 272 33
24 57
Kanpur ~ - 2/2 5112 - - 272 6/6 - - - -
4i4 546
Hissar /1 079 072 0/4 0/2 0/6 0f1 0/8 02 0/% Qf1 Q5

1“v’arietit:s tested

g . .
“Rhirooiem stramns tested

% Hal not conducted

o9z
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TABLE 2: Incidence of significant seed yield increase due o Rhizobium ino-
culdtion in cowpes,

Year Trial Location
number U,
Bangalore Durgapura
v! 52 v 5
1975 1 01 0/6 22 -
1976 1 171 1711 - —
2 1t 2111 - -
1977 1 1/1 272 171 s/9
pi 171 6/17 - -
3 i/3 1/2 073 0/3 - -
1978 1 041 0/8 171 4/13
2 071 0/8 172 3/4 0/4
3 0/1 0/4 - -
1979 i 243 414 2/4 04 0/1 09
2 0/1 0/9 1/1 2/5 0fS

‘1Cz§wpea varieties tested,
Rhizobiur straing tested
*Trial not conducted

The transfer of fixed N from grain legumes to associated crops in mixed
cropping systems, and to successive crops in relay, has been studied
extensively in India. In legume/ecreal mixed-cropping systems, inoculation
of cowpea and lablab increased grain, straw. and N vields of associated finger
millet. Yields of finger miliet grown with inoculated lablab were on par with
the yields of finger miliet sole cropped and supplied with 50 kg N/ha. (Hegde
& Bagvara), 1980} In a grass/legume mixture invelving Dharwar Hybrid-2
grass and lablab, grass yields of 110.94, 91.15, and 76.5 ton fresh wt/ha per yr
were produced in the incculated, uninoculated and control treatments,
respectively, On a [resh weight basis uninoculated and inoculated labiab
transferred 18.75 and 40 kg M/ ha per yr, respectively, to the associated grass.
The contribution of inocitlated and uninoculated lablab to the N economy of
the soil were 68.6 and 33.6 kg N/ha per vr, respectively; thus inoculation
contributed 35.0 kg N/ ha per yr. Pure grass plots showed a deficit of 106 kg
N/ha per yr (Venkataswamy, 1975},

Enrichment of soif N following the growth of inoculated iegumes has been
reported for cowpea (Sahu & Behera, 1972y and groundnut {Badami, 1930;
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Mahta & Janoria, 1933). Mungbean grown in rotation with cereal crops also
benefited the latter {Misra & Misra, 1975), The general consensus is that pulse
crops are better suited as relay crops than as companion crops with cereals.

1t s clear from these comments that much remains to be done if India is to
maximize benefits from symbiotic N fixation. Priority areas include sirain
evaluation, problems of competition, varietal development and the
evaluation of legume and RhAizobiurm tolerance to alkaline soil conditions.
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RESPONSE OF PIGEONPEA TO RHIZOBIUM INOCULATION
IN NORTHERN INDIA

R.P. Pareek?

Summary

Pigeonpea ¢ Cajarus cajan (L} Mudisp.} occupics about F1.34% of
the area devoted to grain legumes in India, comprising about 15.8%
of the grain legume production. Nodulation surveys conducted
through the All India Coordinated Pulse Improvement Project
suggest that pigconpea nodulation in northern India is commonly
inadequate. inmoculation trials carried out at Ludhiana, Jabalpur,
Sardar Knshinagar, Varanasi and Hissar during !1978-79, signifi-
cant respenses fo inoculation were only obtained at the Ludhiana
and Jabaipur locations. and for I8 of the 32 sirain;cultivar
combnations. Culovar 124, in particular, responded well to
inoculation. Trinls in three locations showed a streng interaction
between inoculation and PO s supply,

INTRODUCTION

Pigeonpea (Cajanus cafan (L) Millsp.) is an important pulse legume of the
tropics and subtropics, and is particularly important in India, where it
occupies roughly 11.34% of the area sown to grain legumes and comprises
about 15.8% of total grain legume production. The greatest production cotres
from the States of Uttar Pradesh, Madhya Pradesh, Andhra Pradesh, Bihar,
and Karnataka. Successful cultivation of the crop depends, in part, on an
effective symbiosis with Raizobium (Dart, Isalam & Eaglesham, 1975), This
presentation surnmarizes briefly the available information on the response of
pigeonpea to inoculation and P fertilization in northern India.

NODULATION SURVEY

A small survey of the nodulation status of pigeonpea in northern India was
carried out in 1978-79 through the All India Coordinated Pulse Improvement

' Bept Sod Seence, GUB. Pant Uninersity of Agriculture & lechnolagy. Pantnagar, Wainital,
UP, India
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Project {AICPIP) with more than 300 locations surveyed, In Harvana only 9
of the 233 sites evaluated over the two-year period showed reasonable
nodulation {more than 10 nodules/ plant). Similarly, in the Varanas district
of Uttar Pradesh, only 8 of 23 locations surveyed showed reasomable
nodulation, while in Pantnagar plants at all 37 locations were poorly
nodulated. The survey aiso showed poor nodulation in Dholi and Gujurat.

When soil samples from the Pantnagar region were potted and pigeonpeas
raised in the glasshouse under more controlled conditions, plants contained
only 1-10 nodules, while nodule drv weight varied from [14.78 mg/plant.

RESPONSE TO INGCULATION

Responses to inoculation in Uttar Pradesh have proved variable. Singh,
Prasad & Choudhary {1976} obtained no response to inoculation on a
Mollisol near Pantnagar, but inoculation gave favorable responses at Kanpur
{Gupta & Prasad, 1979), Bulandshahar (Pareek, 1979) and Binor (R.P.
Pareek, unpublished data).

Table 1 shows the mnoculation responses obtained in AFCPIP trials in
nerthern india during 1978-79. Compeounded over varieties and strains, the
trials show an average yield increase in Ludhiana of only 12% in 1978, buta
highly significant increase for all strain x variety combinations in 1979, In
sum, 18 of the 12 strain/cultivar combinations tested in these and in other
trials near Ludhiana and Jalalpur have shown a significant response to
inpculation, with yvields increased as much as 6747,

Of the strains and cultivars tested in these and other trials, straim F4 with
cultivar T21 has given most promising resuits, with consistent and statistically
significant yield increases following inoculation at both Ludhiana and
Jabulpur.

RESPONSE TO PHOSPHORUS

Morthern India is generally deficient in phosphorus (P} (Bains &
Choudhary, 1971; Choudhary & Bhatia, 1971, Manghi, Choudhary &
Karatkar, 1973; Rathi, Singh & Malik, 1974; Singh, Prasad & Choudhary,
[976). Al Pantnagar Singh er @f. (1979} observed a significant interaction
between variety, strain and P uptake in a loamy soil high in organic matter. In
Kanpur district, Gupta & Prasad (1979) observed an 11-13% increase in grain
vield with 30 kg P2Os/ha applied (sec Table 2). Yields were increased
substantially, however, when both inoculation and P were supplied. The
interaction of P and inoculation was not apparent in trials in Bulandshahah
and Bijnor.
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TABLE 1. Response of pigeonpea to inoculation at three sites in northern
india in 1978/79.

Location

Ludhiana

Jabalpur

Sardar Krishnagar

Variety

P44

T21

KH2

T2i

T15-15

Strain used

Uninoculated
¥4

KA-]
IPH-195%

Uninoculated
IPH-195

Uninoculated
F4

KA-}

IN2

Uninoculated
F4

IN-§

CC-1

Uningculated
F4

Ka-1

CC-1

BON-2

Unineculated
F4

KA-t

el

1978 vield 1979 vield
(g/ha} {g/ha)
6.21 1171
7.49 15.72%
6.49 14.06%
6.29 17.10*
6.44 9.60
2,02 16.10%
482 5.4
6.93* T8()*
595 6.70*
6.27% 7.A5%
485 6.12
5.83 7.33%
£.60% R A
5.90 7.98*%
14,76 &617
17.49 657
14.57 8.18
17.00 728
16.19 6.90
1461 9.25
15.24 16.56
16.26 11.01
14.51 1567

*Significantly different from the uninoculated control at the B = (.05 level
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TABLE 2:  Yield response of pigeonpes {g/ha) to inoculation and P fertilization
at four locations in Uttar Pradesh.’

Treatment Kampur, 1979 Bujandshaher, 19279 Bijnor, 1979
Site 1 Site 2

Unincculated 16,31 12.63 14.43 13.356

Inoculated 17.58 13.56 17.36 1522

P applied i8.42 13,97 - 12.11

Inoculated + P 0.17 1564 17.41 15.33

"The amount of P spplied was: Kanpur, 50 ke P,0, /ha; Bulandshahar, 100 kg P_O, jha;
and Bijnor, 30 kg P2G5Ih&
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RESPONSE OF GREEN GRAM (VIGNA RADIATA) AND
COWPEA (VIGNA UNGUICULATA)Y TO INOCULATION WITH
RHIZOBIA FROM WILD LEGUMES

LS, Srivastava and V.P. Tewari!

Summary

Rbizobiwm cultures obtained frem 14 legumes growing wikd or
cultivated m the Varanast area of India were tested forefficiency in
nitrogen { Ny} fixation with green gram { Vigne radiaraand cowpea
{ Vigna unguiculaun in sand and agar culture, Seven of the cultures
were eftective with cowpes and increased the total N of inoculated
plants | 2-48% . The most eifective strains were from Uraria picta
and Zornia diphyvlia. With green gram in sand culture, only the
Rinzobmom isolated trom a plant classified locally as Phaseoius
psoraieoides was gftective in promoting plant development. In tube
cultare, however, fsolates trom Cassig absus and Zornia diphylla
were also hughly effective. Known sirains of Rhizobium for V.
anguicwlara and V. radiata, included 1n this trial as controls, were
generally poor in No fixation with these hasts,

INTRGDUCTION

The ability of rhizobia from wild legumes to symbiose with agriculturally
important species can affect the need to inoculate and the ease of
establishment of these species (Lange & Parker, 1961). In Varanasi there are
many wikl and cultivated species. This paper examines the symbiotic
performance of rhizobia obtained from 14 of them with Vigna radiata (green
gram) and V. wnguiculoia (cowpea).

MATERIALS AND METHODS

Rhizobia were isolated from the nodules of 14 legumes growing wild or
cultivated in the Varanasi area of India, using the methods of Vincent (1970).

Llept. of Mycology and Plant Pathology, Bagaras Hindu University. Varanast 221005, india,
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The legumes from which isolates were made were: Alysicarpus publeurifolius,
A. manilifer, Aeschynomene americana, Cassta absus, Chitoria ternarea,
Desmodium gangeticum, D). riflorum, D triguetrum, Rhynchosia minima,
Tephrosia purpurea, Uraria picta, V. triloba, Zornia diphylia, and 3 legume
classitied iocally as Phaseolus psoralecides.

Abihty of these isolates to symbiose effectively with V. radiara and V.
unguicidata was tesied in replicated trials in the glasshouse using sand culture
and Thorntens nutrient medium without N. The host varieties used were cv.
144 for V. radiara and ‘Pusa do Faslt’ for ¥, unguicaiare. Known strains for
these host legumes were included in each trial,

TABLE 1. Effectiveness of Rafzobium stzains isolated from wild legumes in
sind culture with Vigne racdiare.

Host from Nodule number  Size of nodules Total dry N content/
which per plant {mm) weight plant plant
isolated {(mg} {mg)

1-2.5 Above 2.3

Control - - — 2376 450
Alysicarpus

publeurifolius 4.0 126 1.4 257.8 548
A, monilifer 1.2 104 0.8 255.8 5.59
Aeschynomene

americana 10.2 2.4 0.8 262.4 5.68
(Titorig remaiea 12.2 11.6 .6 1586 545
Desmodium

gangercum 74 7.4 - 2364 5.32
D, riflosum 6.2 6.2 — 2208 4,96
D. rriquerrum 5.8 6.8 — 261.2 539
Phaseolus

psoratecides 15.6 124 3z 347.6 7.06
Rhynchosia

minima 8.6 88 - 2556 5.71
Tephrosia

purpurea 8.9 89 - 238.0 498
{saria picta 9.2 B2 - 248.2 5.28
Vigna radiara-l 124 124 271.8 5.68
V. radizia-11 il.8 11.8 — 242.0 4.94
V. radigta-111 6.3 6.3 - 237.4 338
V. tritoba 114 108 14 2574 5.11
Zormia diphyila 12.2 12.2 - 250.2 5458
SEM & - - . 12.78 0.31

CD.at5% — - - 2459 0.60




271

The nodulation and N, fixation of V. radiate was also assayed in a light
room using tube culture {Vincent, {970}, Tubes 200 x 38 mm were used, with
the inoculated plants grown at 30°C at 3000 lux. Additional nutrient solution
was provided to tubes as needed. Five replicates were used for each
host/ strain combination,

Both experiments were terminated six weeks after inoculation, and
determinations were made on nodule number, nodule weight, plant dry
weight, and plant N content.

RESULTS AND DISCUSSION

Resuits of the sand culture test with V. radiasa are shown in Table 1. While
only the Rhizobium from P, psoraleoides induced substantial increases indry
weight compared to the-N control, a number of the isolates did enhance the N
content of plants. When this experiment was repeated using agar slants, the P,

TABLE 2. Effectiveness of RAfzoblum strains isolated from wild legumes on
Figna rediote grown on agar slants,

Host from which Nodule number Nodule dry Dry weight
isolated per plant weight plant of plant
{(mg) {mg)

Control - - 164.6
Alysicarpus

publeurifolius 15.3 6.3 245.0
A. monilifer 8.6 4.0 215.0
Aeschynomens

americang 15.0 6.3 i73.3
Cassia absus 19.0 8.3 301.3
. ternateq 13.0 5.3 190.6
Desmodium gangeticum 12.¢ 9.0 2240
D, wiflorum 146 4.6 185.0
D, triquerrum 4.0 2.6 117.0
Phaseolpides

psoraleoides 27.0 2.3 31686
Rhynchosia minima 5.6 5.6 276.0
Tephrosia purpuren 6.6 6.3 167.0
Uraria picta 22.0 8.0 2923
Vigna radiata-t 2.3 7.0 248.3
V. radiata-il 103 53 280.0
V. radiata-111 6.0 4.6 2050
V. triloba 9.5 6.3 260.6

Zornia diphyila 186 9.0 304.6
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psoralecides solate was again best, but several other isolates induced
substantial increases in plant dry weight {see Table 2}, However, at least five of
the 1solates were weak in N fixation, and these could well cause less than
adeguate growth of the host if competing with inoculant rhizobia under field
conditions.

When V. unguicuiata was used as host, the isolates from Uraria picra and
Zarmia diphylla were most effective (see Table 3). Surprisingly, a number of
the isolates, including all three inoculant strains for cowpea included in this
trial, were weak in N fixation with plant dry weight and N content only a
little better than the -N control. Again, N fixation in the field in the presence
of these rhizobia could be less than adequate, and their presence ¢could limit
inoculation response.

TABLE 3: Effectiveness of Rhizobium strains isolated from wild legumes in
sand culture tests with Vigna unguiculata.

Host from Nodule number  Size of nodules Dry weight/ N content/

which per plant {mm) plant plant
isciated {mg) {(mg)
1-2.5 Above 2.8

Control - - e 379.0 7.81
Alysivarpus

publeurfifolius-11 114 1.0 19.4 439.0 8.76
A. monilifer 8.4 3.0 54 3814 7.87
{litoria termatea 8.2 0.0 9.2 408.2 R08
Desmodium

gangeticum 12.4 32 2.2 408.0 8.14
D, mriflonem 15.8 2.0 138 471.0 3.55
D, rriquetrum 4.6 04 45 3894 7.83
Phaseolus

psoroleoides 14.6 2.8 11.8 449.0 9.13
Fephrosia

purpurez 8.2 0.0 8.2 3872 8.59
Uraria picta 23.6 34 20.2 539.4 11.60
Vigna triloba 18.0 62 11.8 447.2 8.95
V. unguiculara-1 17.6 28 14.8 399.8 8.01
V, unguicudata-Tl 10.4 T.2 5.2 383.1 7.87
V. unguiculara3i 150 3.2 i1.8 398.8 86l
Zornia diphylla 228 5.0 17.8 492.0 10.50
SEM f - —- - 15.3¢6 .41

CD.at5% - - - 30.1¢ 0.80
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THE CHARACTERIZATION OF NEW RHIZOBIUM
JAPONICUM GERMPLASM

H.H. Keyser and D.F. Webher!

Summary

A collection of 1solates of R. japonicum from the People’s
Republic of China is being evaluated for biochemical, serclogical
and symbiotic characteristics. The vast majority of the isolates have
properties typical of the soybean rhizobia already held in the
USDA RhAfzobmim collection, The PRC izolates exhibit a range of
ellectiveness on "Siratro’ and on soybean. A large petcentage of
them de not react with common R, jeponicren antisera, though
representation is found within certain serogroups. Some of the
isolates are non-mfective on “lee’ soybean.

INTRODUCTION

Soybean { Giyeire mrax (L.} Merrill) is the most extensively planted grain
legume in the world, since it is utilized in both tropical and temperate
agriculiure {FAQ, 1979). Soybean has the potential to fix most or all of its
reguired nitrogen (%) when in symbiosis with Rhizobium japenicum, but N,
fixation under field conditions can be limited by host{ Rhizobium specificity
and by competition from native soil rhizobia, New germplasm of this
bacterium could prove useful in overcoming these and other constraints
limiting BNF in this species,

The Organization fer International Cooperation and Development, an
agency of the US Department of Agriculture, sponsored a tour of the People’s
Republic of China (PRC) for American sovbean germplasm workers during
August and September of 1979, Two of these workers, Kuell Hinson and Walt
Fehr, cooperated with microbiologists of the USDA Beltsville Rhizobium

L USDAsEA AR Celt Culture and Nitrogen Fixation Laboratery, Beltsville, M1 29705,
LSA.
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Cujrure Collection by collecting soybean root noduies from plants growing in
agricultural institute farms, commune farms, and garden plots. Forty-one
nodule samples from 12 locations between 35 and 45° N latitude were
obtained {provinces of Heiiongjlang, Liaoning, Shandong, Henan, and
Shanxi), and from these 240 strains were isolated. This material comes from
the center of origin of (. max and its putative wild ancestor (G. soja Sieb &
Zuce. {(ussuriensis Regel & Maack)) (Hadley & Hymowitz, 1973}, and has
probably evolved with the sovbean over numerous centuries.

This paper examines some biochemical and serological properties of these
sirains, and their symbiotic response to some currently imporiant US soybean
cullivars.

CHARACTERIZATION OF THE ISOLATES

Characteristics of these new (hercafter referred to as PRC) soybean
rhizobia that have been, or will be, evaluated include;

Growth rate on yeast-extract manmitol agar (YMA) (Vincent, 1970},

Biochemical tests, including pH reaction on YMA, reaction in litmus milk,
growth on glucose peptone agar, and in some cases, growth wiih
different carbon sources (Vincent, 1970},

Symbiotic effectiveness on &, max and other hosts, including an evaluation
of cultivar specificity;

Competitiveness for nodule formation; and

tdentification of serological groupings among the isclates, and of affinities
with R. japonicum serotypes in the Beltsville collection,

LABORATORY TESTS

With the exception of 2% isolates, the PRC isolates were typical of other &,
Japonicum in thelr slow growth rate, alkaline reaction on bromthyme! blue
YMA, and sparse early growth on glucose peptone agar. The exceptional
isolates exhibited a faster growth rate on YMA and produced an acid reaction
on bromthymaol biue YMA,

Serological comparisons have been made on the first 100 PRC isolates with
the 17 R. japonicum serogroups in the Beitsville collection. Only 529 of these
isolates reacted with any serum in somatic antigen agglutination tests. In
contrast 829 of 800 isolates from nodules in the major soybean producing
areas of the USA reacted with these antisera. Serogroup 122 was found inthe
greatest relative abundance in both the PRC and USA survey collections.
Serogroup 123 has been reported previously to be dominant in soils in the
Midwest USA (Damirgi, Frederick & Anderson, 1967; Ham, Frederick &
Anderson, 1971; Kapusta & Rouwenhorst, 1973). Serogroup ¢I-123 was also
found fairiy frequently i both collections.
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Antisera are being prepared against representative strains from the PRC
coilection to determine their serological relatedness.

PLANT TESTS

Subsequent to laboratory tests, verification of the PRC isolates as
Rhizobius: was carvied out in growth pouches (diSPo Seed-Pack, Scientific
Products} with Macroptilium atropurpurews (IXCy Urb. cv. Siratro as the
host. This small seeded legume is convenient for this purpose, and with over
260 R. japonicum isolates tested we have yet to find one which will not
nodulate ‘Siratro.” The ability of spvbean rhizobia to nodulate ‘Siratro’ has
been noted previcusly (van Reasburg, Strijdom & Kriel, 1976; J.M. Vincent,
personal commumication). Of the 226 PRC isolates tested on *Siratro’ all were
infective, with 4% rated fully effective (yield greater than 75% of the +N
controi), 244 partially effective (vield greater than 309 of the +N control),
and 30l¢ ineftective {yield less than 53¢ of the +N contrel).

Evaluation of the effectiveness of the 1solates on the sovbean cultivar Kent
was carried out in sand jars in the greenhouse. Parameters measured were top
dry weight of planty and nodulation abundance and pattern. With 191 PRC
1solates tested. 39% were fully effective, 3994 partially effective, and 22%
elfective. Further comparisons with a raage of cultivars will be made insand
jars between the most effective PRC iselates and the recommended USDA R,
Japosicuni SITAINS,

A comparison of the effectiveness ratings of these 191 PRC isolates on
*Kent” soybean and “Siratro’ revealed that while effectiveness on sovbean
cannot be predicted by that on *Siratro’, a distinct trend was apparent. OF
those isolates (56} rated ineffective on ‘Stratro’, 39% wereineffective and 209
{ully effective on ‘Kent’. Those isolates (88) rated fully effective on *Siratro’
gave 1% as ineflective and 35% as fully effective with *Kent'. Other workers
{Barua & Bhadun, 1967; Doku, 1969) haveshown the alulity of R. japorticum
1o nedulate and iix Ny with some legumes that normally symbiose with
cowpea rhizobia.

HOST CULTIVAR SPECIFICITY

Further evaluation of some of the fast growing PRC isolates revealed a
striking cultivar interaction. ‘Peking' and ‘Lee’ cultivars of sovbean were
grown together in growth pouches and inoculated separately with 16 of the
fust-growing isolates. Uniroculated and +N controls were included; also
pouches in which USDA 11 was used as inoculant, All of the PRC isolates
were infective and effective with ‘Peking’, and were non-infective with *Lee”.
“Peking’ 1 an “unimproved” hine. whereas ‘Lee’ 1s a product of selective
breeding. Further examination of nodulation by this group of isolates with
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“improved” lings of soybean is focusing on the possibility that their non-
infectiveness is associated with cultivars that have a substantial pedigree.
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MANAGEMENT OF THE COWPEA; RHIZOBIUM SYMBIOSIS
UNDER STRESS CONDITIONS

Y. Marcariant,?

Summary

High temperatures and saline. alkaline soils adversely affest the
leguine; Rhizobium symbiosis. With cowpeas { Vigna wnguiculnig
{i.1 Waip.} grown in desert environmenis there is Httle natura!
nodulation, and gven planis inogulated using peat inoculants fail to
nodulate,

In experiments on a clay-loam soil of pH 7.65 to £.40 near
Salford, Arizona, the use of granular inoculants applied in the seed
row or placed 10 to 15 cm below seed level, resulted in nodulation,
The distribution of nodules along the root was correlated with
inoculant placement. Despite the improved nodutation, inocula-
tion did not significantly aticet yield or other parameters of plant
development.

INTRODUCTION

Cowpeas are grown extensively in the lowland tropics and are the most
important grain legume for the dry, semi-arid regions of Africa and
northeastern Brazii (Dart & Krantz, 1977). In some of these areas, cowpeas
are affected by both high soil temperatures and saline/alkaline soils.

Negative effects of salimity on cowpea growth and development have been
reported (Imbamba, 1973; Narain, Singh & Pal, 1977). Gill {1979) found soil
alkalinity to affect the growth and yield of cowpeas with a reduction in their
chiorophyll, protein, RNA and DNA content, Effects of salt on the
cowpea/ Rhizobium symbiosis have also been reported (Totowat & Saxena,
1970, Chonkar, Iswaran & Jauhri, 1971, Balasubramanian & Sinha. 1976;
Joe & Allen, i980). Similarly, Minchin, Huxley, & Summerfield (1976) have

P LUnbersity of Anzona. Tucson, AZ 85728 USA. Univ. of Arizona Agricultural Expenment
Statun. Journa! Paper Yo, 396,
< lhe tnanoal support of USALD uader project AG/ TAB610-8-76 15 gratefully ack nowledged.
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shown that temperatures above 32°C affect the vegetative development of
cowpeas appreciably, with nodule activity reduced at 35.4°C,

Genetic variability in tolerance to soil salinity has been identified in our
field testing program, with over 159 of the lines sereened lost through sodium
toxicity. Paliwal & Maliwal (1973} have also reported variation among
genotypes at both germination and seedling stages. The range in electrical
conductivity at which germination occurred was from 3 to 12 mmbhos/em but
salt tolerance at germination was not necessarily related to seedling
performance. Variability in the tolerance of slow-growing rhizobia to salinity
also exists (Graham & Parker, 1964; Steinborn & Roughley, 1975), though
the commonly used cowpea strain, CB756, tolerated only 0.59% Nadl

We feel it is important to use a bi-directional approach in our studies, the
identification of superior adapted cowpea germplasm and rhizobial strans
going hand in hand with the development of inoculant technologies for stress
situations. The present study examings the response of selected cowpea lings
to granular inoculation at different levels in the soil profile,

EXPERIMENTAL METHODS

Conventional inoculation methods using peat inocula applied to the seed
are ineffective in the low desert areas of the southwest, Soil temperatures at
planting in excess of 30°C (sec Figure 1) and high sodium levels (see Table 1)
are contributing factors. Nodulation with native soil rhizobia is also rare,
When results of preliminary experiments proved encouraging, formal studies
to evaluate the value of granular inoculants were initiated.

In this trial eight cowpea lines and cultivars were used: P.1. 293518 {Entry
no, 1), P.1 353332 (2), ‘Speckled Purple Huil (3), P.1. 211642 (4}, "California

500
45.
- /—"“““'“.
= 15 .
= .
- ’ — Fem
£ - — 1 em
-2 em
m..

Figure 1.

Bi-weekly averages of daily soil - : ‘
temperaturesat 3, 10 and 20 cm
depth, Growing season, 1980. Month
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TARLE 1:  Soil data - 1980 salt tolerance screening trials. University of Arizona
Experimental Farm, Safford, Arizona,

Plot  Soil Soiltype pH Eaeaxiﬁg Soluble Na ESP N

no. depth salts  {meq/l} {ppm}
{cm) (ppm}

3 0-i0 Clay loam 8.00 544 5,327 0.33 090 2280

3 1G-20 Qlayleam 830 21.32 1624 1379 758  5.05

19 G-10 Clay loam 7638 42.01 29407 15400 [5.57 1600
P2 10-20 Cayloam 840 1.58 1,106 1266 1234 R8¢

No. (55 P.L3330LL LD, PL 353380 (12), and P.1 180494 (19}, Each had
performed consistently weli over four seasons of feld testing for salt
tolerance. Inoculant was prepared with strain CB756. The Nitragin
Company, Miiwaukee, Wisconsin, USA, formulated and provided the
granular peat mocuia,

Since # moist seedbed appeared conducive to rhizobial survival, cowpeas
were planted on pre-irrigated beds with 1.2 m centers. For the deep placement
of inoculant, an Ortho fertilizer applicator was used that delivered 16 kg, ha of
inocula 10 to 13 eminthe soll at planting. Uninoculated controls and cowpeas
ingculated with 32 g of granular inoculant per 33 m of row at seed level were
inchuded in the trials. The experiment was planted in a randomized complete
bleck with {our replications. Seeds were placed approximately 7.5 ¢m deep
and the plots “capped” prior to seedling emergence. Soil conditions at
planting are shown in Table I. Ten plants per plot were cotlected for
evaluation of vegetative growth, nodulation, and acetylene reduction assay at
23, 39, 53, and 93 days, while final harvest occurred at (24 days.

RESULTS AND DISCUSSION

Both deep inpeculation and the use of granular inoculants at seed level
resulted in nodulation of cowpea plants. Uninoculated controls produced no
nodules (see Table 2). In general the total dry weight of nodules/ plant (see
Figure 2) and nodule numbers (see Figure 3) were enhanced by deep
placernent of the inoculant. Deep placement of inoculant also affected nodule
distribution as nodules oceurred significantly lower in the soil profile with this
treatment than when inoculant was placed at sced level {see Figure 4). No
signiticant correlation was found between ethylens production (see Table 3),
yield (see Figure 5), and total plant drv weights and leaf weights.

Interestingly, a band of granular inoculant was still evident in the soil 93
days after planting. The lower s0il temperatures, reduced soil salt micro-



TABLE 2: Influence of inoculation placement and cultivar on percentage of plants nodulated over the growing season.

Cultivar Days after planting
23 39 53 93

{Uninog- Inoculs depth Uninog- Inocula depih Uninoc- Inocula depth Unince- Inocula depth

ulated  —ew—————— ulated nlated ——wee——e—— laged  —ee———————

T.5cm  10-15¢m 7.5¢cm [0-15¢m 7.5¢m  10-15¢m 7.5¢m  j0-15¢m
1 0 0 & O 4 40 0 0 i1 ] 0 4
2 & O 0 ] 20 30 it 0 160 0 0 83
3 0 10 0 0 44 0 { 100 0 0 100 75
4 o 30 0 0 {0 ioc 0 T 106G g 130 160
5 0 10 ) 0 30 10 G {3 4 0 100 100
11 i 0 160 )] D 100 ] 100 100 0 160 100
12 0 Q 49 0 30 78 ] 160 100 0 100 90
19 c 0 17 0 40 60 0 160 0 4] 100 75

8¢
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climate, and available moisture, in conjunction with the protection offered by
granules at 10 to 15 cm depth, may account for enhanced nodulation.
While nodulation was influenced by mmoculamt methed and host genotype,
this was not reflected in final yieids. There were, however, significant
differences among cultivars in yield under these hot, saline soil conditions.
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TABLE 3.  Ethylene production of cowpeas inoculated at two depths with granular inccula (o moles/plant per h),

Eniry 39 days 53 days 93 days
Uninocujated Inocuia depth Unincoulated Inoculs depth Uninoculated Inocula depth
7.50m 10-15¢m 7.8em 10-15¢m F5cm 18-15em
H - - 2843 - - 113.02 - - -
2 - 3371 33,35 - - 1225 - -~ 26.04
3 - 26.33 - - 5649 - - 66.13 51.64
4 - * ¢33 - 2615 14,13 - 72.31 *
5 - 12.55 91.99 e - - — * 21.37
11 - - 10.21 - 31.50 {1.62 - 9.50 *
- 40.13 17.95 - 64.40 13.84 - 6,77 *
19 - 25.80 [3.05 - 11.87 - - * *
* Negligible, T o

SRE
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RESEARCH ON THE INOCULATION OF GLYCINE MAX
AND VICIA FABA IN EGYPT

Y.A. Hamdi and M.N, Alag El-Din?

Summary

Though sovheans {Glyeine max) are a relatively new grop for
Egvpt. their response to inoculation has been variable. Failure 10
inoculate has been atinbuted to insufficient rhizobia apphed. seed,
death of the rhuzobia applied, poor inoculant methodologies, seed
treaimend with toxic fungicides, and management problems,
especally rngation.

Yicia faba. by contrast, has been grown in Egypt for more than
2008 years, and us rhizobia occur in most soils there. Even so,
signiticant increases in plant weight, nodule number and nodule
weight at flowering have been commeon in inoculation trials
undertzken in Egypt. Sigmiftcant yvield increases were obtained in
five of lourteen inoculation experiments

INTRODUCTION

Soybeans (Glvcine max (L) Merr) were introduced into Egyptian
agriculture in the 1960°s and now occupy sbout 40,000 ha. By contrast field
beans { Vicia faba L.) were known to the pharaohs, and have been grown in
Egypt since at least 2100 BC (Abdalla, 1979). This paper considers some
aspects of the symbioses between these two legumes and their respective
rhizobia under Egyptian conditions.

SOYBEANS
Response to inoculation

Muost Egyptian soils do not comtain Rhaizebusmn japonicum {Abd El-
Ghalfar, 1976, Sayed, 1980). Marked differences in response to inoculation

¢ [ept. af Microbicloky, Institute of Soil and Water Research, Giza. Fgypt.
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have been obtained. While nodule number and weight and plant weight are
usually enhanced by inoculation {(Hamdi, Abd El Samea & Loufti, 1974; Abd
El-Ghaffar, 1976; Sayed, 1980) soybean growth and development is often
inadeguate due to factors such as strain inefficiency (Abd Ei-Ghaffar, 1976)
and soil type (Abd El-Ghaffar, 1976, Sayed, 1980). Above-normal rates of
inoculation can be necessary. Hamdi et af. (1974) reported that yield when 28
x 10¥ rhizobia; seed had been applied was less than half that achieved with
inoculation at 28 x 10 R japonicum cells/seed (see Table 1).

Field experiments in the Beni-Suef and Manufiva Governorates suggest
that the variable inoculation response may be due to poor Rhizobium survival
in the Okadininoculant, which is prepared from Nile silt, Thus, MLE. Abd El
Samea {personal communication) found soybean yield in the Beni-Suef
Governorate increased from 14 g/ plant in the uninoculated control to 20.3
g: plant when the Okadin inoculant was used. However, when the same strains
were used in a liquid cuiture, or in sterile peat, yields were in excess of 32
g/ plant, Similar resulis were obtained in the Manufiya experiment. Because
of these results, and the unavallahitity of peat, experiments are being
undertaken 1o identify alternate carriers.

TABLE 1: Response of soybean var. Clark to the number of R, juponicum
cellsfseed used as inoculum (Hamdi e o/, 19742},

Inoculation rate Plant dry wt  MNodule fresh No Pod dry wt

{cellsfseed) {g) wt pods {g/plant)
(g/plant)

Uninoculated 9.8 410 0 330 +2.63 8.7 418
control

28 x 108 120 #1.2 1.30 46.5 +641 177 3.0

28 x 10° 165 £1.9 0.70 28.0 4559 147 +£3.7

28 x 104 9.7 +1.4 0.30¢ 31.1 £9.1 85 422

Agronomic factors affecting symbiotic response in soybean

Anempts have been made to use nitrogen {N) fertilization in association
with legume inoculation. Soybeans responded to N application at both the
Beni-Suef and Menufiya sites, but even with 45 kg Napplied; acre, vieids were
substantially less than in inoculated treatments receiving no N. At both sites
yield with inoculation pius 13 kg/acre N was slightly better than in the
inoculated-only plots (M. E. Abd El Samea, unpublished data), but higher
rates of M fertilization generally depressed both nodulation and N, fixation.
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Sall stress s of major significance in Egyptian agriculture. Strains N2
and b 45 of R. japonicum, selected, respectively, for tolerance and
susceptibility to salt in culture medium, were used as inoculants in pot
experiments with soils having different salt concentrations {(Alaa El-Din,
1976}, Nodule tresh weight, No {C1H2) reduction, N content, and yield of all
salt treatments was less than that of the corresponding conirols, but in general
strain N2 was less affected by salt than was E 45, Ina similar experiment with
soils having electrical conductivities between 3.36 and 19.00 m mho.cm,
nodulation and yield were markedly reduced at ali levels of electrical
conducuvity from 4.00-10.00, though the effect was most severe in a
calcareous soil {Sayed, 1980).

Seed treatment with fungicides such as spergon, phygon and captan
{Hamdi, Moharram & Loutfi, 1974} and benlate or vitavax/captan (Loutfi 1
al., 1980} also depressed nodulation and N, fixation in soybean. Similar
results were obtained in a pot experiment using the herbicides aretit,
phanaum, cobex, linaron and treflan at rates of 0.75 to 0 kg or L 10 7.5
ftres; acee. {Alaa ENDin ef al., 1980},

FIELD BEANS (1414 FABA)

Response to inoculation

As held beans have been grown in Egypt for many centuries most soils
contain populations of R, leguminosarum, Uninoculated piants will bear an
average of 74-94 nodules; plant depending on the location, rotation and water
status of the crop (Louth er af., 1980). Loutfi ¢ a/. (19303) also showed major
population fluctuations over time at each of six sies tested, with R,
leguminosarumn numbers ranging from less than 107 to more than (06
rhizobiay g soil.

Despie the high background populations significant yield responses to
inoculation were obtained in two of four trials undertaken by M. Loutfi and
co-workers and in three of the ten trials andertaken by Hamdi & co-workers
{Y.A. Hamdi. unpublished data). In the latter case, nodule number and
weight; plant were enhanced by inoculation at all sites. Little is known of the
abiiity of R leguriinosarum strains to compete with naturalized sail rhizobia
under field conditions in Egypt. In one study, Hamdi and co-workers (Y. A.
Hamdi. unpublished data) found that the percentage of nodules due to the
ioculant strais vaned from 60-100%. Of the strains commaonly used at
present Leg | appears the most highly competitive,
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COWPEA-GROUP RHIZOBIUM IN SOILS OF THE
SEMIARID TROPIUS

JV.D.K. Kumar Rao, P.J. Dart and M. Usha Khan?

Summary

Population of “cowpea-group” Rhizobium nfieldsat ICRISAT
were estimated by the most probabie number { MPN} method using
siratra { Macreptifium grroprrpureqmyas host. There was usually a
targe variabdity in Rhizobium aumbers between sampling sites in
the same field. The populations were more consistent in Alfisols
(range Mroin 104 to 3 x 10%: g soil) than in Vertisols (0 to 195 g soil)
and decreased with depth. In paddy fields. the numbers were very
fow. Pigeonpea cuitivars 1CP-7332 {small seeded) and 1P
{medium sized), grown in test tubes, could also be used for the
MPN method. In four of five soils tested, counts with pigeonpea as
hast were less than when siratre was used.

INTRODUCTION

Grain legumes such as groundnut, pigeonpea, and green gram arg
important agricultural crops in the semiarid tropies. Though nodulated by
“cowpea-group” rhizobia, they have sometimes been shown to be poorly
nodulated in farmers’ fieids {Nair, Ramaswamy & Porumal, [971; Rewari,
Kumar & Subba Rao, 198(%; J.V.D. K. Kumar Rao & P.J. Dart, unpublished
data), perhaps due to low numbers of the appropriate Rhizobiem in soil,
Because there is little data available on number of Rhizobium in arablesoils of
the semiand tropies, we have examined the number and distribution of
cowpea-group rhizobia in some soils typical of the region, using siratro
{ Macroptilivem atropurpureum) and pigeonpea { Cajenus cajan) as trap hosis
in most probable number (MPN} counts.

tOCP No. b2, ICRISAT, Patancheru PO, Andra Pradesh 362324, India.
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MATERIALS AND METHODS

The sampiing unit for 0-3¢ cm depth samples was generally an area of
approxunately 0.1 ha, from which a number of random sampies, each nearly
100 g, was collecied, bulked, and subsampled to provide a final sample of 100
g. Of this amoeunt, about 10 g was suspended in water and the remainder used
for moisture determination. When soils were relatively loose, a split soil
sampling tube or 4 cm mechanical corer were used. When soil was hard, pits
were dug.

Ruizobium populations in soil samples were estimated by g seriai dilution,
plant infection method using siratro and/or pigeonpea as the test plant,
Siratro seedlings were grown aseptically from sterilized seed sown directly
into I8 mm % 150 mm test tubes containing Jeusen’s nitrogen {N) free agar
mediam {Vincent, {970). Pigeonpea sceds were pre-germinated in plates
betore transfer to 25 mun x 260 mum tubes with the same medivm. When the
plants were about ong week old, each tube was inocolated with a | mialiquot
of a 10-fold serial dilution of soi and incubated in a light chamber witha i6h
light and 8 h dark period at a temperature of 281 2°C for 30 days. The MPN
counts of rhizobia present in samples were calculated from the proportion of
plants that nodulated, using MPN tables (Fisher & Yates, 1963; Brockwell ef
al., 1975).

Siratro is normally used as a trap host for cowpeg rhizobia. Initial rests of
plgeonpea as a irap host favored the use of a small-seeded cultivar 1ICP-7332
{100 seed weight, 5.3 g3, but subseguently cv. 1CP-1, a commonly grown
cultivar (100 sced weight, 10 g), was also found to grow and nodulate
satisfactorily in 25 x 200 mm tubes. When siratro and pigeonpea were used to
count the rhizobia in artificial soil; Rhizobium mixtures, MPN counts
correluted well with plate counts {sze Table 1), Itis evident from Table | that
nodules form when only a few rhizobia are present in the aliguot. This method

TABLE 1: {ounts of Rhizebium added as pure cultures to
HCRISAT soil using the plate gount and MPN count

methods,
Method of Strain used
counting
OIP-147 {HP-195 IHP-224

Plate count 5.0 x 108 1.6 x 10’ 5.0 x 108
MPN using

pigeonpea 1.0 x 10° 40 x 108 1.6 x 107
MPN using

siratro 1.7 x 10° 2.0 x 10° 4.2 x 10°

—

it SP—
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was then used to count the aumber of Rhizobium in fields at ICRISAT, to
determine how distribution varied with depth, and to evaluate the cowpea-
group and pigeonpea Rhizobiim in a number of soils in India.

RESULTS AND DISCUSSION
Rhizobium populations in the fields at ICRISAT

Samples from 15 Vertisols and 8 Alfisols were collected, and MPN values
were calculated using siratro as host. MPN counts for these 23 non-paddy
soils are shown in Table 2. The MPN counts in Alfisols proved fairly uniform,
but in the Vertisols. counts ranged from 0 to more than 10¢ rhizobia/ g soil.
There was no ohvious refationship between population and present crop, nor
any apparent reason why some fields should have such low numbers. The
exception was ficld BA-10, where salinity was a problem, Samples were also
taken from paddy soils at [CRISAT. Rhirobium populations in paddy soiis

TABLE 2: Populations of cowpea group rhizobia (logy MPR/g dry soil) in
some Vertisols and Alfisols of [CRISAT, Hyderabad,

Vertisols Alfisols
Zampie Field Logw Sample Field fogg
No. MPN No. MPN
1 BW-2 6.1 (25) 1 RW-2D 5.4 o)
2 BA-25 5.1 {34) 2 RA-17 5 {113
3 811 31 {32 3 RA-25 5 {16}
& BW-4 4.3 (25} 4 RW.2 5.0 (5)
5 Bw.7 4.3 (23 M K-10 5.0 {3)
6 B-5 4.3 23 6 RA-26 4.7 (8)
7 M-14 4.2 (5} {Healthy
g BW-6 37 (213 Pigeonpea}
9 BW-3 3.3 (23} 7 RA-26 4.7 o)
10 B-2 31 {29) (Sterility
11 B4 2.3 29) mosaic)
12 BW.5 2.3 (26}
13 BW-8 2.0 {15} 8 R-1 4.2 {11)
14 BA-10 1.7 (18)
15 BW-1 G 20
Mean over all Mean over all
Vertisols 34 Alfisols 4.8

TMﬁiS‘éﬁéi’e percentage of soif saniple,
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were low, generally less than 100/ g of soil. In many rice growing areas of India
it is common practice to grow a legume after the main crop of paddy, if water
is hmiting, I pigeonpea or other members of the cowpea inoculation group of
legumes are planted after a paddy crop, it may be necessary to re-inoculate in
order to ensure adeguate nodulation,

Varigtion in Rhizobium population with depth

Pigeonpea is a deep-rooted crop, and roots grow to a depth of 200 cm. We
exarnined the distribution of cowpea-group Rhizobium at soildeptha ranging
from 0-160 cm in small areas of different fields (see Table 3). In one Alfisol
field (A}, the Rhizobium population remained high (10¢4/g dry soil)
throughout most of the profiie, whereas in field B, the population declined
rapidly with depth, especially below 100 ¢m. Similar differences were
observed in Vertisol fields. It is not known whether pigeonpea rhizobia travel
along with the root system in the rhizesphere as the root grows through the
sail. Further studies on the refationship of soil populations to nodulation and
the response to inoculation are being imitiated.

TABLE 3: Popuiation of cowpes group rhizobia (logy MPN/g dry soil) at
different depths of two Alfisol and two Vertisol fields.

Scil depth Alfisol Vertisol
(cm) I ~
Field A" Field B? Fietd ¢ Field?
0-§ 320m° 3.2()
4.5%(9) 54521
5-10 4300 3.2(25)
20-30 500N 40 (9) 3.8(24) 49 (21)
50-60 4.7(11) 2.5 (12) 2.8 (28) 4.6 (14}
100-110 4,2(13) 17 (1) 1.6 (349) 3.07 €13}
150-160 3.3013) o (N 1.6 (30} 2.8 {19

1A§'emge of 2 replications on a 4 x 16 m grid coverng 0,1 ha in RW2B {ield, ICRISAT site,
Patancheru,

2Averaga of 10 roplications in Nursery field, ICRISAT, Patancheru,

aAvezage of 4 replizations on 3 4 x 16 m grid covering 0.1 ha in BW 4 field, ICRISAT site,
Patanchery,

4 average of 3 replications in M-11 field, ICRISAT site, Patancheru,

Sajue In brackets is mofsturs percent of sample on dry wi basis,

?Sampie coliected from G- 10 om soil depth,
Sampie collected from 90-100 cm soll depth,
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Specificity of pigeonpea

In the above studies, siratro was used as the trap legume for cowpea-type
rhizobia. Subsequently both siratro and pigeonpea were used in MPN counts
of cowpea-group rhizobia in different soils. With the marked exception of the
soil from ICRISAT, where MPN estimates with the two legumes were similar,
the estunates obtained using siratro as host were always higher than when
pigeonpea was used {sce Table 4). This suggests some degree of specificity
between pigeonpea and cowpea-group rhizobia.

In the present study, rhizobial numbers varied within the same field. with
soil type and depth: there was little refattonship between present crop and
Rhaizobnam population. Given this variation, seed inoculation could he
worthwhile insurance, even in fields where the population of Rifzobium
appears to be relatively high.

TABLE 4: BSoil populations of cowpea RAfzobium when tested on
siratro and pigeonpea.

Scurce of soil Numbers of thizobia/g soil nodulating

{India} e

Siratro Pigeonpea
Kashmir 190,000 3270
Hissar (1) 3440 64
Hissar (1) 4300 ¢
Maharashtra 43000 92
ICRISAT 19300 19300
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THE EFFECTS OF FERTILIZER NITROGEN AND
RHIZOBIUM INOCULATION ON THE YIELD OF COWPEAS
AND SUBSEQUENT CROPS OF MAIZE

S.K. Mughogho,t J. Awai,! H.S, Lowendorf,? and D.J. Lathwell?

Summary

Field experiments carried out on a Piazco fine sand and River
Eswste oam in Trinidad measured the response of cowpeas to
fertilizer nitrogen (N) and to incculation. On Piarce fine sand {a
highly acid, poorly drained Tropudult) grain yields were initially
low but improved in subsequent plantings. Yield responses to both
fertilizer N and Rhizobium inoculation were small, indicating that
factors other than N supply were Hmiting yield. On the Inceptisol,
River Estate loam, yields were higher, but again there was fittle
response to fertilizer N or Rhizobium. The vield of subseguent
maize crops was increased by the incorporation of cowpea residues
that made availabie to the maize craop the equivalent of 40-80 kg
fertilizer N/ha, Muoch room for improvement in the vield of
cowpeas remains, and only when the yield potential in the field is
realized, can [ull advantage be taken of the lepume/ Rhizobitm
symibiosis.

INTRODUCTION

Grain legumes such as cowpeas (Vigng unguicilatay are important
components of many cropping systems. When RAizobium strain and host
plant are compatible, and edaphic and climatic conditions favorable, the
legume requires litile or no additional nitrogen (N).

Currently, though grain legumes continue to be an important source of
chietary protein, vields are low. While many soils in tropical regions are
deficient in N {Diaz-Romeu, Balerdi & Fassbender, 1970; Bazan, 1975) the
response to both Rhizebium inoculation and N fertilization has often proved

© Dept of Sod Science, Univ, of the West Indies, Si. Avgustine, Trinidad.
2 Agronoey Dept., Coraell University, Ithaca, MY, 14833 USA
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disappointing. As little data on this topic was available for Trinidad, we
examined the effect of fertilizer N and/or Rhizebium inoculation on the
symbiotic N, fixation and grain vields of cowpeas and on the yield of
subsequently planted maize {Zeq mays).

MATERIALS AND METHODS

The elfect of fertilizer N and/ or Rhizobium inoculation on N2 fixationin
cowpea was studied in two experiments on Piarco fine sands and one on River
Estate loam. The first-named soil is highly acid and has a high degree of
aluminum {Aj) saturation (sce Table 1}. it has very restricted drainage in the
subsoil. In contrast, the River Estate loam is an Inceptisol in which the upper
portion of the profile is high in bases (see Table 1). It is a well-drained soil,
dertved from micaceous phyllite alluvium.

TABLE {: Some chemical properties of the Plarco fine sand and River Estate

ipam soils,
Sample pH Ca Mg Al Organic Total N
depth maiter {91
{em) {meq/100g) (w3l

Piarco fine sand

0-13 4.6 0.40 0.19 237 2.2 0.14
15-20 4.7 0.35 0.17 Z.69 i.6 0.08

River Estate loam

0- 8 6.6 163 1.1 - 2, 0.26
8-24 6.6 34 0.4 - 0.7 .08
2450 6.6 1.3 0.3 - 0.7 Q.07

On the Piarco fine sand, all plots received a basic dressing of
superphosphate, muriate of potash, and limestone, rotovated into the soil
before sach experiment was established. In addition, the site was camber
bedded to improve surface drainage. Treaitments included three leveis of
applied N (0, 60, 120 kg N/ha) with or without Rhizebium inoculation.
Fertilizer N was applied as urea and banded beside the seed at planting. Where
120 kg N/ha was applied, half was applied at planting, the remainder four
weeks after emergence, Inoculated seed was prepared by wetting the seed with
inoculant the night before planting. Cowpea seed in all experiments was
planted in rows spaced 50 cm apart with 15 cm between seeds. Grain was
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harvested and vields calculated. On the River Estate loam the same procedure
was followed, except that no lime was applied.

Two experiments to investigate the effects of cropping system, N
fertilization and inocuiation on subseguent maize crops were undertaken —
one at each site. The Piarco experiment compared maize productivity in soil
previously cropped to maize or cowpea with that of land previously in fallow.
For each cropping treatment four N fertilization rates were used (0, 30, 60, 120
kg N;/ha), All residues from the previous crop plus additional P and K were
rotovated or spaded into the plots prior to planting the maize in rows 90 cm
apart with 30 cm between plants. N fertilizer was applied as in the previous
experiment.

On the River Estate loam no N fertilizer was applied, so that any differences
were due 1o previous cropping history, N fertilization, or inoculation,

RESULTS AND DISCUSSION

Cowpea yields in the first trial on the Piarco fine sands were very low —
control plots yielded only 190 kg/ ha. Yield was increased significantly by the
application of 60 kg fertilizer N/ha, but application of further N or
Rhizobium inoculation failed to enhance vield levels. As the maximum vield
obtained int this trial was only 540 kg/ha, factors other than those under
investigation were obviously limiting yield. In another fertilization
and inoculation trial at this location, yields were appreciably higher (average
1075 kg/ha) but there was no response to either fertilizer N or Rhizobium
inoculation, Despite the poor response to applied N and to Rhizobium
inoculation some advantage did accrue to maize foliowing cowpea (see Table
2}. When the responses of maize to fertilizer N are compared, the advantage
of comparing cowpeas-maize to maize-maize was equivalent to the addition
of about BG kg Njha, and for the cowpea-maize to faflow-maize, the
advantage was equivalent to about 45 kg N/ha. Thus, the cowpea residues
were quite effective in supplying N to the following maize crop compared to
fertilizer N,

(rain vields of cowpeas grown on River Estate loam were higher than those
on Piarco fine sands (see Table 3). Total grain yield was not affected by
fertilizer N application, at this site, but Rhizobium inoculation resulted ina
small but significant vield increase. There was a trend for increased yield of
marketable peas with additions of fertilizer N. Muaturity was delayed in the
uninoculated and zero N plots, with increased disease incidence resulting in
fewer marketable peas. This is interesting, as fertilizer N is often considered to
delay maturity in crop plants.

When maize followed cowpea on the River Estate loam, vields were
definitely enhanced (see Table 4). Mughogho et al. {1981} estimated that aa
average of 45 kg N/ ha remained after cowpea grain had been harvested. In
this experiment differences in N uptake between maize after fallow and maize
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TABLE 2. The effect of fertilizer N application on maize yield following
fallow, maize or cowpes grown on Piarco fine sand. October,
1977-March 1978,

Fertilizer Maize vield (kgfha)
N rate e e
(kg/ha} After fallow After maize After cowpes Mean
H 2505 2065 2705 2425
30 2610 2450 2845 2635
&0 2800 2633 3035 2830
120 3325 2985 3345 3230
Mean 2810 2540 2985

Differences among fertilizer N freatments were significant (P = 4.01),
Differerices among cropping treatments were significant {F = 0,06),

TABLE 3: The effect of Rhizobium incculation snd fertilizer N application
on grain yield of cowpeas grown on River Estate loan:, March-May

1980.
Fertilizer Cowpea grain vield {kg/ha)
N rate e e e
{hg/ha} Uninoculated Rhizobium [ 3B Mean

Total Marketable Total Marketable  Total Marketable

(] 1725 1270 1770 1485 1750 1380

30 1683 1340 1950 1690 1820 1515

&0 1795 1470 1895 1575 1845 15258

Mean 1735 13560 1870 1585

Differonces between Rhiizobinm ireatments were sgnilfcant (P = 0.65).
No dgnificant differences among fertilizer N treatinents were found,

after cowpea suggest that the maize recovered about 12 kg N/ha of this,
foculation of the preceding cowpea crop had little effect on maize yieldsor N
content. Both cowpea treatments were well nodulated, whether inoculum had
been added or not, Apparently, little residual fertilizer N remained in the soil,
as evidenced by the yieids obtained following the fallow or the cowpea plots.
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TABLE 4: The effect of fertilizer N application on maize vield following
fallow, uninoculated cowpeas, @nd inoculated cowpeas on River

Estate loam,
Fertilizer Maize yield {kg/ha)
N rate e e
(kgfha) After After After Mean
fallow cowpeas COWDEES
{uninoculated} (inocuiated)
g 1885 3870 3225 720
30 070 2895 3030 2665
50 2115 2940 3270 2775
Mean 2025 2970 3178

No ggnificant difference due to fertilizer N was found,
Differences among cropping treatments were significant (P = 0.05).

The contribution of residues of cowpeas to the N economy of the
subsequent crop, at least in these experiments, was relatively small. Shrader,
Fuller & Cady (1966} in lowa found a good legume crop contributed about
O kg/ha of N to a subsequent crop. Bartholemew (1972) argued that
legumes may not be able to supply enough N to meet the needs of high vielding
crops. The only way increased N supply from residues can be achigved is to
increase significantly the N, fixation of the legume crop. These results
indicate we have a long way to go to achieve this objective.
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EFFECT OF NITROGEN FERTILIZATION ON LEAF
NITRATE REDUCTASE AND NODULE NITROGENASE
ACTIVITY IN SOYBEANS

T.C, Juang® C.C. Tann! and 8.C.S, Tsou?

Summary

The nitrate reductase activity of pot-grown sovbean leaves
showed 2 Michaelis-Menten relationship with soil nitrate nitrogen
{} content at all growth stages, but maximum inducible nitrate
reductase activily decrcased as the plant aged. A certain level of
nitrate-N in soil was needed for optimam nitrogenase activity in the
later growth stages,

Nitrate reductase and pitrogenase activities were negatively
corretated in four-week-oid seedhings, but showed 2 parabelic
relationship six and ten weeks alter germination,

INTRODUCTION

in a period of rapidly increasing fertilizer prices it is impornant that fertilizer
nitrogen (N} be used effectively and, where it is applied to legumes, that it be
compatible with symbiotic N, fixation. In soybean, the activity of leaf nitrate
reductase {the primary enzyme 1n nitrate metabolism) is high during early
growth bul declines rapidly after flowering (Harper & Hageman, 1872,
Thibodeau & Jaworski, 1975; Hatam & Hume, 1976). N, fixation by theroot
nedules gives a peak during flowering and pod-fill; then declines (Hardy et
af., 1968; AVRID(, 1976}

The Asian Vegetable Research and Development Center (AVRIC) (1976)
has reporied that leaf nitrate reductase activity before flowering was
significantly correlated with vield. We hypothesize that both nitrate reductase
and nitrogenase activity are important to sovbean seed production, the
former during the early growth stage, the latter at a subsequent stage in the

t Research Institute of Soil Science, National Chung Hsing University, Taiwan, Republic of
China.
* Asian Vegelable Research Development Center (AVRDC) Taiwan, Republic of China.
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growth cycle. In this paper we look at the effect of fertilizer N on soil N status
and on the activities of nitrate reductase and nitrogenase.

MATERIALS AND METHODS
Plant and soil materials

Soybean seeds (AVRDC breeding line 30182-2-6) were inoculated with a
commercial inoculant {Nitragin Co., Milwaukee, W1, USAY; then planted
into pots containing 6 kg of loamy soil with an organic matter content of
1.50%, a total N content of 0.072% and a pH of 7.4. All pots received a basal
dressing of Ca (H;PO,), and KCl before planting. Three forms of N fertilizer
(NH4).80,, urea, and sulfur-coated urea (SCU, 24%; N} were used, and
applied at rates of 300 or 600 mg/ pot. The (NH,),SO, and urea were applied
in split dressings at planting and 35 and 60 days after germination; the SCU
was applied as a single dosage at planting. All treatments were replicated three
times.

Nitrate reductase and nitrogenase assay

Leaf nitrate reductase activity was assayed using the method of Streeter &
Bosler (1972). Ny (CyH,) activity was measured using two washed root
systems por inoculation vessel, with ethylene production measured on a
Shimadzu model CC SA gaschromatograph using a flame ionization detector
and z 2 m stainless steei column packed with Poropak N.

Plant and soil anslysis

Plant tissue samples were oven dried at 70°C, ground, and then stored ina
desiccator. Total N wag determined by the Kjeldahl method. Available NG,
NO;™ and NH ;" in soil samples were determined by Kjeldahl distillation and
back titration with diluted H2SO, .

RESULTS AND DISCUSSION
Effect of N fertilization on lesf nitrate reductase activity

Time course studies on leaf nitrate reductase activity showed that N
fertilization increased nitrate reductase activity (see Figure 1). Leaf nitrate
reductase showed a2 Michaelis-Menten relationship with soil NO ;™ (see Table
1) at all stages of plant growth. Soil NH,* effects on leaf nitrate reductase
activity could not be detected. This finding is contrary to that reported by
Orebamjo & Stewart (1975} who noted nitrate redvctase formation and
activity in Lemna minor inhibited by NH ;*,
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By using double reciprocal plots, the maximum inducible nitrate reductase
activily and Km values could be calcuiated {see Table 1). The maximum
inducible activity of nitraie reductase was 8.7 umoles NOa™/ g fresh weight
per hour at four weeks after germination, but it decreased as the plant aged.
By contrast Km values increased from 7.3 to 12.3 ppm of nitrate N gs the
plants aged.

Effect of N fertilizer on nedule nitrogenase activity

Total N and nitrate N in the soil at no stage exceeded 40 and 30 ppm,
respectively, Effects of N fertilization on N (C2H2) fixation are shown in
Figure 2. While the jevels of activity given are generally low, there is evidence
of early inhibition of N, (C,H,)fixation following N fertilization. However,
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TABLE 1: Correlation of leaf NR activity and nodule N,-ase activify to soil
mineral nitrogen content.

Soil N (X)
Nitrate-N Ammonium-N
NR activity (Y)
4 wk 1Y = 0.114 +0.831/X {r = (.73%)
Vmax'= 8.7 Km = 7.3 NS
6wk /Y = 0,152 +2.144/X {r = 0.95%%)
Vmgx = 6,6 Km = 14.1 NS
10 wk VY = 0530 46.574/X {r= 0.74%)
Vmax = 1,9 Km= 2.3 N§
N, -ase activity (Y)
4 wk Y = 0,048 +4.200/X (0= 0.86*%) NS
& wk NS NS
8 wk K§ N8
10 wk NS NS

Wmax: umol NO 2 Fg fresh wiper b, Kin: ppm sitrate-M, N§: nonsignificant.

by eight weeks after germination most N-fertilized pots showed fixation rates
greater than that of the unfertilized control.

Relationship between leaf nitrate reductase and nitrogenase activity

At the four-week harvest there was a negative linear correiation between
leaf nitrate reductase and Ny (CyH») fixation. However at the six-week and
ten~week harvests, leaf nitrate reductase activity showed a parabolic
relationship with N, {U,H,) fixation (see Figure 3). This suggests that a
certain level of nitrate N may be beneficial to symbiotic N, fixation
promoting early plant development and, thus, providing greater pools of
photosynthate for nodules. Similar results have been obtained by Hashimoto
{1976).
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STUDIES ON THE PERSISTENCE OF INTRODUCED
STRAINS OF RHIZOBIUM JAPONICUM IN SOIL DURING
FALLOW, AND THE EFFECTS ON SOYBEAN GROWTH AND
YIELD

V. Ranga Reo, G. Thottapilly and A. Ayanaba!

Surnumary

Inoculation experimenis with the American soybean cultivars
TGm 80 (Bossier’) and TOm 2944 in Nigeria in 1978 showed
striking responses to inoculation. Because African farmers practice
shifting cultivation, we examined the persistence of the inoculant
strains in soil. and their ability to sustain soybean yields after a two-
vear faltow period.

After the faliow period, significant increases in nodule mass,
shoot weight, and grain yield were again observed in the inoculated
plots, where TG 80 and TGm 294~-4 were grown, in comparison to
the uninoculated treatments. With ‘Orba’ the differences were not
significant. Serological typing of the nodules using the Enzyme
Linked Immunosorbent Assay (ELISA) revealed that most of the
nodules formed on the three soybean cuitivars were from the strains
introduced in 1978, We conglude that the nitrogen fixed by these
nodules could sustain the growth and yield of soyhean culiivars
after a two-year fallow period, thus encouraging a possible low-
input sovbean cultivation by subsistence farmers in Africa.

INTRODUCTION

Tropical soils not previously used for the cultivation of soybean contain few
rhizobia capable of effectively nodulating this species. There is, therefore,
great potential for achieving high soybean yields with no fertilizer nitrogen
{N}input, by introducing known effective strains of Rhizobium japonicum, In
1978, a series of field experiments were undertaken throughout Nigeria to
screen strains of R, japonicion and select those that proved most efficient. In

Inwrnational Institute of Tropical Agriculture (IITA), PMB 3320, 1badan, Nigeria.
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this study, seed vield of American soybean cuitivars was increased as much as
i00% by inoculation, but cultivars having Asiatic origins did not respond
significantly (Kang, 1975; Pulver e al,, 1978; Nangiu, 1980; Rao et al., 1980},

kn the shifting cultivation pattern practiced in Africa, itis commonto leave
the field in fallow after cropping. The present study was designed to evaluate
the persistence of R. japoricum strains introduced in 1978 as seed inoculants,
after a two-year fallow period, and to assess the ability of surviving rhizobia to
sustain soybean growth and yield.

MATERIALS AND METHODS

The experiment was conducted in predominantly clavey upland soils
{Egbada series) low in N {0.12% total N) at the International Institute of
Tropical Agriculture (1ITA), 1badan, Nigeria.

Twelve single-strain inoculants and one multi-strain commereial inoculant
{Nitragin Co. Milwaukee, W1, USA) had been used in the 1978 study. The
single strains used were R, joponicum 46 (Zambia); 3 ENSA (Ivory Coast);
67 {Zambia); I8 (1ITA)Y, SM 35 and SM 3! (mutants of 61 A76, USA); 110,
110 mutant {USA); 142, 143, 138, 122 (USA). These had been applied to the
seed as peat based inoculants using a Nitracoat adhesive (Nitragin Co.), and
inoculated seed was pilanted in a moist soil.

Uninoculated and fertilizer N treatments had also been used in this trial,
urea (150 kg/ha) being applied as a split dressing at sowing, flowering, and
early pod-fill.

After a two-year fallow, the plots were cleared and uninoculated seed of the
cultrvars TGm 80 {‘Bossier’), and TGm 2%94-4 (both of American origin) and
the Indonesian cultivar Orba were replanted into the plots they had occupied
in 1978. An additional treatment, that of freshly inoculated seed wasadded as
a control, while plots under N in the 1978 trial received a further 150 kg/haas
urea,

The ELISA serological technique (Enzyme Linked Immunosorbent Assay)
was used to determiine what percentage of the nodules formed were due to the
previously applied inoculant. For preparing antisera, Rhizobium strains were
grown on the liquid medium for 3 days at 27 = 1°C. Bacterial cells were
harvested by centrifugation at 12,000 g for 10 minutes and resuspended in
0.85% NaCl solution. The cells were thoroughly washed in saline and
centrifuged again. The antisera were prepared by intramuscular injection of
rabbits using | ml of bacterial suspension (containing approximately 2 x 1022
cells/ ml) and an equa! volume of Freund's incommplete adjuvant, Three such
injections were given at weekly intervals. The rabbits were bled 2 weeks after
the last injection and weekly thereafter. For the preparation of antigens, single
nodules were crushed in a solution of phosphate-buffered saline (pH 7.4)
containing 0.05% Tween-20 and 2% polyvinylpyrrolidone. The “double
antibody sandwich” form of the ELISA assay (Voller ef a4/, 1976; Clark &
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Adams, 1977) was used. The reactions were carried out in polystyrene
microtitre piates {(Cooke M 129 A; Dlynatech Laboratories, Alexandria, VA,
USA}). The coating of the plates with y-globulin was done after dilution in 8.05
M carbonate buffer (pH 9.6) with the plates then incubated overnight at 4-6°C
{Thotiapilly & Rossel, 1980). After washing the plates, 0.02 ml of the test
samples was added 1o each well with further overnight incubation, After
washing, 0.2 ml of Y-globulin-alkaline phosphatase conjugate was added to
¢ach well and ipcubated at 4-6°C for 10-12 hours. The plates were again
washed and 0.2 mi of enzyme substrate soiution (0.5 mg/ m! of p-nitrophenyl
phosphate in 0% diethanolamine, pH 9.8) was added to each well. Positive
reactions produced a yeilow coloration due to the action of antibody-linked
alkaline phosphate on the enzyme substrate; negative reactions remained
colorless.

RESULTS AND DISCUSSION

Significant increase in nodule mass was noticed in all three cultivars
following inpculation in the 1978 planting, though uninocujated plants of v,
Orba, had 6-20 times more nodule mass than those of cv, Bossierand cv. TGm
294-4, indicating the wider compatibility of indigenous rhizobia with *Orba’,
Earhier studies had shown that ‘Orba’ is nodulated by cowpea-group rhizobia,
while the occasional nodules seen on *Bossier’ and TOm 294-4 were duc to R,
Jjaponicwm strains that have found their way into African soils. Aiso, many
strains of eiizobia isolated from 'Orba’ were not compatible with *Bossier’ and
TGin 294-4, showing a clear hostfstrain specificity pattern between the Asian
and American soybean cultivars (11TA, 1978; 1979). Significant increases in
shoot weight and grain vield were obtained with all inoculant treatments in
TGm 80 and TGm 294-4, but in *Orba’ such a response was visible withonlya
few inoculants {Ranga Rao er af | 1980),

Significant differences in the nodule mass between inoculated and
uninoculated treatments were again observed in 1980 for the varieties TGm 80
and TGm 294-4, but not for “Orba’. For most of the inoculation treatments
nodule mass in the 1980 planting was considerably below that of the 1980
inocuiated check. and less than had been reported in 1978 (see Tabie 1. This is
indicative of a possible drop in Raizobium numbers during the faliow period.

Similarly, grain yields in the 1980 planting tended to be less than those
achieved by the 1980 inoculated check, and below those that had been
achieved in 1978, However the inoculation response in ‘Bossier” and TGm
294-4 was stili clear with most of the 1978 inoculation treatments vielding as
miuch as the piots receiving 150 kg N7 ha. No such response was evident with
the ‘Orba’ variety {see Table 2). The vieid responses with the ‘Bossier’ and
TGm 294-4 varieties clearly reflect the persistence and effectiveness of at least
some of the introduced rhizobia over the two-year faltow period.
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TABLE 1. Nodule dry weight (mg/plant, 6 weeks after planfing) in three cul-
tivars of soybean after inoculation in 1978, and following & two-
vear fallow period.

Treatments Cultivars

Bossier TCGm 294 Orba

1978 1930 1978 1980 1978 1980

tninoculated -N id4 id 46 £8 287 2G8
+100ON 46 68 360 72 275 135

R, japonicum:
46 251 1590 186 125 351 236
G3 ENSA 386 i2¢ 472 213 569 161
67 345 181} 317 102 508 193
18 362 208 300 199 473 175
SM 33 60% 140 552 249 679 225
5M 31 650 93 509 216 6935 156
110 431 120 306 124 443 178
110 Mut. 475 148 388 115 538 i75
142 458 121 303 106 488 225
143 785 16% 416 213 495 244
138 532 160 344 225 452 213
122 391 122 436 133 348 175
Nitragin 645 167 424 96 648 152

8M 35 inoculated in 1980 367 392 584

L 8D {6.08) for comparisen of means of differeat trearments:

1978 = 185; 1980 = 77

Using the ELISA technique for four strains of rhizobda, we found that
nearly all nodules formed in 1980 by *Bossier’ and TGm 2944 were from the
strains introduced in 1978, In ‘Orba’, the nodulation was not entirely due to
introduced rhizobia. Because *Orba’ is compatible with indigenous, cowpea-
type rhizobia, the performance of R. japonicum 110 and 138 in 1980 is
suggestive of the poor competitiveness of these strains with indigenous
rhizobia. When heavy doses of inoculum were used, as in the case of R
Japonicun SM 35 intreduced in 1980, all the nodules formed on the three
cultivars were of this strain {see Table 3). There was a small increase in the
nodule mass of TGm 80 and TGm 29444 in the sninoculated plots. ELISA



3i3

TABLE 2:  Grain vield (kg/ha) of three cultivars of soybean after Inoculation
in 1978 and following a two year fallow period.

Treatments Cultivars

Bossier TGm 294 Orba

1978 1980 1978 198¢ 1978 1950

Uninoculated  -N 1643 1526 1079 1655 2124 1924
+ 150N 2726 2314 2682 2151 2671 1848

R japonicum:
46 2781 2429 2947 2279 2251 1215
G3 ENSA 3180 1331 2872 2540 2559 16706
67 2978 2422 2848 2309 1857 1772
18 3125 2890 2843 2503 2822 1657
SM 35 3034 2387 2525 2576 2368 197§
M 11 1816 2451 2943 2120 1734 2046
116 3170 2736 2872 2834 2660 1789
110 Mut, 2792 2934 3069 25398 2748 1950
142 37y N 2390 1936 2353 2044
143 2533 1847 2318 1807 2090 1758
i38 2871 2433 3152 1967 2523 1471
122 3126 1362 2860 2188 2426 18”37
Nitragin 3032 2616 2878 2335 2620 1067
SM 35 inoculated in 1980 3031 2935 2205

L 8 D {0.05) for comparison of means of different treatments:

1978 = 309; 1980 = 508

resuits showed also that nodules formed in the uninoculated plots on TGm 80
and TGm 294-4 were almost entirely due to contamination originating from
the introduced strains while in *QOrba’ they were largely due to native rhizobia
{see Table 4). From our study with R. japonicum cultures and with soybean
nodules, and from earbier work on groundnut (Kishnevsky & Bar-Joseph,
1978) and lentil nodules (Berger ez gl 1979), the ELISA technique appears 1o
be a promising serological tool for rapid detection of rhizobia in nodules and
in culture, facilitating analvsis of large numbers of samples with very little
antiserum.
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TABLE 3:  Percent of nodules formed by inoculant strain after 2 two-year
fallow perjod.’

Rhizobium japonicum Cultivars
strains i e

Bossier TGm 394 Orba
SM 35 g1 98 72
M 31 93 100 78
110 98 88 16
138 84 94 43
8M 35 (19800 100 184 166

*Based on 192 nodulesftreatment,

TABLE 4: Percent of nodules formed in the uninoculated plants due to conta-
mination by R, japonicum strains. '

Contaminating strain Cultivars
Bossier Tim 294 Orba
SM 35 25 19 17
SM 3t 27 20 26
110 6 & 0
138 47 41 0

‘Based on 197 nodules/eultivar,

CONCLUSION

The following conclusions can be drawn from the above studies:
Rhizobitrn inoculants offer a great hope for increasing the vields of
high-yielding US soybean cultivars in Africa;
Effective strains of rhizobia introduced as inoculants survive short
fallow periods and can sustain sovhean yields after fallow
without further inoculant or fertilizer N input; and
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Cultivars of Asian origin do not respond to inoculants significantly
because of their ability to nodulate with the indigenous
rhizobia,

The soybean breeding program at HT A is aiming to transfer the nodulating
characteristics of Asian cultivars to agronomically superior, American-bred
cultivars.
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EFFECTS OF SUPPLEMENTAL NITROGEN ON
NODULATION, ASSIMILATION OF NITROGEN,
GROWTH AND SEED YIELD OF

PHASEQLUS VULGARIS AND VIGNA UNGUICULATA

M.S. Ferndndes, M.C.P. Neves and M.F. M. S&

Surmmary

Supplemental nitrogen (N} equivalent to 60 kg N/ ha was applied
to inoculated plants of Phaseolus vidgaris and Figna unguicufata gt
flowering, either as nitrate N or ammanium N + Nitrapyria to soil,
or as urea apphed foliarly in repeated dressings. Plants harvested at
weekly intervals thereafter were assayed for nitrogenase and nitrate
reductase activity, nodule development, and the ureide content of
the xylem exudate.

Bean plants had Jower nodule dry weight and were weaker in N,
(CaHyp) fixation than cowpea, but profiles of activity were similar
for hoth species. The nitrate reductase activity of bean plants was
abaut three thaes greater than that of cowpea. Applied N affecied
nitrate reuctase activity in cowpes, but in beans the sharp increase
in nitrate reductase activity soon after flowering oceurred with or
without supplental N,

For cowpea the ureide content of xylem sap was greatest during
carly vegetative growth, while in beans maximum ureide content
was found during flowering and decreased just after application of
supplemental N,

Yield of green bean pods was enhanced considerably with
applied nitratg-N, whereas for cowpeas maximom yield was
obtained using urea in {oliar applications. Cowpeas cutyielded
beans in all treatments, but were less efficient in utilization of
nitrate-IN.

INTRODUCTION

The availability of nitrogen (N} to plants at critical stages of growth is
essential for high vield. Legumes are fortunate in that they not only have the

b Dept. of Soil Science, UFRRJ, ltaguai, 23460, Rio de Janeiro, Brazil,
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ability to utilize soil and fertilizer N, but they can also fix Ny from the
atmoesphere. Thus, under most field conditions both nitrate reductase and
nitrogenase enzymes will be operating, though at different levels of activity.
For nitrogenase (Ns-ase), maximum activity has been reported during
vegetative and early reproductive growth, whereas peaks in nitrate reductase
activity (NRA) can occur both in the early-vegetative {Streeter, [972; Franco,
Pereira & Neyra, 1979} and post-flowering periods {Franco ¢t &f, 1979),

Given the increasing cost of N fertilizer, it is essential that methods of
fertilization are developed that are compatible with, and complementary to,
N, fixation. In this paper we report the effects of post-flowering N
fertilization on the N uptake, metabolism and vield of nodulated beans
{ Phaseolus vuigaris) and cowpea ( Vigna unguiculara) plants,

MATERIALS AND METHODS

The experiment was undertaken on a red yeilow podzolic soil having 51.8
ppm K, 3.2ppm P, 0.0 meq/ 100 g AL 5.2 meq;/ 100g Ca+ Mg, 0.13% N,and a
pH of 5.9

Prior to planting, the experimental area was fertilized with 80 kg/ha P20+
as triple superphosphate, 30 kg/ha K70 as KCI, and 20 kg/ha N as
(NH,},S0,. Test plants were Phaseofus vuigaris cv. Rio Tibagi and Vigna
unguiculata cv. Vita 34, For each cultivar three replicate blocks were sown
using 60 cm between rows and § cm between seeds, Seeds were inoculated with
Rhizobium (C-08 and F413 mixed {or Povudgaris, 1|, for V. unguiculara) just
before planting.

Supplemenial N was applied at the onset of flowering. Nitrogen (60 kg
N7 ha) was applied to the soil either as NaNO ; or as (NH4 3,80, plus 20 ppm.
Nitrapyrin, Urea was applied as a foliar spray in four applications (12kg/ha
gach) at weekly intervals.

Assays for nitrogenase and nitrate reductase activity were initiated seven
days after emergence, and continued ar weekly intervals thereafter. For
nitrogenase two plants were analyzed per treatment using the method of
Franco et al. (1979).

Nitrate reductase activity was measured in the leaflets of mid-stem
internodes of five plants using the method of Jaworski (1971). Plant N was
determined by a Kjetdahl procedure. To follow patterns of ureide movement
over time four plants/treatment were used each week in the collection of
xylem exudates. Stems were cut 3 cm from soil surface and exudates collected
for | hour. Samples were kept at -20°C until analyses were performed.
Ureides in the exudates were determined colorimetrically by the method of
Young and Conway {1942).
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In cowpeas without N supplementation the differences in NRA during the
iffe cycle were not significant. Following N supplementation at flowering,
NRA increased, reached its maxima! level two to three weeks after flowering;
then declined to the same level as unfertilized controls (see Figure 1). NRA in
bean plants began to decline scon after germination and reached its minimum
in the week after flowering (days 35 to 42). NRA then began to increase, even
in control plants (see Figure 2). The NRA level of bean plants was, on
average, four times higher than that found in cowpea.
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The seasonal patterns of NRA in this experiment were similar to those
observed for beans by Franco et al. (1979}, but for cowpea, seasopal NRA
patterns showed much less variation than observed by Minchin er 2f, (1980}
using phytotron-grown plants and 200 ppm nitrate-N,

Nodule development in cowpeas was markedly superior to that of beans,
especially from the first to the third week after germmnation when nodule dry
weight in cowpeas mmereased exponentially, but changes in beans were small
{see Figure 3). N fertilization at flowering had little effect on nodule
development in either species, since by the time fertilizer treatments were
imposed nodule dry weight was already on the decline. The nodule weights
observed in this experiment fall within the range reported for these species by
other workers (Graham & Rosas, 1977, F.F. Duque, personal communica-
tion}.
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Figure 3. Effects of supplemental N on nodule dry weight of cowpea and beans. The
arrow indicates when treatinents were initiated.

Seasonal variation in N,-ase activity for the two species (see Figure 4)
followed 3 pattern mmztar to that observed with nodule dry weight.
Nitrogenase activity in cowpea declined sharply at flowering, and 42 days
after emergence could no longer be detected. As for nodule dry weight, the
effect of N supplementation on N, fixation was very small.

The pattern of ureide accumulation in the xylem sap of beans and cowpeas
did not coincide with the patterns observed for nodule dry weight and N, -ase
activity (see Figures 5, 6). In beans, there was also a negative correlation
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(r=-0.79**) between Xylary ureide content and leaf NR A, There was no such
correlation found for cowpea. Ureide accumulation in the xylem sap of
cowpea showed a tendency to decline from the first to seventh week after
germination. Application of fertilizer N to the soil or as a spray resulted in
only smaller modifications of this trend (Figure 6),
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Figure 7 shows the pattern of nitrate accumulation in bean plants and
Figure 8 the amino acid accumulation in the leaves of beans. Accumulation of
amino N in bean leaves parallels the decline in nitrogenase activity in these
plants, and is coincident with the beginning of nitrate-N accumulation.
Nitrate accumulation in bean tissues reached a maximum of 49 {o 56 days
after emergence, by which time the amino-N content of leaves had begun to
drop sharpiy. This indicates that nitrate accumulation for seed development
continues even while the leaves are beginning to mobilize N to the pods.
Uptake of nitrate-N in cowpea (see Figure 9) was not as marked as with beans,
though cowpeas also showed extensive amino acid accumulation in leaves (see
Figure 8). N fertilization again did not markediy affect these traits,

Seed preduction (kg/ha) and N accumulation in seeds (kg N/ha) of beans
and cowpea are shown in Table 1. Seed production was significantly higher
{statistical data not shown) over all the treatments for cowpea than for bean
plants. Bean plants seemed 10 use nitrate more efficiently than cowpea. Foliar
sprayed urea resulted in an increase in seed production by cowpea,
Accumulation of N by plants (kg N/ha)is also shown in Table |, Beans with
supplemental nitrate had the highest N accumulation level of all treatments,
whereas urea-supplemented cowpea showed the second highest N accumula-
tion level.

DISCUSSION

Cowpea showed better nodulation than beans and also greater nitrogenase
activity. The poor nodulation in beans may have led to its greater use of soil N,
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This is indicated not only the higher NRA level of beans compared to cowpes,
but also by the sharp increase of NRA in beans at the onset of reproductive
activity, Supplementation of plants with mineral N, either applied to soil or
sprayed onto leaves, at the beginning of flowering had little effect on
nodulation and Ny-ase activity of beans and cowpea. However, supplemental
N affected NRA, nitrate accumulation in roots and stems, and amino-N
accumulation patterns of leaves.

No direct relationship was shown between ureide accumnulation in the
xylem sap of beans and cowpea, and the sgasonal patterns of Ny-ase activity,
However, a negative relationship between NRA in leaves and ureide in the
xylem sap of beans was found. Although the NRA of roots and the ureide
content of leaves were not measured, the patterns of N accumulation inroots
and stems, together with NR A changes in leaves, leads us to speculate that at
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TABLE 1: BSeed production (kg/ha} and N accumulation (kg Nfha} in seeds of
beans and cowpea with and without supplemental N,

Legume Treatment
0 NO;" NH,4+ Urea
Seed production fkgfha) —
P, vulgaris 813 1274 968 966
V. unguiculata 1041 1121 1027 1389
e N gecumunlation (kgfha}
P, vrilgaris 168 47.2 348 36.7

V. unguiculate 31.2 392 329 45.8
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Effects of supplemental N on the NO | - N distribution in cowpea.

least some of the ureides in bean plants may come from nitrate reduction 1n

the roots.

Applications of fertilizer N at the onset of the reproductive stage resuited in
higher yieids for beans when pitrate was used,while cowpea had an increase in
seed production when urea was applied.

Our data show that, aithough cowpea and beans produce seed having
similar characteristics, their N uptake and metabolism is different and they
may require different management techniques.
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PROFILES OF UREIDES AND AMINO ACIDS IN EXUDATES
FROM SENESCING SOYBEAN NODULES

L.L. Shearman and R.V. Klocast,?

Summary

The conceniration of ureides {(alantoin, allantoic acid, and urea),
amine acids, and tofal nitrogen (N} in nodule exudates were
monitored over the production cycle of field- and glasshouse.
grown soyvbeans, and related to levels of Ny (CaHq) fixation in
these plants.

In both glasshouse and field studies, specific No-fixing activity
peaked at mid-flowering and imtigtion of pod fill, with a slight
secondary peak at the full seed stage. As Ny fixation per nodule
correlated with nodule fresh and dry weight {r= 0.70), 1two
populations of nodules are suggested.

Nodule exudates from greenhouse-grown plants had higher
aming acid concentrations than fisld-grown plants. Asparagine
was the major amine acid and reached a concentration of L6 mM
during reproductive development. Asparagine, glutamine, serine,
alanine and aspartate were found in ali samples; glycine, isoleucine,
threonine, valine, and proline appeared in only some samples.
Ureides accounted for maost of the N exported from nodules, but the
ureide:amino acid ratio declined during peak fixation.

Nodule exudates from [igld-grown planis contained a high
proportion of ureides — mostly as urea, but again the proportion of
amino acid N tended to increase during peak fixation,

Although changes were observed in the various N fractions
during the study, they were notl conststent for boih greenhouse and
field-grown plants and could not be refated to nodule senescence.

boDept. of Agricultural Brochemustry, Univ, of Nebraska, Lineoln, NE, 68583, USA.
* Researchh Support from the USDIA;SEACCRGO (Grant No. 78000837 and the Nebraska
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INTRODUCTION

Although the gross morphological consequences of nodule senescence are
=asy to observe and describe, the physiological and biochemical events
ontributing to senescence are unknown. The loss of nitrogen (N ) fixation is
a useful and convenient indicator of nodule senescence (Kiucas, 1974),
Though profiles of No fixation versus plant age are quite variable and depend
on the types of legumes, rhizobia, and growth conditions, the use of tap root
nodules that are approximately the same age (Bergersen, 1958), or the use of
conditions that restrict secondary infections (Stipf & Werner, 1978), vield
reproducible profiles in which the N; fixation peak is followed by a moderate
or sharp decline in activity.

Praring the active life of a nodule, ammonia formed by N3 fixation is
assimilated into mitrogenous compounds before translocation from the
nodules. In soybean nodules { Matsumoto, Yatazawa & Yamamoto, 1977;
McClure & Isragl, 1979; Streeter, 1979}, as well as in the nodules of certain
tropical legumes{Herridge & Pate, 1977; Herridge et al., 1978}, ureides are the
primary and amino acids are the secondary nitrogenous products that are
transtocated. The distribution of N between ureides and amine acids is
dependent on the plant type (Pate, 1980), availability of inorganic N (Tajima,
Yatazawa & Yamamoto, i977; McClure, lsrael & Volk, 1980} and possibly
plant development, Nodule senescence may also change the distribution, not
only by altering pathwaysinvolved in assimilation of N, but also by increasing
catabolism of proteins and nucleic acids. Catabolism of proteins could vield
differences 1. the amount and distribution of N among amino acids, whereas
breakdown of nucleic acids could yield increases in ureides.

The primary objective of the present study was to determine whether
changes in metabolism that accompany nodule sengscence were reflected in
the N-containing exudates {rom legume nodules.

MATERIALS AND METHODS

Both a field and a glasshouse study were undertaken. For the field study
seeds of sovbean { Glycine max (L.) Merr. cv. Woodworth), inoculated witha
comynercial inoculant {Niragin Co., Milwaukee, WI, USA) were grown
without fertilization, but were irrigated as needed. Greenhouse-grown plants
of the same cuitivar, inoculated with strain 110 of R. jeponicum were sows
into Turface (Wyandotte Chemicals of Canada Ltd., Scarborough, Oniario,
Canada) and irrigated with N-free mineral medium (Evans, Koch & Klucas,
1972). At each samping date, randomly selected plants were harvested
approximately five hours after sunrise and characterized according to stage of
deveiopment {Fehr & Caviness, 1977}, after which the root systems were used
either to measure N, {C,H,) fixation or for the collection of noduie exudates.
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To obtain exudate samples, nodules were removed from roots, washed with
distilled water and placed on moist filter paper {Pate, Gunning, & Briarty,
1969). Xylem tubes from the nodule that were exposed during excision from
the root were enclosed by a 5 a1l glass capillary tube and approximately Sal of
exudate were collected from each of 20 nodules. The pooled exudates were
quickly frozen and stored at -80°C unti] used for analysis,

N1 {C,H,) fixation was estimated by a method similar to that of Pedersen
et al. (1978), using methane (42 umol) as an internal standard.

Nodule exudates werp analyzed for amino acids, ureides, and total N,
Amino acid analyses were done on an amino acid analyzer (Hitachi-Perkin-
Eimer KLA-3B Norwalk, MA, USA) using a procedure for physiological
fluids (Benson, 1972}. The lower limit of detection for these amino acids,
except proline, was approximately | nmole, Because of imited amouonts of
sample, basic amino acids were not measured in this study.

Allantoic acid, allantoin and urea in nodule exudates were separated hy
thin layer chromatography on silica gel plates of 250 um thickness (EM
Reagents, Darmstadt, Germany). Plales were developed twice in a solvemt
system containing methyl ethyl ketone:chloroform:glacial acetic acid:water
(14:2:3:3). Urea, allantoin, allantoic acid and ammonia had Ry values of 0,85,
0.71, 0.49, and 0.1, respectively, in this system. Areas of the gel pertaining to
allantoic acid and allantoin were scraped from the plate and scrapings were
eluted two times with 1,50 ml hot 0.1 N NaOH. A 2 ml] aliquot of the eluate
was assayed using the procedure described by Young and Conway (1942).
Urea was quantitated by eluting from the silica gel with water, incubating with
urease at pH 7, and assaying for ammonia by a microdiffusion procedure
using Nessler’s reagent as described by Burris (1972). To measure total N,
exudates were subjected to microdigestion {Ballentine, 1957} to form
ammonia and the ammonia was quantitated by Nessler's reagent,

RESULTS AND DISCUSSION

Two, possibly three, peaks in specific nodule activity {SNA) were observed
in each study (Figures | and 1), and corresponded to the periods between
onset of flowering and full bloom and initiation of pod development and fuil
pod development. SNA was highly correlated with fresh weight of nodules (r=
0.83 and 0.70, fresh weight basis for the field and glasshouse studies,
respectively). From this data it appears that two cycles of nodule formation
might have occurred.

Concentrations of total acidic and neutral amino acids in nodule exudates
varied from 0.33 mM to 2.20 mM in the greenhouse study {see Table 1) and
from 0.062 mM to 0.48 mM in the ficld study (see Table 1). Asparagine was
the amino acid present in the greatest concentration in nodule exudates
throughout the reproductive stages of sovbean development. Concentrations
ranged from 0.28 to 1.78 mM and accounted for 204 to 80% of the amino
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Figure 1. Total N in nodule exudates, distribution of N between ureides and amino
acids in nodule exudates and N, fixation by attached nodules from
greenhouse-grown plants of various ages. a. Acetylene reduction was
used to measure N, fixation { - -1 Total nitrogen (- - -) was measured
after digestion of nedule exudates or caleulated {#) from amino acid and
ureide values. b, Neatral and acidic amino acids (hatched) and ureides
{unhuiched} were measured as described in “Materials and Methods”
Pliant stage of development depicted for cach sample,

acids in the greenhouse study {see Figure 3} and from 0.06 to 0.33 mM,
accounting for 40% to 85% of the amino acids, in the field stady (see Figure 4).
However, the composition of amino acids in nodule exudates varied
substantially with plant development and growth conditions. In the
greenhouse study, glutamine was the second most abundant amino acid, and
its levels in nodule exudates correlated very well with rates of N, fixation.
Sering, aspartate, and alanine were also detected in exudates. In nodule
exudates from field-grown plants, the concentrations of amino acids were
lower, and fewer of them were detected, Serine, with lesser amounts of alanine
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Figure 2. Total N in nodule exudates, distribution of N between ureides and amino
acids in nodule sxudates and N» fixation by attached nodules from field-
grown plants of various ages. Legend as Fig. Ia and b,

and aspartate were the secondary amino acids in most samples, and little
glutamine was detected. However, the presence of glutamine in nodule
exudates from field-grown plants did coincide with peaks of nitrogenase
activity. From the amino composition of nodule exudates, it was apparent
that asparagine concentration was lowest, and consequently the percentage of
other amino acids was highest, when nitrogenase activity was relatively low,
However, none of the exudates, including those coilected during the later
stages of plant development, possessed a large complement of amino acids
suggesting nodular destruction.

*

Levels ot ureides in nodule exudates at each sampling time are shown in
Tables 1 and 2. Exudates of nodules from greenhouse-grown plants had high
ureide concentrations (10 mM - 46 mM as N) including allantoin, allantoic
acid, and urea in all but the late vegetative stages of plant development.
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TABLE I: Ureide and amino acid concentrations in nodule exudates from
soybeans grown under greenhouse conditions,

Age Stage  Allantoin  Allanioate Urea  Ureide N! Total
Amino acids?

Daysz mM
23 V3 4] 0 - - 0.65
33 V4 046 0.7 2,8 10.3 0.49
15 R1.3 2.3 1.4 2.0 18.7 1.02
39 R0 29 2.3 2.1 250 1.36
41 R2.3 4 26 1.7 356 1.41
46 R34 2.1 1.9 2.2 208 0.91
49 R3.8 2.3 0.7 36 9.1 2.20
53 R4.0 5.3 4.9 25 457 2.07
35 R3.0 1.2 27 43 244 0.33
60 R6.D 2.5 1.6 3 22.5 1.54

Yreide N was obtained by summation of M in allantoin, allantoats and urea
Zrotal amine acid values are obtained by summation of individual acidic and neutral amino
acids in nodule exudates.

During the reproductive stages of plant development, allantoin concen-
tratiens ranged from 1.2 mM to 5.4 mM and accounted for 20609 of the 1otal
N recovered in ureides. Allantoic acid concentrations were somewhat lower
ranging from .68 mM to 4.88 mM and accounting for 14-45% of the ureide N.
Lirea was also detected at levels between 1.72 mM and 4.33 mM, which was
10-37% of the ureide N. The level of ureides (1.8 mM - 20 toM as N} in noedule
exudates from field-grown plants was consistently lower (see Table 2}, In
many samples, urea was the predomiinant or only ureide detected with
concentrations ranging from 0.3 mM to 9.3 mM. High urea levels could be
artifacts resulting from the breakdown of allantoin and allantoic acid
(Trijbels & Vogels, 1966; Tajima & Yamamoto, 1975; Tajima et al., 1977,
MeClure & lIsrael, 1979).

Total N levels in nodule exudates as determined directly after digestion, and
as calculated by summation of amino acid and ureides, are shown in Figures
la and 2a. Values for total N from direct analysis varied between 3.6 mM and
28.9 mM in the greenhouse study and between 4.3 mM and 17.9 mM in the
field study. The correlation between the two methods of estimaling total N
was generally good; thus, most of the N in the nodule exudates must have been
in the nentral and acidic amino acid fractions and in ureides. The divergence
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TABLE 2:  Ureide and aming acid concentrations in nodule exudates from
soybeans grown under field conditions.

Age Stage  Allantoin  Allantcate Urca  Ureide N' Total
Amino acids?
Days mM
59 v g 0 4.3 84 0.13
&3 v 0 0 4.1 g2 0.25
68 RLS 0.9 0.6 1.0 8.0 0.19
73 R2.0 0 o 2.9 5.8 Q.19
76 R1S 0.5 0.7 - - 0.32
g1 R2.1 0 O 1.0 14.0 0.2¢
54 R2.0 4] 0 5.4 10.8 0.12
8& R2.6 0 04 93 202 0.04
90 R2.6 0.3 0 0 - 1.2 0.17
95 R30 0.1 03 0.5 26 0.48
a3 R49 ¢ 0.2 5.1 11.0 0.12
102 R5.2 8.1 0 2.8 6.0 032
105 R5.4 0.2 0 0.3 14 0.36
109 R59 4.2 0.1 0.6 2.4 -
115 R5.9 0 - as - 0.27
118 R58 0 o 0.9 1.4 -
123 R6.0 0 Y 33 6.6 <001
126 R6.5 0.1 0.1 1.4 38 <(0.01
138 R7.5 1.0 0 1.7 7.4 0.32

*Urteide N was obtained by summation of N in allantoin, alfantoate and ugea

2Total amine acid valses were oblained by summation of individual acidic and neutral amino
acids,

between measured and calculated N was greatest in samples collected late in
the growth cycle and varied with growing conditions,

The percentage of N translocated as acidic and neutral amine acids
appeared to parallel nitrogenase activity in both studies. By contrast, the
percentage of ureides in nodule exudates was lowest during periods of peak
pitrogenase activity.

Changes were observed in various nitrogenous compounds of nodule
exudates as a function of stage of plant development or N fixation in both
studies. However, changes in metabolism that accompany nodule senescense
were not reflected in the N containing compounds found in nodule exudates.
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NATIVE LEGUMES IN MINAS GERAIS STATE, BRAZIL

NM.8, Costa!

Summary

The multiplicity of soils, chimates and vegetation types in Minas
Gerais State has resulted in a large variation in the genera and
species of legumes that occor naturally there. A number of these
appear to have forage potential.

This paper reports on the occurrence, nodulation and resistance
to stress conditions of some naturally occursing species, but
emphasizes Stvlosanthes spp. In observations of natural settings
and field nurseries, six different rooting patterns were found in
species of Srylosanthes. Three Stylosanihes species had uusually
farge nodules, while in 5. capitara and §. macrocephala few or no
nodules were found under natural {ield conditions. By contrast §.
guianensis var, vidlgaris, the new species S. debilis, and S,
grandifelia showed good nedulation, even on poor soils, Anthrac-
nose, caused by Colletorrichum gloesporioides was the most
serigus disease of Stylosanthes species in Minas Gerais, though S,
macrocephala and 8. capitata appeared less susceptible than other
species. Root nematodes and stem borers were nota major problem
in Minas Gerais.

INTRODUCTION

Ferreira & Antunes (1980} divided the State of Minas Gerais (M), Brazil,
into five homogenous soil, climatie, and vegetation regions, as summarized in
Figure 1 and Table 1. The variation in soils and climate in these areas resultsin
large variation between thesg ecosystems in the legumes found, and their
relative importance. In those environments characterized by low soil fertility
associated with other adverse conéxtzons the prevailing species have
mechanisms of adaptation such as:

I Empresa de Pesquisa Agropecuarnia de Minas Gerais, CP 295, Sete Lagosas 33700, MG, Brazil.
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*Special” root systems;

Crowns located below the soil surface, protecting the plant against fire;

Efficiency of uptake and ustilization of nutrients and/or tolerance to
nufrient excesses (toxic elements); and

Resistance to some pests and diseases.

Abundant sced production, effectiveness of mycorrhiza, and nodulation
are also important factors. On the other hand, in the regions with high fertility
soils, adequate rainfall and favorable temperature, competition for light
seems to be the main factor determining plant survival. Seedling vigor, initial
growth rate, and plant habit determine the species that will remain in these
ecosystems.

Mato Grosso

Fapirito Rante

— 22° 7 33 -
i

‘ 510 400
; | } . — [I—

Figure {. The five natura! regions of Minas Gerais State.

GENERA WITH FORAGE POTENTIAL

After five years of observation in both aatural settings and field nurseries, the
following are considered the genera/species with greatest forage potential:
Aeschynromene - Ten species have already been described in MG, In
general, they are found in the lowlands, and the plants show

nodulation.



TABLE 1:  Soil, climate and vegetation characteristics of the five natural regions in Minas Gerais State
{from Ferreira & Antunes, 1980},
Regions Climate Boit Yegetation
Thermic Reginie Hydric Regime
A Ta-21-24°C Pa-1300-1700 mm Cxiaols “Cereado”
TE (Tulys 16-24°C Da 100-200 mim June Relief plane to {savanna}
Saptember gencly undulated and “Cerradio”
Bainy season Cct-April Vertisols
B ALTTTUDE < 600 m
Ta-21-24°C Pa-700-1200 mm
Tr{Tuly) 19°C Da 150 - 300 mm
May-(ctober
Rainy season Qct-April Ultisois and Inceptiscls Rainy forsst
High to medium fextihty Somne “Campo Limpo™
ALTITUDE <« 600 m Relief rough and “Cerrado™
Te-18-21°C Pa-1100-2000 mm (savanna)
T (dune) 15°C Ds < 100 mm
Rainy seastrs Det-Aprid
(s Ta-21-24°C PaRlo-1 5% mun 56 % of avex with bicepiisols Rifferent types
Tf {Jene) 19:22°C Da-2¥-508 mm wand Oxisols Relied sough CCermads™ (xavanne}
Rairy season Dct-March 50 % Owgols Relief plane
D Ta-21-24°C Pa-&00-1 240 mm Aldfiscis and Ultisols “Eerradao
Ti (Fune} 18237 C Da460-1 100 mm Refief plane and gently (deciduous fores}
Du-200-606 mm bighlands snduksied
Ruirsy semwens Oo-Maroh Same fertile soils
E Tal9-22°C Pa-1 2062808 mm Ultsols “erradn™
T dulyy 131270 Da-26-1% mm Fertile soils on rough relief {ravanna}
MaySeptember Oisals, geatly undulated
Rainy season Qot-Aped Poer soils o plene relief
‘Fz- Ansual med p ¢, TE Med ferparatire oF the coldest mouth Pae annesl ramfeli, Dia- Bydrie defioency.

1533
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Calopogonium - Few species occur in MG, the most promising being
C. mucunoides, which is found in the south, east, and west. It
presents good forage potential, good nodulation, and
sometimes black nodules. The leaves are frequently attacked
by fungi.

Canavalia - The most frequent species is Canavalia gladiata, which
possesses high dry matter yield potential and good nodulation,
but low palatability, It is very susceptible to nematode root
damage.

Centrosema - It occurs frequently in MG and has high forage potential
but sometimes is only poorly nodulated. Some species are
susceptible to pests and diseases.

Cratylia - The few species occurring in MG are susceptible to pests and
diseases. They present high forage potential, good nodulation,
and good stem rooting capacity.

Desmanthus - There are only two species but both are drought
resistant and have good dry matter yields. The leaves are
sometimes attacked by viral and other diseases. They show
deficient nodulation.

Desmodium - This genus is widespread in MG and many species occur.
It presents medium forage yield, and its nodulation is plentiful.

Galacria - There are a few species in MG, and some have forage
potential, but they do not show ample nodulation. It isattacked
by pests and diseases.

Macroptilium - They are very frequent in MG, with some species
having high forage potential. They are very susceptible to pests
and diseases but usually have good nodulation.

Mimosa - While a large number of Mimosa spp. occur in MG, they
usually show only low forage potential. They are susceptible to
pests and diseases but generally are well nodulated.

Teramnus and Rhynchosia - Few species occur, Their cultivation is
limited by their susceptibility to nematodes, Reasonable dry
matter yield can be achieved together with good nodulation.

Zornia - Some ecotypes present a good forage potential and
nodulation. Sometimes their leaves and stems are attacked by
pests and diseases.

THE GENUS STYLOSANTHES

Among the many forage legumes found in Minas Gerais, the genus
Stylosanthes has been considered the most promising because it has a large
number of species and ecotypes with forage potential. It has been found in
many different ecosystems throughout the state and adapts well to a range of
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soil and climatic conditions, Stylosanrhes species are the most common
legumes in soils with low nutrient availability and/or Al toxicity.

While the majority of Stylosanthes species have anormal root system witha
well-developed tap root and thin, branched secondary roots (sce Figure 2a)a
number possess special root features that help their survival after annual
burning. In 5. bracreara and S. lnearifolia, this takes the form of enlarged
roots. 2-3 em in diameter and 10-20 cm long; the root enlargements being
visible from early vegetative development (see Figure 2¢). Nodules appear on
both normal and enlarged roots. Some root storage tissue is also found in the
more finely rooted species 3. gacuminara, S. gracilis and §. monitevidensis (see
Figure 2b}.
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. , . by g
f{ """i‘%’ui‘ T f 5 aruminaia l{g Sy 4
L - ! 8. gracii L et S o r/rsg’e,ﬁ?fs?a
;‘Ef:w -T; \;, I . ;(* ‘;}f% ;;«X
L ii B e “\"F‘-{ H 5 em : A N ;
! P R8T 7 %

(R TR g
A ' A *
] A,
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N bR
3. Bracivata and 8. fmearifolo 8 rucifowdes and 8. jomentosa

Figure 2. Some root types among Siviosanthas species found in Minas Gerais State,

Stylosanthes ruelliodes, 8. 1omentosa and some ecotypes of 8. guianensis
(see Figure 2d) present budding roots that develop at 24 cm depth and may
reach up to | m from the mother plant. From these budding roots, new shoots
may be formed if burning occurs. These species were found in sandy soils at
Serra do Cip6, near Diamantina. Variation in stem-rooting capacity ocours
both between species, and even within ecotypes of the same variety. In the
species S. guianensis, the var. microcephala is usually believed to have the
highest stem-rooting capacity. However, at Tridngulo Mineiro and Serra do
Cipé, some ecotypes of 8. guianensis, var. vulgaris were found with thin, long
stems, reaching up to 3 m in lenght and with rooting capacity. Possibly
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because of its semi-erect growth habit, 5. guianensis var. canescens has less
stem-rooting capacity than the two other varieties. In some ecotypes of 5.
viscosa, S. macrocephala, 8. capitata, and §. leiocarpe some rooting may
ocenr if the plant population is dense.

The position of the crown below the soil surface can also protect the basal
buds against burning and trampling. Among Stylosanthes species the deepest
basal crowns were noted for §. bracteata and §. linearifolia (2-3 cm depth).
Some ecotypes of 8. guianensis var. valgaris, and the commercial Oxley “fine
stem stylo™ show buried crowns, but not to the same degree as found in §.
bracteata.

Nodulation in Sivlosanthes species

Stylosanthes guianensis belongs to the “cowpea nodulation group” (Norris,
1965), and it nodulates easily with native strains. However, the author has
observed some ecotypes without nodulation or with few nodules even at the
place of origin.

Costa & Ferreira (1977) classified 5. guianensis into three varieties:

8. guignensis, var. vulgaris possessing hairy and viscid stem and leaves;

8. guianensis, var. canescerss without hair, showing no viscidity of the
stems or leaves, and with white pubescence on the spike; and

5. guianensis var, microcephala with thin stemns and small leaflets,
both without hair, small pubescent spikes and few seeds per
head.

The pattern of nodulation is different for the three varieties. 8. grianensis
var. microcephala, in general, shows abundant red nodules, spread
throughout the root system. The vidgaris variety, found as diverse ecotypes,
shows good nodulation even in poor soils. Compared to the two other
varieties, var. canescens forms few or no nodules. The nodulation difficulties
in this variety were stidied by Souto, Coser & Ddbereiner (1978) using the
cultivar IRI-1022 a cultivar that did not nodulate with some strains of
cowpea-group rhizobia.

Awmstralian commercial cultivars of 5. guianensis belong to the vulgaris
variety. They respond well to inoculation with CB756 under controlled
conditions, but in tests in Angola rarely responded to inoculation in the field
{Costa, 1970). From vield observation there appears to be little need for
inoculation of the vulgaris variety under Brazilian soil conditions.

Nodulation data for 14 species of Stylosanthes is given in Table 2 with §.
debilis and S. grandifelia outstanding in their nodulation under field
conditions.

S. capitata, 5. macrocephala, S. bracteata, 8. linearifolia, §. acuminata, .
gracilis, and S. aurea present problems in nodulation, Sometimes they
nodulate, but frequently they do not. In spite of the nodulation problem 5.
capitata and §. macrocephala have been recognized as having good forage
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TARLE 2.  Nodulation of some Stylosenthes species under natural conditions.

Epecies Size Quantity
Large Medium Small Many Few  None
3 mm .S mm 1.5 mm
§. acuminata + + +
3. aurea + +
S, campestris + + +
8. capitaty + + + 4
8. debilis + +
8. graciliz + + + +
8. grandifolia + +
8. guianensis
YaI. CONeICcens + + + +
8. guianengis
var, microcephala + + +
5. guignenyiy
var. vulgaris + +
S. leiocarpa + + &
S. macrocephaia + + e +
S. pilosa + +
S. ruellioides + + +
5. scabra + + + +
S. tomentosa + + +

potential. Effective strains for S. capitara have been isclated in acid soils at
CIAT, Colombia. Collaborative work has been done with J, Débereinerand
her group at EMBRAPA in an attempt to isolate effective strains for §.
macrocephiala. Although S. ruelliodes, S. tomentosa, and 8. campesiris are
morphologicaily different, the number, size, shape, and internal color of the
nodules are similar. The nodules are located close to the crown and on the
secondary roots. They are large compared with other Srylosanthes species
reaching 2-4 mm in diameter (see Figure 3). It is not known yet if the size of
nodules is related to the plant and/or to the Rhizobium.

PESTS AND DISEASES OF STYLOSANTHES IN MINAS GERAIS

Undoubtedly, anthracnose {(Colletotrichum gloesporioides) is the factor
most limiting the performance of Stylosanthes species as forage legumes, The
disease is found in all countries where the genus occurs. Resistance or
susceplibilify to anthracnose depends not only on genetic characteristics of
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Figure 3. Some patterns of nodulation in Stylosanthes species,

the plant, but also on the races of fungus present and on environmental
conditions. Some species seem to present a greater percentage of resistant
ecotypes than others. Some ecotypes of S. capitaig and 8. macrocephala are
good examples of the differences in adaptation to environmental conditions.
3. guianensis var, canescens and var. microcephala show narrow genetic
variability and are susceptible to anthracnose. On the other hand, §.
gulanensis var, vulgaris presents broader genetic variability and shows some
ecotypes resistant to anthracnose.

Nematodes of the genus Meloidogyne limit the performance of a number of
legumes in Minas Gerais and are particularly damaging to Rhaynchosia and
Teramunus species. The author has only rarely observed nematode damage on
the majority of Stylosanthes spp. but has found 5. guianensis var.
micracephala, §. pilosa, and 8. ruellioides to be heavily infected under field
conditions (see Table 3).

A large number of Srplosanthes species are attacked by insect pests, which
destroy the base of flowering buds and also the developing seeds. The main
insect attacking the species is Sragasig sp. Some species or ecotypes are more
susceptible than others. In Sete Lagoas, S. acuminata, S. grandifolia, S.
gracilis, and 8. campestris are frequently attacked. S. guianensis var.
microcephala, 8. capitata and S, macrocephala are hardly ever attacked by
1nsects.

While §. guianensis and 8. scabra have been reported as susceptible to
attack by stem borers of the genus Caloprifia, certain resistance has been
identified in . capitara (C1AT, 1978). Stylosanthes species in Serrado Cipd,
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TAEBLE 3. Diseases and pests of Stvlosanthes species,

Species Anthracnosis Pests
Stems Leaves Stems Spikes Roots

5. acumingta +++ + + O +++ o]
8. aurea ++4 +++ 0 A O
5. campestris o +++ 4 e - “+ +
8. capitata + + + + o
8. debifis + ++ Rk O 0 0
S. gracilis + 4+ L O ++ A o
S. grandifolia +4+ o 0 +++ 8]
S. pulnnensis

VAI. CARESCEnS R o o ++ O + o
S, guianensis

var, microcephala b R ks O &) +++
5. puianensis

var. vulgaris ++ ++ + + o
5. letocdrpa +++ +++ o + o
8. macrocephaia + + o + o
S. pitosa 44 ok 4] + ++
5. ruellioides + +++ ++ + ++
8. seabra ++ + + + O T}
5. tomentosa ++ ++ i o +
5. vigcosa ++ ++

+ 1 Lightly attacked, -+ . Moderately attacked, +H: Heavily attacked, o1 Notatiacked
113;‘{2;3{883 de Pesguise Agropecuaria de Minas Gerals, CF 295, Sete Lagoas 35700, MG Brazil,

Minas Gerais, have also shown variation insusceptibility 1o this pest. Thus, §.
campestris, 8. ruelliodes and 5. tomentosg were highly susceptible but 8.
capitata and S. macrocephala were not affected.

Minas Gerais State is considered one of the centers of diffusion of the genus
Stylosanthes. The diversity in nodulation and pest or disease resistance cited
here emphasizes the wide variation found in this genus and demands that
sxtensive collection and evaluation of this genus be undertaken in Minas
Gerals.
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NITROGEN FIXATION AND FORAGE
CHARACTERIZATION OF AESCHYNOMENESPP.IN A
SUBTROPICAL CLIMATE.

K.H. Quesenberry, S.L. Albrecht and J.M. Bennett!

Susmmary

Since some species of the genus Aeschynomene have been
supgested for use as forages, we assembled a large collection of
Aeschynomene accessions and undertook 3 series of greenhouse
and field experiments to characterize the N fixation and water-
stress responses of Aeschynomene specics.

The nitrogenase activity of greenhouse-grown Aeschynoniene
plants was saturated at 109 CyH 4 and showed maximum activity
at 34°C. Specific rates were highest in four-week-old plants and
declined in older plants. Three accessions of 4. americana L. and
one of 4. villosa Poir. had normal rates of N»{C,H3) fixation and
leaf water and turgor potential after three days of flooding, while in
Desmodivm heterocarpon DC.| nitrogenase activity was only 3%
of the well-watered control and leaf turgor potential wasreduced to
near zera. Drought stress decreased nitrogenase activity in all
aceessions to less than 40% that of the controls.

Nitrggenase activity and nodule number of field-grown 4.
americpna were not significantly affected by increased P and K
fertitizer, application of 100 kg/ha N af planting, or application of
Rhizobium spp. inoculum to szeds at planting. Dry matter and
total N were significantly increased by the addition of higher levels
of P and K fertilizer. The addition of {60 kg/ha N at the higher levs]
of P and K produced significantiv higher dry matter and tetal N
vields than the inoculated treatment, but there were no differences
between inoculated and uninoculated plots at either fertility level,

INTRODUCTION

Aeschynomene Is primarily a genus of tropical origin with major collections
reported from both Africa and the Americas. The taxonomy of American

' Dept. of Agronomy. USDIA-SEA-AR. and Pept. of Agronomy, respectively, Pmv, of
Flonda. Gamesville. FE 32611 US4,
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species was reviewed by Rudd (1955), while Kretschmer & Bullock (1980)
suggested that some species could have agronomic potential as pasture
legumes. They stated that the genus comprises approximately 160 species, of
which roughly one half are xeric and the remainder hydrophytic. Plant types
range from low-growing herbs to tree-like shrubs 8 m 1all.

The species 4. falcata{Poir.) DC.and A. americana L. have been evaluated
for agronomic use. Joint vetch {A. falcata ov. Bargoo) was released in
Australia in 1973 {Hennessy & Wilson, 1974), American joint vetch (4.
agmericarna) has been used widely as a pasture legume in Flonida, but no named
cultivars have been released. Grazing results with mixtures of Bahia grass
(Paspalum notatum Flugge) and Aeschynomene spp. have been promising
{Hodges ef al, 1976; Ocumpaugh, 1979),

The results in grazing trials led to the collection and evaluation of
additional accessions of 4. @mericang and other species. Kretschmer &
Bullock (1980) found broad genetic diversity among 98 accessions of A
americana for flowering date, plant height, adventitious rooting, insect
feeding, and perennial habit. Quesenberry & Ocumpaugh (1981) reported
percentage nitrogen (N} to range from 2.52 to 4.38%%, while the N yield of
spaced plants at one harvest varied from [0-113 kg/ha. Total seasonal yields
in excess of 150 kg N/ha have been obtained. Another advantage for
Aeschynomene spp., revealed in preliminary studies under glasshouse
conditions, is that most accessions show no significant reduction in
nitrogenase  activity under flooded conditions (Albrecht, Bennett &
Quesenberry, 1981).

The experiments reported here fall into three groups. The first experiments
examine the effect of assay time, CoH,; concentration and temperature on the
nitrogenase activity of four to eight-week-old plants; look at seasonal
variation in N> (C;H ;) reduction by Aeschynomene cultivars; and examine
the effects of defoliation. A further glasshouse trial then details the response
of Aeschyromene species to water stress, while the final experiment provides
some information o8 N fixation by A. americana under field conditions,

MATERIALS AND METHODS

To determine the appropriate conditions for No (C:H;) assay of
Aeschynomene spp., several accessions were grown on washed quartz sand
and watered twice weekly with full strength Hoagland solation minus N. The
effects of assay duration, C;H, concentration and temperature were then
examined using four to eight-week-old plants.

Another serics of plants from accessions number 55, 57, and 64 of A.
americana were grown as above, but assayed weekly from 4-15 weeks after
germination. In this study an additional treatment was included in which
plants received Hoagland solution plus 15 mM nitrale twice weekly.
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The effects of defoliation on N3 (C H, ) fixation were also studied, a group
of eight-week-old plants being clipped to a height of 15 cm (about 6 nodes
above the soil), after which their foliar regrowth and N, (C,H, ) fixation were
examined for 3-30 days more.

Except in the studies on assay time, C;H; concentration, and incubation
temperature, assay conditions for N3 (C,H,) reduction were similar to those
adopted by other authors, but we employed 75 mi serum vials with 10% by
volume C,H, injected, and assay periods of 30 and 60 minutes. In the
aforementioned studies, the procedure was varied to permit sampling from
15 - 420 minutes, C2+H» concentrations from 0-25% and incubation temper-
atures from 3-30°C. In the latter case samples were equilibrated in incubators
for 60 minutes; then the assay was run for 60 minutes.

In a second study, accessions of AeschAynomene species and D,
heterocarpon were grown in sand;peat:perlite mixtures in 15 cm pots. Ten
weeks after germination, pots were either flooded with water to surface level
or were denied water. Nitrogenase activity and components of leaf water
potential were then measured after three days. Leaf water potentials were
measured with thermocouple psychrometers, and osmotic potentials were
determined on the same samples after freezing and thawing of the tissue, Leaf
turgor potentials were calculated as the difference between leaf water and
osmotic potentials.

The final experiment was a field inoculation trial carried out on a Pomona
sand known to contain a low population of indigenous rhizobia, Two levels of
fertilization (12 kg P+46 kg K/haor 28 kg P+ 105 K/ha,each with 16 g/ kg of
FTE 503 containing 3% B, 3% Cu, 18% Fe, 7.5% Mn, 2% Mo, and 7% Zn)and
three inoculation treatments (uninoculated; uninoculated but with 100 kg/ha
N as NH4NO; applied at pianting; and inoculated with a mixture containing
strains TAL 309, CIAT 465 and CIAT 753) were used. Seeds of A. gmericang
were planted at a depth of 1-2 cm in plots 2 x 7 m. After 13 weeks, 3
plants/ plot were harvested and nodules counted. Six days later 2 plants/plot
were harvested and assayed for nitrogenase activity using the acetylene
reduction assay. Plots were harvested for dry matter after five months, and N
content was determined by the micro-Kjeldah! technique of Gallagher et af,
{1976}.

RESULTS AND DISCUSSION

In the experiment on CoH; concentration effects on CoH 4 formation by 4.
americana, saturation occurred at (.10 atrn C:H» with a maximum rate of
greater than 70 umoles C,H, produced/gram of dry nodules per h. The
apparent K, for C;H; determined from a Lineweaver-Burk plot was 0.0107
atm, simiiar to the range of values (0.004-0.010 atm) normally reported for
this substrate.
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Under standard conditions the rate of CyH, formation was linear for at
least 165 minutes; then decreased to a lower linear rate for up to seven hours
after injection of the CyH>, a finding similar to that of Sprent (1969).

Accessions number 64 and 57 showed similar responses to incubation
temperature with peak activity at 34°C and a plateau of optimal activity
between 20° and 37°C (see Figure 1). Accession 53 had a significantly lower
nitrogenase activity than the other accessions and maintained maximum
values from 26° to 34°C, Cralle & Heichel (1980} found that short-term rates
of nitrogenase activity in alfalfa (Medicago sativa L.) were optimum between
25° and 35°C.
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Weekly assays of nodule and nitrogenase development in 4. americang
showed greatest specific nodule activity (SNA} in four-week-old plants,
irrespective of N treatment (see Figure 2}, Activity decreased more rapidly
with age in the +N treatment, but moderate rates of nitrogenase activity were
measured at 10 weeks after germination with SNA still relatively high (45
umoles/ g of dry nodule per hyeven after 13 weeks in the -N treatment. Nodule
weight was significantly higher in the treatment without N for most of the
experiment, but nodule biomass in the +N treament continually increa<sd
through the period of the experiment. This suggests that 4. americane will
nodulate and retain relatively high nitrogenase activity in the presence of fixed
N.

Figure 3 shows the relationship of foliar regrowth and nitrogenase activity.
Nitrogenase activity of defoliated Florida common Aeschynomene decreased
to less than 109 of the activity of the nondefoliated control three days after
defoliation, and even 50 days thereafter was only 60% that of nondefoliated
control plants. Regression of aitrogenase activity on leaf biomass showed a
tight linear relationship (r?=0.93). Similar results have been reported by
Fishbeck & Phullips (1980).



Figure 2.

Effect of plant age on nedule
weight and C3Hy evolution of
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Figure 3.
Refationship of leaf biomass
regrowth to nitrogenase activity
of three accessions of A.
americana.
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The effects of water stress on nitrogenase activity in Aeschynomene spp.
and D. heterocarpon arc shown in Table i, While all deschymomene
accessions appeared normal, with nitrogenase activity similar to those of
control plants, flooding for three days reduced the SNA of D. hererocarpon
nodules to only 3% that of well-watered control plants. Leal water, osmotic,
and turgor potentials of Adeschynomene plants were also little affected by
flooding (see Table 2), suggesting that deschynoemene spp. are much more
tolerant of flooding than is Desmodium heterocarpon. By contrast most of
the Aeschynomene accessions were markedly affected in the dry treatment,
though A. americarg (UF186) and the D, heterocarpon accession showed
greater nitrogenase activity and leaf water or turgor potential than the other

ACCessions.
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TABLE 1: Comparison of water stress effects on nitrogenase (C,H, ) activity
in Aeschypnomene and Desmodium accessions.

Legume Contral Flooded Dry
identification

Aol C2 H4 /g nodule dry wt-h

A, villosu 2.58 Q.67 243 047 020008
UR 369 (100) {95} {8}
A, americanay .13 027 5.65 X064 0.11 £0.03
UF 57 (100) (110) (2)
A. americena 1.88 * 063 194 £0.24 675 2 0.12
U¥F 186 (100} (103) (403
A. americans 345 ¥0.81 3.97 o6 0.09 £0.03
UF 255 (100) (114) £3)
b, heterocarpon 6.49 X 0.89 0.18 £0.05 240 £0.55
UF 20 {100} (3) (37)

H
Tndleates standard error of mean.

TABLE 2:  Water stress effects on leaf water { ), osmatic { y s), and turgor
(Y p} potentials of Aeschynomene and Deymodium accessions.

Legume Control Flooded Dry
ideatification

ul Us  pp Pl s gp Pl Ws Yp

Bars
A. visrose 3.t -536 235 -17 48 3.1 -714 ~38% 1.2
UF 369

A. americanag 2.7 - 8.1 34 37 <140 33 -180 <140 20
UF 57

A, americana 44 -74 30 29 374 43 -13.5 -i64 219
UF 186
A. americena 720 -8 37 -30 0 81 51 <120 -121 Q1
UF 255

D, heterocarpon -34 - 58 24 3.2 <31 41 -925 - 14 -1

Yealeutation of I,D p yields some negative values ss apoplastic dilution of cell sap afier freezing
causes shight underestimation of Y p.
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The results of the field inoculation trial are presented in Table 3, with no
significant differences evident among the treatments for nitrogenase activity
or nodule number. High SNA and nodule number were even obtained in the
+N treatment, confirming the tolerance of the Aeschynomene symbiosis to
soil N. Clearly, sufficient effective native rhizobia were present to limit the
response to inoculation. At the same time, the increased dry matter
production and N yield of the +N treatment implies that neither native
rhizobia nor inoculant strains could satisfy the N requirements of the plant.
Increased P and K fertilization did, however, enhance dry matter and N yield.

TABLE 3: Nitrogenase activily, nodule number and dry matter, and N vield
of A. americgna.’

Treatments Nitrogenase Noduie Yield (kg/ha}
activity number
Fertility Inoculation® {umoles CoHy/ Dry matter Nitrogen
tevel? g root - h)

1 1 vd6a’ 1620 a 5310 be 96 be
1 2 8052 1341 a 4213 ¢ T6¢
1 3 8.15a 1421 2 3755 ¢ 66 ¢
2 1 1146a 1573 a 6503 ab 118 ab
2 2 92838 1543 a 8016 a 135a
2 3 8561 1715 a 2080 be 95 be

Means tollowed by the same letier are not significantly different (P = (.05).

Ferﬁém level 1 = 273 kg/ha 0-10-20 with 16 g/kg FTE 503, Fertility Jevel 2 = 600 kg/ha
30 10-20 with 16 g/kg FTE 503,

Inoculum treatments were: 1, wa noculated; 2, 100 kg/ha N from NH NGy applied at
planting; 3, inoculated with NifTAL-prepared inoculum,
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LEGUME ESTABLISHMENT IN PANGOLAGRASS
PASTURES IN THE HUMID TROPICS

W.B. Bryan! and E.R. Velasquez?

Summary

An experiment fo compare two methods for establishing
different forage legumes in a pangolagrass ( Digitaria decumbens)
pasture, was carried out on a loamy clay seil in the Orincco Delta,
Venezuels. Fourteea legumes, including Centroserng plumieriand
three cultivars of Stylosanthes guianensis, were hand seeded imo
clipped pasture that had been either disk harrowed or rotovated
twice and disk harroved. Establishment of the legumes and
recovery of the grass were observed over a 4-month period, Six
harvests were then made at six-week imtervals, and the dry maiter
(DM} vield and the percentage crude protein (CP) of the pastures
were determined.

Legumes with 2 ciimbing growth habit established more quickly
where only the disk was used. All legume/pangolagrass
associations yielded more DM and CP than grass only. Plots with
O phavierior 5. gudanensis gave double the DM yield and tripie the
CP vield of grass only. The maximum DM yield of 1.8 metric
tons; bia per & wks was produced by an 8, grigiensis/ pangolagrass
association which produced 0.33 metric tons of CP/ha per & wks.
The majority of the plots had 30-50% legume. Alllegumes increased
the CP content of the associated pangolagrass. Pangolagrass
growing with C. plumieri contained 14.7% CP compared to 10.7%
when grown alone.

INTRODUCTION

Pangolagrass (Digiraria decumbens) is grown widely in the humid tropics
and sapplies feed for the grazing animal. High production demands inputs of
nitrogen (N} fertilizer even on fertile soils, and up to 800 kg N/ ha per vr have

U Paviston of Plant and Soil Sciences, West Virginia University, Morgantown, W VA | USA,

* EBstacion Experimentsl de Guara, Tucupita, Venezucla,
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been recommended for pangelagrass pastures in the Orinoco Delta
{Velasquez, Larez & Bryan, 1975). In a small plot trial 17.5 metric tons of dry
matter (DM) per ha were produced annually over a four-year period {rom
pangolagrass receiving 200 kg/ ha per yr of phosphorus (P) and 800 kg/ ha per
yr N (Velasquez et al., 1975).

The possibility of introducing legumes into pangolagrass pastures has
aroused considerable interest, since feasibility analyses indicate that
grass/legume associations may be more profitable for beef production than
pastures based on grass alone (Burton & Bryan, 1981). In this study we
compare two methods for the establishment of legumes in pangolagrass
pastures.

EXPERIMENTAL METHODS

The experiment was carried out on the Estacién Experimental de Guara, in
the Orinoco Delta, Venezuela, using a pangolagrass pasture established more
than eight years previously. The pasture was located on the Manamo soil
series (dyke soils that vary from sandy to loamy clays with little organic matter
content, low permeability, and irregular topography).

The pasture was rotary mowed and the clippings were removed. Plots 6x4
m were used. Half of each plot was cultivated twice witha rotovator, and then
a disk harrow, set so that it made small slits in the ground, was passed once
over the plots. Fourteen different legumes were evaluated (see Table 1). Each
was hand planted inte the narrow slits. Plots were hand weeded before
cultivation and before each harvest {except the plot with pega-pega, a
Desmodium species that volunteers in pastures in the region).

Establishment was observed over a 414-month period. Plots were then ot
(esiablishment cut), each plot divided into three, and the following fertilizer
treatments applied to each division: control, 200 kg/ha of P as
triple superphosphate; and 200 kg Pastriple superphosphate with 100 kg K as
KCl and 3000 kg lime/ha.

Six harvests were then made at approximately six-week intervals, using the
cutting heights shown in Table 1. Two samples were cut from each plot using a
§.25 m? quadrat, and these were used 1o determine percentage of grass and
legume. Cut herbage was hand separated into grass and legume and dried for
48 hours at 105°C. After sampling, the entire plot was cut with a rotary mower
at the appropriate height {see Table 1) and clippings were removed. Crude
protein {(CP) was determined on the dried samples by the micro-Kjeldahl
technique.



RESULTS AND DISCUSSION
Establishment

Rainfall was well distributed during the experiment with 21, 461 and 1058
mm precipitation during the pre-sceding, establishment, and cutting phases,
respectively.

One week after seeding, ali legumes save Lablab purpurens showed more
seedlings in the disked-only subplot. One month after seeding, differences in
seedling emergence were no longer evident, but the Calopogonium
mucunoides, Teramnus uncinatus, Pueraria jevartica, P. phasecloides, and
Cenirosemng pubescens plots all showed better growth where the rotovator
had been used. Use of the rotovator checked regrowth of the grass and
permitted deeper placement of the legume seeds. Monzote & Herndndez
{1977} recommended using a disk harrow and broadcasting the seed 10
establish Glycine wightii in pangolagrass pastures. Our results also suggest
that legumes can be established successiully in pangolagrass pastures with
minimum tillage.

Growth

Only two or three plants of Desmodiur germinated; thus, the plot was used
as a check at 10 cm cutting height, Following the establishmen: cur, L.
purpureus also died out, and that plot was designated a check at 20 cm. Pega-
vega was present in all plots and was removed by hand prior to the
experiment, except in the plot designated 1o it

Pangolagrass associated with legumes was a deeper green color and grew
better than grass alone. Both grass and legumes also appeared 1o suffer less
insect and fungal attack in association than in pure stand {(legumes were
compared with pure stands in plots in the introduction garden},

Dry mutter yield

ANl lepume/pangolagrass plots gave DM yields greater than the
correspording checks; in particular, plots with C. plumieri or S. guignensis
yielded double the check (20 em). The maximum DM vyield {1 Btons/ha per6
wks) was derived from the §. guignenziy IR 2870/ pangolagrass association
{sec Table I},

Dry matter preduction was greater in the plots where the rotovator was
used (see Table 2). Only plots with Desrmodium sp. (pega-pega), T, uncinaius
and 5. guianensis yielded more where only the disk was used. Only in the case
of Clitoria rernatea was the difference between establishment methods
considered significant. In this case most of the seedlings did not survive after
1wo months where only the disk was used.



TABLE 1:  Aversge dry matter (DM) and crude protein (CP) yields, crude protein percentage of legume and pangolagrass, and
the percentage of legume obtained in pangolagrass/legume associations,

Associated lagume Height DPM CP % legume in pasture % CP
of cut vield {i/ha}

{cm) {t fha} First harvest Last harvest Legume Grass
Stylosanthes guianensis IR 2870 15 1.8 0.33 62 90 21.0 124
Stylosanthes guignensiz IR1 1022 20 1.6 0.26 55 78 %6 11.9
Centrosema plumieri 15 1.6 (0.33 78 37 25.8 143
Stylosanihes gwionensis 0 8558 20 1.5 0.23 51 48 2040 12.1
Teramnies uncingtus IRT 1286 20 1.3 0,22 64 44 20.5 13.3
Pueraria javanica IR1 1258 20 1.2 0.22 49 &7 206 13.1
Pueraria phaseoioides 20 1.3 0.24 36 87 20.7 134
Clitoria ternatea 20 1.2 .18 45 43 18.5 12.6
Centrosema pibesceny IRE 1282 15 1.2 0.23 40 47 219 13.1
Calopogonium mucknoides IRT 1281 20 1.1 0,17 61 Q 20,7 12.7
Glycine wightii IRT 1284 15 1.0 0.14 47 36 213 1l.4
Macroptilium atropurpureum 20 1.0 0,14 &0 18 20.2 1i.4
Pega pega (Desmodivm sp.} 1} 0.6 0.07 38 35 174 10.9
Digitaria decumbens slone 20 Q.8 008 - - o 10.7
Digitaria decumbens slone 10 0.3 6.03 — o o 10.6

%3
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TABLE 2:  Average vield of dry matter (DM} for pangolagrass and legume
associations as influenced by methods of legume seeding (average

of six harvests).

Associated legume Method of establishment

Dhsk anly Rotovator and disk

{tons/haj—ree————
5. guignensis IRY 2870 1.5 2.1
S, gutanensiz 1R1 10722 1.5 1.6
C. plumiert 1.5 1.7
S, guianensis (3 8558 1.6 1.3
7. uncinatus IR1 1284 1.4 1.3
P javanica TR1 1298 1.3 14
P phaseoioides 1.2 1.4
C, ternateq 0.8 1.4
C. pubescens IRT 1282 1.1 1.3
C. mucuneides IRT 1281 11 11
7. wightii IR1 1284 0.9 1.2
M. atropurpureynt 0.9 1.0
Desmodium sp. 0.7 0.4
Check 20 0.8 0.8
Check 10 2.4 0.3
x 1.1 1.2

There appeared to be no differences in DM yield due to fertihizer
application, This is in agreement with data from limiting nutrient trials on the
same soil series (Velasquez er al., 1975}, However, longer term trials are

needed to examine fertilizer requirements.

Percentage of legume in the pasture

As the experiment progressed the percentage of S, grdamensis 1022 and
2870, P. phaseolides and P. javanica in the pasture tended to increase while
that of Macropsilion airopurpureum, C, plentieri, 8. guianensis 8558 and C.
mucurnoides decreased. The percentage of the other legumes in their respective
associations remained more or less constant (see Table 1) and in most cases
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contributed 30-509 of the dry matter vield. Maore frequent cuiting, or cutting
at a lower height could be used {or those species that tended to dominate the
pangolagrass; less frequent or higher cuts for those species that tended to
disappear,

Dry matter percentage

The legumes with the lowest average DM percentages were C. plummieri
(15223, S guianensis 2870 (179%), and P. phasecicides (17%). Pega-pega
{Desmodiom sp.) had the highest percentage of dry matter {(26%).
Pangolagrass associated with a legume had lower average DM percentage
than when grown alone. Thus, pangolagrass with C. plusierihad 7% DM,
while in the 1§-cm and 20-cm check plots the DM percentages were 21% and
25%, respectively.

Crude protein

The crude protein concentration of pangolagrass associated with a legume
was higher in all cases than when growing alone (see Table 1). Theaverage CP
content of pangolagrass associated with C. plimieri was 14,34, representing a
33% increase in CP compared to the grass alone (10.7%). This is evidently the
result of the use by the grass of N3 fixed by the associated legume.

The legumes with the highest average CP content were C. plumieri (25.8%)
and €. pubescens (27.9%). Thus, the associated legumes not only increased
CPin the pangolagrass, but total CP in the sward grass was greatly increased
by the direct contribution of the legumes. Yields of CP for C. plumieriand §.
guignensis a3sociations were over four times greater than for the pangolagrass
alone {see Table 1},
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THE ROLE OF LEGUMES IN MIXED PASTURES

A.S. Whitney!

Summary

Legumes can contribute greatly fo pasture production by
providing high protcin forage, especially during the dry season
when grass guality is poor. Little nitrogen (N) is transferred
underground by actively growing legumes, but aboveground
transfer of W principally in legume leaf litter, green leaf which is
trampled inte the soil by grazing animals, urine from animals
grazing legumes. and feces. is significant. Management alter-
natives te maximize the fegume N contribution are discussed.

INTRODUCTION

The potential for the improvement of tropical pastures by planting
improved grasses and legumes can be impressive. In experiments conducted
on the Colombian savannas by scientists from the Centro Internacional de
Agricultura Tropical (CIAT), animals grazing Andropogon gevanus in
combination with ditferent logumes gained twice as much per animal and 1en
times as much per ha as animals grazing native savanna {CIAT, 1980b).

Species vary greatly in their ability to fix nitrogen (N, ) and to transfer some
of the fixed Ny to the grass, Thus, Whitney & Green (1969) found that
Desmodivwn canum {kaimi clover} had a modest potential tofix N (about 100
kg/ha per yr} but transferred about 306 of the fixed N to the grass while
Desmodium intortum had a far greater N; fixation potential {over 260 kg/ha
per year), but provided only slightly more N to the grass fraction. Johansen &
Kerridge (1979) sampled three pastures and found fixation in all but
Lotonanis bainesii to be substantial (100-140 kg N/ ha per year), {atononi
fixed only 51-74 kg N/ ha per vear but evenso transferred 12-15% of this to the
associaled grass. In these two experiments clippings were removed from the
plots; under grazed conditions N transfer would probably be much greater,

U University of Hawail, Dept. of Agronomy and Soil Sci., Maui Agricultural Research Center,
Kula. Hawaii.
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Most ranches in the tropics could benefit substantially fromgrass; kgume
pastures. However the contribution of the legume must be reliable, and the
establishment and management practices economically viable, while still
assuring a good balance between grasses and legumes.

Obviously, a great many factors influence the legume contribution: disease
and insect attack, nulrition of the legume plant {including competition by the
associated grass), competence of the microsymbiont, and adaptation 1 the
soil and climatic stresses present in the environment. This paper considers
three aspects of post-establishment management of grass-legume pastures;
maximizing N, fixation, transfer of N from grass to legume, and
mineralization of N; all with the viewpoint of enhancing the contribution of
the legume.

MAXIMIZING N, FIXATION
Defoliation regime

Defoliation regime is an important consideration in legume performance
{Whitney, 1970). Desmodium intorrem with both kikuyugrass ( Permisetum
clandestinum) and panpolagrass { Digitaria decumbens) responded to lentent
cutling with increased yield and N, fixation perunit of time (from 74 to 316 kg
N fixed/ha per year depending on cutting height and interval). Only under
Ienient cutting was significant N transferred to the grass fraction (up to 56 kg
ha per year), Jones (1967) also found that Macroptilivm atropurpureuni cv.
Siratro yieids of N and dry matier {(DM) were reduced by both low height of
clipping and short intervals between clippings.

Shade

Shading of low-growing legumes due to infrequent grazing, growth under
plantation crops. or low light intensity during the rainy season can similarly
result in reduced N3 fixation due to a reduetion in carbohydrate supply to the
roots and nodules (Eriksen & Whitney, 1977), Legumes vary greatly in their
tolerance to shade, with the less productive legumes generally more shade
tolerant. Defoliation regime is, thus, especially important if the legumes are
shaded, since the carbohydrate for regrowth and N, fixation would beeven
more limiting than under full sunlight. A legume can only be expected to fix
appreciable N, when it has ample reserves to sustain regrowth after
defoliation, and/or when defoliation is relatively lenient. The ideal
situation therefore would be where the legume can make vigorous vegetative
growth before being grazed. Fortunately, most tropical legumes are less
palatable than the assoclated grass during the rainy season. There was a
definite grazing pattern at CIAT-Quilichao for a mixture of grasses associated
with Pesmodium ovalifolium (CIAT, 1980a). Caitle grared the legume only
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alter the quality of the grass was reduced to a very low level. As expected this
was accentuated in the high-grazing-pressure treatment, The legume was
subsequently utilized to advantage by the animals to maintain the Jevel of
proteinin the diet. Australian workers have also documented a preference for
grasses in the rainy season; then, as grass quality declines, increased
consumption of the legume {Stobbs, 1977; Gardener, 1980}, This allows the
legume to accumulate reserve carbohydrates to support regrowth.

N fertilization

Fertilization of a mixed sward almost always favors the grass, making it
more competitive for light and/or nutrients relative 10 the legume (Jones,
1967, Whitney, 1970; Kitamura, ef al, 1981). Also N, fixation is depressed if
the legume tskes up soil N from fertilizer or urine patches. Seil N
accumulation in the pasture can also reduce N, fixation by the legume
{Hoglund & Brock, 1978). Vallis er 4f., (1977) have shown that legumes vary
greatly in their ability to compete with the grass for soil N. Lotononis was 2
good competitor compared to Macroptilivm atropurpurewsn, however in no
case was proportional uptake by the legume more than 25% over the growing
Season.

N TRANSFER FROM LEGUME TO GRASS
Underground transfer

Whitney & Kanehiro (1967} estimated N transfer from Censrosema
pubescens, D. brtortum and D. canum to companion pangolagrass using N-
free nutrient solutions. Only when the legumes were cut was a significant
quantity of N released to the grass, amounting to 1-9% of the total N
mobilized from the roots to support regrowth.

Butler er ¢f. (1939), among other reseachers, state that nodule shedding is
imporiant for N transfc to associated grasses in temperate pastures. Both
defoliation and shading led to reduction in nodule number and weight. N
from lost nodule tissue is rapidly mineralized by the rhizogsphere bacteria
(Haystead & Marriott, 1979). The importance of nodule shedding in tropical
pastures is unknown.

Leaching of N from leaves

Less than 1% of their N can be leached from intact legurme leaves (Whitney
& Kanehiro, 1967). That which is leachiable is mainly in the form of amino
acids and is most leachable during the time that total N in the leafis declining.
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Leaf fall

Leaf fall from mature plants is another pathway of N transfer. From 1.6 10
3.59% of the N contained in the plant can be lost weekly through this means
{Whiiney & Kanehiro, 1967). Henzell et af (1966}, found a laver of organic
matter (mostly decomposing legume leaves and stolons) 2-3 cm thick in
Desmodium uncingtum pastures fertilized for six years with superphosphate
but no organic layer in unfertilized pasture. Soil in the fertilized pastures
increased from 360 to 480 kg N/ha during the experiment, depending on the
amount of superphosphate applied. Vallis (1972} also reported a significant
increase in soil N at three sites; at Samford in 5.E, Queensland, soil N
increased on the average by 44 kg/ha per yr. Jones e al. (1967) reported a
similar increase in soil N in a trial that was sampled and then grazed over a
period of three vears. Both legumes and N fertilizer increased soil N
percentage, and this led to higher yields of a subsequent sorghum crop.

Animal excreta

A discussion of the N contribution of legumes to pasture must also take into
account the transfer that takes place via animal excreta (Barrow, 1967, Mott,
1974; Wilkinson & Lowrey, 1973; Watkin & Clements, 1977). This is
especially true of urine, since the N in excess of 8 g/kg of DM intake is
excreted in the urine, Thus, animals grazing legume pastures would excrete
significant quantities of N in the urine. However, losses of urine can be high
due to high concentration {equivalent to up to 500 kg/ha in the pateh), which
can resuit in both volatization and leaching losses. Also some pasture is
burned while N, fixation by legumes is inhibited in the patch., If dense
vegetation occurs in the vicinity of urine paiches, Deameade eral, (1976) have
shown that a closed ammonia cycle is operative in the vicinity of the horizon
occupied by clover, However, this may be of limited importance to most
tropical pastures,

Dung is also important in the N economy of pastures, but this N is in an
organic form {microbial tissue) and in a rather low concentration. It is,
therefore, subject to lower losses than in N from urine, but there is relatively
little mineralization of N from dung in the short term. The distribution of
excreta is also usually poor butis enhanced at high stocking rates (Rouguette,
et al., 1973}%

MINERALIZATION OF LEGUME TISSLE IN SOIL

From data obtained by Henzell & Vallis (1977) it is probable that legume
tissue must have at least 1.59% N for mineralization to show a net gain. Above
that level, rates of N mineralization increased dramatically. In their study,
4% of the N from Desmodiom fortuosum leal mixed with the soil was
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recovered in only six weeks of inoculation by Rhodes grass ( Chloris guyana),
and 209 from siratro ieaf, By contrast, £, intorsem with a high concentration
of tannin-bound protein in the green leaf, was slow to mineralize. With 22,
intortum excluded from the equation, N concentration explained 90% of the
variation in recovery of N from legume tissue. Vallis & Jones (1973} reported
similar data for *Siratro’ and ‘Greenleal desmodium’. There was no net
mineralization of the desmodiam leaf for four weeks, but after that the siope
was the same as sirairo keaf. They also sampled pastures of both "Siratro" and
*Greenleaf desmodium’. Although siratro leat decomposed mare rapidly in
pasture soils, there was no difference in mineralization rates between the two
pastures after the initial flush, indicating that the N from desmodium leaf is
probably equally available over time. In fact, the slow-release aspect might be
beneficial where N losses by leaching or volatilization might occur.

Henzell & Ross (1973} estimate that the N remaining in the legume leaves is
probably mineralized at a rate of only 1-2% per year, because the microbial N
becomes rapidly stabilized against further degradation.

Trampling of green leaf by grazing animals is, thus, important because the
green leafis high in N and mineralizes rapidly. When trampling was allowed in
a Pennisetum clandestinum/ D, intortum pasture, the legume leal material
was 6-279 higher in N than where there was grazing only. Total N from leaf
fall was doubled by trampling (A, B. Lwoga & A.S. Whitney, unpublished
data).

CONCLUSIONS

To maximize the contribution of the legume, a good grass/ legume balance
is required, the grass will utilize the Ns fixed to provide high quality feed
during the rainy season when the legumes are unpalatable, at the same time
protecting the legumes until they have made vigorous vegetative growth. It
would seem, therefore, that where land 15 not limiting, “protein banks” should
include a grass, with the legume planted in strips, the width of which would be
determined by the spreading ability of the legume.

The potential for improving pastures through the use of legumes is
contingent upon vigorous vegetative growth by the legume component. In
addition, there may be scope for utilizing management practices designed to
enhance the transfer of N to the associated grass.
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THE IMPORTANCE OF LEGUME COVER CROP
ESTABLISHMENT FOR CULTIVATION OF RUBBER
(HEVEA BRASILIENSIS) IN MALAYSIA

Chee Yan Kuvan!

Sremomary

The most imporiant legume cover crops for rubber production in
Malaysia are Calopogonium caeruleum, C. mucunoides, Cen-
trosema  pubescens, Mucuna  cochinchinensis and  Pueraria
phaseoloides. The plant characteristics of each species are
described and their nutritive values, in terms of dry matter, crude
protein, erude fiber, other extract, ash, nitrogen-free exiract, and
gross engrgy, are presented. The beneficial effects of legume covers,
in tgrms of nitrogen fixation and putrient return, improvement of
soil physical structure, growth of rubber, and soil erosion control,
are given.

INTRODUCTION

Rubber (Hevea brasiliensis) occupies about two million ha and 55% of the
cultivated area in Malaysia. It has an economic life span of about 30 years,
Legume cover crop establishment is an important factor in the early vears of
rubber cultivation. The most important legume covers planted are
Calopogonium cacruleum, C. mucunoides, Cenitrosema pubgscens, Mucuna
cochinchinensis and Puerarie phaseoloides. These legume covers are planted
in the interrow of rubber, a space 7-10 meters wide,

The economic benefits of legume cover crops in rubber cultivation are
enormous. Mainstone (1961; 1963) established that rubber trees grown in
association with leguminous covers became tappable 12 months earlier and
yielded 20% more than those in natbral cover over a ten-year period of
tapping. Ti er @/ (1971) and Lim & Chai (1977} have shown that it is
economically worthwhile to establish legume cover crops and maintain them

* Rubber Research Institute of Malaysia, Sugei Buloh, Selangor, Malaysia,
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in pute stands between rubber plants. This paper discusses the types and
charactenstics of legume species, the beneficial effects of legume cover, soil
and environmental barriers, agronomic gaps, and problems associated with
legume use,

LEGUME SPECIES

Characteristics of the legume species commonly recommended as ecover
Crops are:

Calopogonium
caervidenm: Shade and drought tolerant; not susceptible to
pests and discases. Persists under the shade of
rubber trees for more than ten vears. Animalsdo
not feed on it

Calopogonium
mucunoides: Rapid initial growth. Not persistent, and lasts
for about a year under the canopy of rubber
trees. Susceplible to pests such as  Pagria
signata, Chauliops bisonata, and Lamprosema
diemenalis. Can be grazed.

Centrosema
pubescens: Excellent cover. Drought tolerant; more gshade
tolerant  than  Puerarig  phaseolpides and
Calopogonium mucunocides. Persists Tor about
five years under the canopy of rubber trees. Can
be grazed.
Desmodium
ovalifolium.! Slow to establish, but drought resistant. Will
persist under rubber trees for more than ten
years. Can be grazed.
Pueraria
phaseolaides: Vigorous grower amd provides a thick cover,
Can be grazed.
Mucuna

cochinchinensis: 1000 ground cover after four months growth in
a pure stand. Can be grazed.

Because planting one species alone will entail risks from pests and diseases,
mixed legume plantings are recommended, both for pest limitation and to
permit an ecological succession of the legume covers, Thus, C. mucunoides,
with initial rapid growth, dominates during the first months after sowing but
does not persist; P. phasecloides provides the bulk of the cover during the
second and third year after planting, while C. caeruleum, Centrosema
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pubescens and Desmodium ovalifolium are more shade tolerant and will
persist for longer than the other covers under the developing rubber trees. The
following ratios for different legume mixtures were recommended by the
Rubber Research Institute of Malaysia in 1972,

341 C mucunotdes:C. pubescens:P. phaseoloides
4:1 C. puhbescens: P. phaseoloides
st C. pubescens:C. mucunoides

The rate used was 2.2 to 5.7 kg/ha of scarified seeds. C. caerulewsn and D,
ovalifolivm, which are shade tolerant, are added to the mixture at the rate of
0.21 kg ha. The seeds are mixed with an equal weight of Christmas Istand
phosphate rock and inoculated with Rhizobiwrm Compost RRIM strain 968,
M. corhinchinensis is a vigorous legume cover for eight to ten monthsand it is
effective against soil erosion on steep terrain. When grown too close to other
legume creeping covers, it will suppress their growth, Teoh e af. (1979)
showed that, in order to minimize competition, sowing of this cover should ke
delayed until about one and one-half to two months after planting of other
legume species.

NITROGEN FIXATION BY LEGUMINOUS COVER CROPS

Nitrogen {N;} fization is of extreme importance for reducing the N
fertilizer requirement of rubber, Many estimates of the total amount of N5
fixed by nodulated legumes have been reported. Results vary with the host
legume, the efficiency of the strains involved, and the environmental
conditions governing the fixation process. Broughton & Parker (1976) found
that the fixation rates varied from 200 - 650 kg N/ha per vear for tropical
legumes. In the Heves cover crop system, a legume mixture of P
phaseoloides, C. pubescens and €, mucunaoides gave an average of 150kg/ha
per year over a five-year period (Broughton, 1977).

Haines (1931) showed that, unlike grasses and lalang (fimperara cylindrica),
the growth of rubber trees is best when legumes are planted in the interrow.
This 1s due to their high fixation of N, and to litter returns {see Table 1),

Watson, Wong & Naryanan {1964a, b) demonstrated the enormous
advantage of growing leguminous cover crops compared with that of natural
covers. The results in Table 1 and Table 2 show that leguminous cover crops
returned large amounts of N to the soil, presumably as the result of N,
fixation. In the sixth year after establishment the leaf litter from rubber trees
in the legume cover crop areas contained twice as much N as did that from
nonlegume areas. Loss of applied N in rubber plantations can be severe;
Watson ef el (1962} found up to 24% of the applied N lost through
volatilization. Against this background, the N; fixed and the form in which it
is slowly released in the soil is of great importance.
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TABLE 11 Amount of nutrients (kg/haj in litter of different cover plants at 24
months after planting.

Cover plants Dry weight N |4 |4 Mg
of litter

Leguminous creepers 6038 144 11 31 19

Grasses 6140 63 9 31 16

Mikania 4098 68 7 23 16

Natural cover 5383 64 G 42 17

Leguminous creepers: mixed £, phaseoloides, C. pubzscens and O mucunoides,
Grasses: mixad Axonopus compressis and Paspalun conjugatum

Mikania: Mikanis corduta

Natural cover: mixed indigenous bushes

TABLE 2. Total amounts of various elements (kg/ha) returned 1o the scil over
a five-year period under different cover crops.

Cover plan:s N P K Mg

Legumincusg creepers 226-353 18-27 85-131 1527
Grasses 24-63 3-16 i8¢ 9-15
Mikania T4-119 314 63-99 9-24
Natural Cover 13-117 3-i0 46-140 3.18

EFFECTS OF LEGUME COVER CROPS ON S0IL EROSION

Most of the rubber is grown on undulating to steep land, which is prone to
soil erosion. Peninsular Malaysia has an annual rainfall between 1800 and
3060 mm (Ooi & Chia, 1979), Erosion i a serious problem during the time of
replanting of rubber trees, after old trees are felled and when the land is
cleared. The soil surface remains bare for up to six months before the legume
covers form a protective layer over the soil.

The creeping legume plants maintained in the interrow of rubber protect
soil from erosion and reduce the effect of extreme climatic conditions, The
legume cover crops protect the topsoil in several ways:

Protection of the soil surface against falling rain;
Reduced rate of run-off;
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Improved physical ¢characteristics {Soong & Yap, 1971); and
Enhanced feeder root development of the rubber in the presence of
legume covers.

NUTRITIVE YALUE OF LEGUME COVERS

Devendra (1979) reported the nutritive values of these cover legumes (see
Table 3} and found them to have much higher nutritive values than cultivated
grasses such as Panicum maximum, Pennivetum purpureurn and Brachiaria
mutica. These data are typical for similar legumes grown elsewhere in the
tropics.

Chee & Devendra (19793 showed that the herbage under rubber, which
consisted of natural cover and legumes, can support sheep rearing. A carrying
capacity of 6 sheep/ha was possible.

SOIL AND ENVIRONMENTAL CONSTRAINTS TO HIGHER
LEGUME YIELDS

In the tropics, the greatest limitation to increased vield of legume cover
crops is poor mineral nutrition. The principal nutrient deficiencies are N,
phosphorus (P), miolybdenum {Mo) and calcium (Ca). P supply is intimately
asgociated with N fixation. The low P availability poses a major problem in
successful legume cover establishment in Malaysia. Inoculation with selected
strains of mycorrhiza may enable legume species to grow on soil low in
available P, but little is known of the effectiveness of host/mycorrhiza
associations and the ways in which such association may be encouraged for
the benefit of legumes, Most soils in Malaysia havea pH of 4.0-4.5. The main
effects of soil acidity are low pH, excessive levels of aluminum and
manganese, and deficiency of Ca and Mo.

AGRONOMIC PROBLEMS ASSOCIATED WITH THE USE OF
LEGUME COVER CROPS

The main disadvantage in using legume cover crops is the cost of
establishment and maintenance. Teoh et &/. (1979) found that the total cost of
the first year of establishment in peninsular Malaysia was 3410 to 3470/ ha,
depending on soil type, terrain, and location. This poses no financial problem
io the big plantation companies, but small farmers find it a burden to plant
legume covers. For this reason the Rubber Smallholders Industry Develop-
ment Authority is intensifying its campaign to plant legume covers by giving
credits for the purchase of sceds, herbicides and fertilizer for legume
gstablishment,

Poor legume seed quality is another imporiant agronomic factor limiting
successful legume planting. Most legume seeds are imported from Indonesia,



TABLE 3: Nutritive value of the leaves and stems of legume cover crops grown with rubber in Malaysia {Devendra, 1979},

% of dry matter

Legume species Dry matter
{%)in Nefree  Gross energy
fresh plant Crude protein Crude fiber Ether ¢xtragt  Ash  extract {M calikg)

Calopogonium mucunoides 5.6 5.6 31,3 2.3 5.2 44,4 260
Centrosema pubescens 24.3 22.2 309 2.5 9.5 349 362
Desmodium ovalifolium 24.0 4.2 40.0 2.1 9.2 305 3.10
Mutcung utifly 16.6 35.0 14.5 3.0 9.0 38.6 -
Pueraria phageoloides 19.1 19.9 288 2.1 7.8 48 R 3.71

Mean 21.% 204 29.1 24 8.4 41.2 ize

PLE



373

Sri Lanka, India and the Philippines, From 1972-1976, the average yearly cost
of imported seeds was valued at 15 million Malaysian ringgit. Chee, Chin &
Rashid (1979) found that most of the legume cover crop seeds had a
germination percentage below 25%%. This poor germination in legume cover
crop seeds was also reported by Chin {1966), Hor (1973), and Yeoh (1578).

Weeds pose another big problem in rubber plantations, especially where
poor germination results in uneven cover crop stands, Until recently weeds
were removed manually, but the great increase in labor costs over the last ten
years had made this impractical (Tech & Chong, 1977}. Because of this the
Rubsber Research Institute is giving priority to the search for better pre~ and
post-emergence herbicides,

CONCLUSION

Pure legume covers are very important in the N cycle in rubber cultivation.
They benefit the growth and yield of rubber trees in terms of nutrient return
and also reduce the cost of N fertilization of the rubber and of weed controf.
Using the evidence currently available on residual effects and extra fertilizer
needed for nonlegume areas, Pushparajah & Tan (1977} calculated that the
total N fertilizer saved per year by implementing a legume policy was about
64,665 t of N for the 56,330 ha replanted annually. This would represent a
saving of over 80 million ringgit (Malyasian) at the current price. With
improvement and refinement of biological N fixation technology, improved
management and caltural practices, and the use of better quality legume
seeds, the saving of N fertilizer on rubber could be even greater. Also the high
nutritive values of legumes grown in rubber are comparable to those of
cultivated grasses { Panicum maximum, Brachiaria mutica, and Pennisetum
purewm), and permit sheep to be reared, an extra source of income for the
farmers.
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RHIZOBIUM STRAINS, INOCULATION METHODS,

CULTIVARS, AND NUTRIENT APPLICATIONS
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W.M. Murphy,! L.E. Barber,? 0. Romero Y.,* snd M. Ferndndez del Pozo*

Summary

Soil problems affecting alfalfa nodulation and establishment
fimit its use for forage production to only 2500 of the 2.7 million ha
of arable land in the six provinces of southern Chile, Pasture and
forage production is below potential levels, especially on upland
soils that become too dry to support shallow-rooted plants during
midsummer.

Initially, strains of rhizobia and inoculation methods were tested
to improve alialfa growth. It soon became clear, however, that
poorly adapted cultivars and soil nutrient deficiencies were also
limiting scedling growth and development, and that all four
canstraints would need to be addressed simultaneously if pasture
production was to be significantly enhanced. The combinationofa
Waterman-Loomis cultivar (WL512), inoculation with the
“Balsac” strain of RAizobiom melilori, Pelgel adhesive, and 50 kg
suifur/ha (as CaS0y4) significantly increased alfalfa seedling
nodulation and forage yield. The ¢nhanced seedling vigor should
enable alfalfa to be established and to persist in arcus where
previonsly it could not be used,

INTRODUCTION

Soil problems limit the use of alfalfa ¢Medicago saiiva 1.} for forage
production to only 2500 of the 2.7 million ha of arable land in the six
provinees of southern Chile (Correa, 1972; Peralia, 1977). Most pastures are

! Dent. of Plant & Soff Science, Univ. of Vermont, Burlington, ¥T 054035 USA,

? N. Carolina State Univ,, Raleigh, N 27650, USA.
1 Estacion Experimenial, Carillanca, 1emuco, Chile.
4 Estacidn Experimental La Platina, Santiage, Chile.
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of red or white clover mixed with grasses. Pasture and forage production is
less than it should be, especially in the upland regions, which are too dry for
shallow-rooted plants during midsummer.

Red clays and Trumaos are the major soil groups in southern Chile. Red
clays are generally adequate nutritionally, but are mainly composad of dense
clays with extreme expansion-contraction characteristics, high water
retention with a low percentage of available water, poor aeration, inhibited
roat penctration, and poor permeability. They are difficult to cultivate and
are easily eroded. In contrast, Trumaos are composed mainly of allophanes
that have very good physical properties. They are loose and deep, have
excellent permeability and aeration, with high water retention and a high
percentage of available water, but are acid (pH 5.5-6.0), contain large
amounts of aluminum (Al), and have only limited decomposition of organic
matter. Because of these factors, production levels of sensitive crops,
especially legumes, are low {Binsack, 1964; Jara de la Maza, 1964; Urbina,
1964},

Resclving the problems of alfalfa nodulation and establishment would
enable pasture and forage production levels to be increased. The objective of
this research was to study the effects of selected Rhizobium strains, improved
inpculation methods, and nutrient application on nodulation and yield of
alfalfa seedlings grown on problem soils in southern Chile,

MATERIALS AND METHODS

The soil core method described by Vincent {1970) was used throughout with
four replicate cores, ¢ach containing 10 seeds of alfalfa per treatment,
randomized throughout the glasshouse. In all experiments plants were
maintained for six weeks; then gvaluated for effective nodulation and plant
dry weight.

The soils used werefrom the Maipo, Arrayan, Candelaria, Santa Barbera,
Vileun, and Metrenco series. Chemical analysis of the soils is given in Table ],
together with a most probable number (MPN) count of R. meliloti, as
determined by the plant dilution method (Vincent, 1970).

A number of different inoculant preparations and strains were used in this
study, and were applied to seeds either as a sturry ina 25% sucrose solution or
with Pelgel adhesive (Nitragin Co., Milwaukee, W1, USA}. Inoculant
preparations used included a Chilean peat inoculant, Nitrofix; the standard
“A*" Nitragin Co. inoculant for alfalfa; and special inoculants prepared by the
Nitragin Co. and containing the acid-tolerant strains of R, melilod C14, CES5,
102F51-56, R38 (selected in Oregon) and “Balsac” (selected by L.M.
Bordeleau in Quebec). Seed pre-inoculated with strains 114, 118 and [200of R
melifori (Celpril Ind., Manieca, CA, USA} was also used in some trials. With
the exception of the peats prepared with the Oregon strains, peat inogulants
contained more than 107, and usually more than 108 cells/g and pre-



381

inoculated seed 105-10¢ rhizobia/seed. Four experiments were conducted
during this study.

Experiment 1

Treatments were uninoculated seed; uninoculated seed plus 100 kg nitrogen
(N)/ per ha; inoculated with the strain A or Balsac strains and Pelgel adhesive;
innculated with the Nitrofix preparation, slurry applied; and pre-inoculated
seed using strains 114, 118 and 120, The variety Rayen was used throughout.

Experiment 2

All soils save Maipo received 200 g Mo, ha as sodium molybdate and 2 kg
Co/ha as cobalt sulphate, applied as solutions. The Balsac strain was used as
inoculant and applied with the Pelgel treatment. The Rayen variety was again
used.

Experiment 3

The experiment compared inoculation treatments (uninoculated, in-
eculated with Nitrofix and slurry apphied, inoculated with the Balsac, CI4,
CeS, 102F51-5.6 or R38 strains of R melilod applied with the Pelgel
treatment) and cultivar (B13-Al4, an Al tolerant selection from ‘Arc’ selected
by JH. Elgin, Beltsville, MI), AT6, an Al-tolerant selection from L.
Dessureaux, Ontario, Canada; WL 318 and WL 512 from the Waterman
Loomis Co.; and Alta Francona, a cultivar used in Southern Chile} responses.
Only the Candelana and Vilcun soils were used,

Experiment 4

Treatments were uninocilated; inoculated with the Balsac or Nitrofix
preparations; inoculated with the Balsac preparation plus 50 kg/ha S as
CaS0y; inoculated with the Balsac preparation plus MolyCoThi (a seed
treatment preparation from the Rudy Patrick Co. (Princeton, 11, USA)
containing Mo, Co, and the fungicide Thiram). The cultivars used were WL
318 and WL512. The soils studied were Candelaria, Metrenco, and Vilcun.

RESULTS AND DISCUSSION

From Table 1 it is evident that the Maipo soil collected near Santiago is well
suited for alfalfa production, except for low phosphorus and potassium levels
that could be corrected by fertilization. The Maipo soil developed under low
rainfall {300 mm} from alluvial sediment and, as expected, was clearly
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TABLE 1. Analyses of soils used in aifalfa nodulation studies in the greenhouse
at the Carillanca Experiment Station, Temuco, Chile. November
1977 -January 1974,

Sample Sail Soil Analysis MPN
jocation series group Per g
N P K Al pH OM
ppm A
Santiage  Maipo Alluvial 19 & 93 0 7.7 2 >10°
Chiilan Arrayan Trumao 134 27 267 250 60 12 <10°
Los Angeles Candelaria Trumao 55 13 237 371 60 13 <10
Cajon Metrenco Red clay £ 14 113 332 52 71 <10
Vilcun Santa Barbers Trumao 28 30+ 50 665 54 21 <10

Vilcun Vilcun Trumao 12 14 37 612 59 16 <0

i R T —

Soif analyses courtesy of the Soil Testing Laboratory, Carilanca Experiment Station, Temu-
co, Chile,

different from southern red clay and Trumao soils, which developed under
high rainfall (1200-2400 mm) from volcanic ash, basalt, andesite, or alluvial
sand and silt. The most striking aspects of the southern soils were their high Al
content {250-655 ppm sodium acetate-extractable} and their low pH level (5.2-
6.0). The Maipo soil was the only soil to have a significant population of
native rhizobia able to nodulate alfalfa.

Experiment 1

The effect of inoculation rreatment on the percentage of plants bhearing
effective nodules is shown in Table 2, As 10 be expected from the MPN data,
only the Maipo so0il showed significant nodulation in the uninoculated
controls, Although selected strains of rhizobia and inoculation methods
showed some improvement over Nitrofix peat inoculant in terms of
percentage of plants nodulated, none of the ireatments used gave good,
effective nodulation.

Dry forage yields of plants did not differ significantly in any of the soils,
suggesting that factors other than inoculant strain were limiting production.

Experiment 2

While Mo and Co applications increased the percentage of plants with
effective nodules on the Arrayan soil, these treatnients had no significant



TABLE 2: Inoculant treatment effects on the percertage of plants bearing effective nodules, Rayen alfalfa grown in the
greenhouse at the Carillanca Experiment Station, Temuco, Chile, November 1977 - January 1978,
Trestment

Soil
Uninoculated 104 ke Pelinoc Pelinoc cy cy CP Mitro-
control N/ha Nit A *Balsac™ 114 118 120 fix

%

Maipo 62 a' 0b 64 a 58 a 40 a 38 a 65 a 57 a
Arrayan O a Oa 25 a 13 a 25 2 37 a 4 a 0a
Candelaria 0 b 0b 29 ab 53 a 54 a 65 a 29 a 14 b
Metrenco 0 ¢ 0¢ 25 abe 32 abc 26 abe 45 ab 63 a 7 be
Santa Barbera 0 a Qa 0 a 20 a 15 & g a 16 a 0a
Vincun, 4 b 0b 20 ab 19 &b 7 b 47 a 3 b 0b
Avg 10 ¢ Oc¢ 27 ab 32 a 28 ab 39 a 0 a 13be
Avyg less Muipo 0 ¢ 0¢ 20 b 27 ab 25 ab 39 a 23 ab 4 ¢

"Means within a row followed by the same letter are not significantly different at the 0.05 probability level

€8t
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TABLE 3: Effects of cobalt (To} and molybdenum (Mo) application on the
percentage of plants bearing effective nodales.

Soil Treatment
Uninoculated 100 kg Pelinoc 2kg 200g 2kg 200g
control N/ha “Balsac” Co/ha Mo/ha Cofha Mo [ha

%
Arrayan 0 bet Gc 13 bc 02z 79 a 57 ab
Candelaria 0b 0b 53a 544 84 a 15 a
Metrenco 0 be gc 32 ab 37 a 24 abe G a
Santa Barbera Qa 0a 20 & 14a 42 14 a
Vilcun 0b b 1% ab 27 a3 43 a 15 ab
Avg g 0 27 40 47 42

TMeans within a row followed by the same letter are not significantly different at the .05
probatility level

effects in the other soils (see Table 3} Once again changes in nodulation did
not bring about enhanced dry matter production.

Experiment 3

None of the strains selected in Oregon nodulated plants. This may have
been due to low numbers of rhizobia in the peat inoculants {1 x [0% 10 2 x 10¢
rhizobia/g) resulting from problems with the peat, which were discovered
after this experiment was completed.

Results with the Balsac and Nitrofix inoculants were similar to those
reported in Table 2. The cultivar Alta Francona produced significantly fewer
plants with effective nodules than did the other cultivars. Again this was not
transiated into vield differences though the cultivar WL 512 did produce more
than the other cultivars in both inoculated and uninoculated treatments.

Experiment 4

Sulfur application markedly increased the percentage of nodulation (see
Table 4). Nodules were larger and roots were better developed with many fine
root hairs, compared to other treatmeuts. In addition, average forage yields
increased because of S application. These results indicated that § needs of
alfalfa on the southern soils should be examined in depth. MolyCoThi applied
to seeds did not improve nodulation or seedling growth. Amounts of Co and
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TABLE 4:  Inoculant and nutrient application effects on percentage nodulation
{ % Yand dry forage (DF)} vield of alfaifs seedlings grown in the
greenhouse at the Carillanca Experiment Station, Temuco, Chile.
November 1979 - January 1980,

Soil and Treatment
cultivar - T —
Uninoculated Nitrofix Nitragin “Balsac™ *Balsac”
gontrol “Balsac”  MolyCoThi 30 kg S/ha
- %
Candelariz
WL 38 % 65 22 50 79
WL 512 o 26 42 Z 85
Matrenco
WL 318 1] .3 8 i0 60
WL512 2 12 15 pi 51
Vileun
WL 318 0 10 15 5 92
WL 512 0 3 10 i9 &0
Avg 2 ¢ 21 b 19 b 15 b 71 a
e —DF, mg/plant
Candelaria
WI. 318 40 30 28 36 32
WL 812 28 36 39 19 38
Metrenco
WL 318 42 22 30 28 46
WL512 38 36 60 37 62
Vilcun
WL 318 34 36 46 490 63
WL 512 40 42 45 3% 45
Avg 37 b 34 he 41 b 33 be 48 a

"Means within a row follawed by the same letter are not significantly different at the .05
probability level,
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Mo applied to seeds may have been insufficient to make a difference, but
[urther research is needed on this aspect.
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NITROGEN AVAILABILITY IN A BRACHIARIA DECUMBENS
PASTURE UNDER CONTINUOUS GRAZING

N.F. Seiffert!

Summary

A Brachiaria decumbens Stapf. pasture established in late 1976
under good growing conditions, but continuously grazed, main-
tained a nitregen (N) content of about 1% until the end of the 1979
dry season. This represented the production of about 158 kg N/ha
per year, corresponding to 1015 kg/ba of available crude protein.
Growing Nelore cattle under these conditions gained 241 kg
hiveweight, ha per vear.

During 1980 production declined 16,69 indry matter and 50% in
the available N in the pasture. Animal production, represented by
average daily gains, dropped 42.69%.

INTRODUCTION

Pure grass pastures rapidly became nitrogen (N} deficient unless N is
supplied by Na fixation or by fertilization (Henzell, 1970},

Vallis (1972} in Australia observed a decrease of 70 kg N/ ha in pastures
under continous grazing in a period of 29 months, involving three growing
seasons and one severe dry period. The decrease was credited to the low level
of N, fixation and to sammonia volatilization from excreta, enhanced by dry
chmatic conditions and reduced plant cover. On the other hand, the same
author reported a linear increase in total N in the soil during a four-year
period in mixed pastures, resulting in an addition of 40 kg N/ha per vear.

Bruce (1965) measured the changes in total N and organic carbon in
pastures of Panicum maxinuen and P. maximum plus Centrosemna pubescens
established without fertilization after clearing of tropical rain forest. The
pastire with legume practically maintained the original N level in the soil. In
the pure grass pasture, total N declined 35% in the first eight years, but then

' Centro Nacional de Pesquisade Gado de Corte, EMBRAPA, C.P. 154, 79. 1080 Campo Grande
Brazil.
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reached a new equilibrium. Losses of N were greatest in the period after
clearing of the forest when there was decomposition of organic matter from
the forest and rapid mineralization of N,

Brachiaria decumbens Stapf. is the grass species most used in the
establishment of cultivated pastures in the Cerrados of Brazil. It is highly
productive, adapted to poor, sandy soils, and can give liveweight gains of 150~
250 kg/ha per year (Sieffert, 1980). This paper dicusses forage N production
from 1978 to 1980 in B. decumbens pastures established on a cerradosoil near
Campo Grande, and correlates it to animal production during this period.

MATERIALS AND METHODS

A grazing trial has been carried out at Campo Grande {20°26°39” latitude)
since 1977 on 37.6 ha of B. decumbens pasture established on “cerrado” soil
with the characteristics described in Table 1. The trial was designed for a five-
year period. The pasture was sown by November, 1976, and has not been
fertilized to date.

Three stocking rates (0.9, 1.2, 1.5 AU/ ha), in four replicates, have been used
during each dry period, and a fixed stocking rate of 2.5 AU/ ha in all paddocks

TABLE 1:  Characteristics of the “cerrado’ soil under study.

Sample  TDepth N pH |4 K Mo Al Ca +Mg
(cm) (%) (epm)  (ppm)} (%)  (mey) {meq)
1 0-20 0.19
70-100 009 53 12 104 3.0 0.3 6.9
P 0-20 g.13
70-100  0.07 4.9 3 &5 3.3 0.7 4.7
3 0-20 0.12
70-100 0.06 5.1 2 40 27 1.3 3.2
4 0-20 0.16
70-100  0.06 5.0 2 60 2.3 0.9 3.8
5 G20 0.13
70-160 007 4.8 2 40 2.5 1.5 3.2
6 020 0.14

70-106 006 49 f b 24 0.9 4.6
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has been used during the rainy months. Liveweight changes have been
recorded at 28-day intervals since May, 1977, while pastire measurements
were started by December, 1977,

Ten forage samples (group A) were clipped at ground level in 0.5 m?
quadrats, at random, in each paddock to estimate total dry matter (DM)
available. After 28 days another 10 samples (group B) were obtained, also at
ground level, in areas protected from grazing by cages in order to estimate
total growth during this period. Concomitantly, other groups of samples (A-
I3 were cut and the cages moved to sites where the samples B-1 would be
obtained, and so forth, at 28-day intervals.

The total N contents of samples were determined by macro-Kjeldahl
analysis according to Bremmner {15635).

RESULTS AND DISCUSSION

Dry matter, N production and crude protewmn yields for the period from
October, 1978 to October, 1979 are shown for the 1.5 AU/ ha stocking rate in
Table 2. Table 3 shows liveweight gains for this period, which are used as an
output reference, derived from the N status in forage. Table 4 shows the
growth and N levels of the pasture during the 1980 dry season. Comparisons
of animal output in the 1979 and 1980 dry seasons are shown in Table 5.

Climatic conditions

Climatic conditions in 1979 and 1980 were reasonably standard for this
region and provided good conditions for pasture development. Temperatures
below 15°C, considered growth-limiting for tropical grasses (Bogdan, 1977),
occurred at night but rarely during the day; thus, growth was possible even
during the dry season.

Annusl production of dry matter, N, and crude protein in 1978 and 1979

The annual DM vield at the 1.5 AU/ ha stocking rate for the period from
October 1978 to October 1979 was [6.1 ton/ha, a value similar to that
reported in other studies on similar soils (Serrao & Simao Neto, 1971;
Bogdan, 1977). Total N level in the forage was about 1% in the wet months
but dropped to (.9% during the dry period (see Table 2). These values
correspond to an average crude protein (CP) level of 6.4% during the year and
are below the levels mentioned by Harrington & Pratchett (1974) for grazing
trials at similar stocking rates (8.8 to 10%), On the other hand Bogdan (1977}
stated that CP level in this grass varied with soil fertility, changing from 6.1%
(low fertility) to 102 (high fertility). The annual CP vield of 1015 kg/ha
reported here is toward the high end of the range cited by Bogdan 457 to
1160 kg/ha.



390

TABLE 2: Growth, DM wield, N, and CP vields in Brachiaria decumbens
pastures, under grazing of 1.5 AU/hs in the dry season and 2.5
AU/hg in the wet season of 1978-1979,

Period DM growth N CP

daily monthly %  monthly % monthly
{kg/ha) (kgfha} of yield of  yield
DM {kg/ha DM {kg/ha)

Oct. 17to Nov. 16-1978 7247 2245  0.90 20.2 5.6 126.2

Nov. 16 to Dec. 28 75.1 2,554 101 258 63 161.2
Dec. 28 to Jan. 26-1979 487 1,365 106 145 66 90.3
Jan. 26 to Feb. 23 652 1,825 100 182 63 1140
Feb. 28 to Mar. 23 27,7 175 1.22 9.5 1.6 59.0
Mar. 23 to May 3 422 1,730 1.07 185 7.1 122.8
May 3 to May 31 400 1,120 099 111 6.6 74.3
May 31 to Jun, 28 589 1,650 091 150 6.1 100.6
Jun, 28 to Jul. 30 16.4 526  0.85 4.5 5.7 29.7
Jul. 30 to Aug. 30 -2.1% - - - - -
Aug. 30 to Sep. 27 29.2 788 1.03 8.1 6.8 53.5
Sep. 27 to Oct. 29 488 1,562 0.81 12.7 5.3 83.4
Total 16,140 %=0.99 158.1 %X=6.4 1.015.0

1Avmg¢ of 10 samples per paddock X two replicates,
chgaﬁve growth means death and fall of leaves

A quite high production of N (138.] kg/ha per year} was observed in the
aboveground biomass {sce Table 2). It must be emphasized that this value was
obtained from a young pasture under good growing conditions at a time when
the soil N mineralization rate would be high (Bruece, 1965),

Forage N levels during 1978-1979 were quite constant during the dry
season, approaching those consideted adequate for good animal perfor-
mance. In fact an average liveweight gain of 0.26 kg/head per day was
obtained during the dry period in 1879, while losses of weight during that
season are widely reported elsewhere, This compared with gains of 0.47
kg/head per day during the 1979 wet season.

DM snd N yleld during the 1980 dry season

Dry matter and N yields for the 1980 dry season were considerably below
those obtained in 1979, gven though conditions of animal utilization and
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TABLE 3: Livewsight gaing of Nelore cattle in B, decumbens pastures in
“cerrado” soil without fertilization in the period from October
1978 to October 1979,

Period Number Stocking Initial Final Liveweight gains (kg)
of rate  weight weight
days  (AUfha) (kg) (kg} p/head p/head prha
per day
Wet season
Oct. 78 to Apr. 79 113 2.5 so0' 453 53 047 133
Diry season
May 79t0 Oct. 79 166 1.5 199 242 43 0.26 108
Total 279 241

!Avcmge of & heads per paddock and 4 replicates (24 heads).

climate were similar {see Tables 2 & 4). A decrease of 16.7% in dry matter
production, 50%% in N, and 49.8%; in CP yields in 1980, compared to 1979,
affected animal performance, with average daily gains reduced 42.6% (see
Tables 3 & 3).

N level in the forage averaged 0.92% duning 1979, while in 1980 it reached
only 0.36%. Considering that DM yield suffered a reduction of only 16.7%,
the reduction of 42.6% in the datly liveweight gains during the 1980 dry season
must be attributed to the low N level and reduced N availability {25.4 kg/ ha)
in the forage, as supported by Milford & Minson (1965).

A price evaluation of the productivity and N-availability trends of these
pastures will require more years of observation. However, the losses of
ammonia by volatilization (Vallis, 1572; Jones & Woodmansee, 1979), the
retention of ingested N in animal tissues, (Dean e ol 1975), and the losses
through leaching {Watson & Lapins, 1969), must lead to a severe reductionin
the soil N status of these pastures, and could explain the decrease observed in
the animal performance.
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TABLE 4: Growth and DM vield, N and CP vield in B, decumbens pastures
under grazing {1.5 AU/ha) during the 1980 dry season.

Period DM growth N CP

dafly monthly monthly monthly
(kg/he) (kg/ha) of  yield of  yield
DM (kg/ha) DM (kg/ha)

May 29 to Yun. 27 (29 davs) 8719 1,970 0.60 11.8 490 78.9
Tun. 27 to Jul. 28 (31 days) 51.7 1,605 0.50 80 34 34,1
Jul, 28 ¢t0 Sep. 2{36days} 303 1,092 0.50 54 33 36,7
Sep. 2to Sep, 25(23 davs) -154 - - - - -

Sep. 25 to Oct, 30 (35 days) - 04 — — -
Oct. 30 to Nov.27 (28 days) 1.3 37 0.63 02 4.1 1.5

Total 182 days 4,704 $=0.56 %=254 37 1712

-16.7% -S0% 498 %

’Amage of 10 samples per paddock x 2 replicates,
aﬁe@tm growth means death and fall of leaves.

TABLE 5:  Liveweight gains to Nelore heiffers in B. decumbens pastures in the
dry season of 1979 and 1980 at stocking rates of 1.5 AU/ha,

Period Number Stocking Initial Final Liveweight gains(kg)
of days rate weight weight

(AU/ma} (kg) (kg} k2 kg/  kef

head head/ ha

day
1979
Apr. 2810 Oct. 11 66 1.3 198,57 2417 43.1 048 1080
1980
May 27 to Ogt. 24 150 1.5 2206 2626 329 026 823
-42,6%

zﬁwmge of 6 head per paddock and 4 replicates (24 head),
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ENSURING EFFECTIVE SYMBIOSIS IN NITROGEN-FIXING
TREES

Y. Dommergues!

Summary

The evaluation of the nitrogen {N4) fixing potential of a given
iree raises problems that are speeific to perennial plants, Besides the
establishment of an N balance. the acetylene reduction method can
be heipful in identifving perennial species worthy of introduction
and muldplieation. Even trees thut exhibit the highest Na-fixing
potential may fix littte N if hmited by physical. chemical. or
biological factors affecting nodulation and N, fixation. Examples
iBlustrate the different approaches that can be used for increasing
the N+ fixation of tree species. As well as inoculation with
Ruizobium or Framkie. scto- and endomycorrhiza inoculants
should be considered. These fung have an important role in P-
limited sotls. Soil ferulization may also be required, Finally, one
sheuld not overlook the approach of plant breeding. which s stillin
& preliminary stage as far as No-liing trees are concerned.

INTRODUCTION

Peaple are becoming increasingly aware that nitrogen (N) fixing trees can
contribute to the wellare of populations in the tropics both directly, by
providing products as diverse as firewood, pulp, timber, forage for cattle,
fruit, and gum. and indirectly by improving soil fertility and protecting the
soil from erasion. The objective of this paper is to review our knowledge of the
N;-fixing potential of trees, to discuss the factors limiting this potential, and
finally, to present the approaches (mostly of microbiological nature) thatcan
be used to ensure effective symbiosis, both in perennial N,-fixing legumes and
N,-fixing nonlegumes.

TOORSTOM; ONRS BP 1386 Dulin. Senegal.
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ASSESSMENT OF N, FIXATION IN TREE SPECIES

The potential of lepuminous tree species to fix N variesa great deal, Thus,
within the genus Acgeig, Acacia mearnsiiis active in N» fixation, whereas 4.
albida s not. Obvicusly one should recommend the use of trees exhibiting the
highest N,-fixing potential, and this necessitates an assessment of that
potential, Since trees are perennials, this assessment should be made not only
when they are al {he seedling stage, which may extend from one to four years
in nurseries, but also when they are planted or transplanted in the field.

Assessment of the potential for N, fixation in seedlings

The usual methods (Vincent, 1970) for the study of annual legumes can be
adapted 1o tree seedlings. These methods are based on the measurement of the
N accumulated by plants grown in tubes or larger assemblies {e.g., Leonard
jars) containing N-free nutrient medium. These methods have been used
successiubly for tree seedlings of up to six months in age, but older plants can
only be studied a1 the nursery or field level, where investigations of
fertilization, fumigation, and other managerial practices can be carried out.

Assessment of the potential for N, fixation in the field

The simplest method of assessment is to evaluate the increment of soll N
under the trees and the increment of N immobilized in the plant biomass that
cccurred during a given period of time, Caution is recommended for the
interpretation of results, since observed increments cannot be attributed
solely to N5 fixation. Other processes may contribute to the accumulation of
N in the soil under the canopy areas (see Figure 1), namely:

Concentration of soil nutrients, especially N extracted from the deeper
soil hortzons and eventuaily from the water table and returned
to the sotl surface with the leaf litter; and

Accumulation of wind-blown organic residue near the tree trunk.

Morzover, one should be aware that the N, fixation rate of trees will tend to
decrease as the stand ages, since the N content of the soil progressively
increases, impeding nodulation and N» fixation,

Table | gives a rough estimate of the potential for N; fixation of four tree
species grown throughout the humid or arid tropics for their active N,
fixation. Lewraena lencovephala, a plant that can be used for reforestation,
animal feed, firewood. and soil mulches (National Academy of Sciences
(NAS), 1977) appears to have a high potential for N, fixation when grown in
favorable situations. Acacie mearnsii has been introduced in many parts of
the world {e.g.. southern and eastern Africa and Madagascar) as a source of
tanbark, timber. and firewood, is also active in N, fixation, and is well
adapted to a wide range of environmental conditions. When nodulated by
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Figure 1:  Distribution of totaland mineral N in the soil beneath canopies of dcacia

senegal and Balanites aegyptiaca (F. Bernhard-Reversat, unpublished
data).

their specific endophyte ( Frankia sp.), Casuaring sp. growing in favorable
situations can fix 58-218 kg N,/ ha per year. According to Trinick (1980),
Pargsponia andersonii, a nonlegume fixing N> in association with a slow-
growing Rhizobium can fix huge quantities of N» (850 kg N, /ha per vear).
This explaing its great potential as a source of fuel and as a colonizer and
pioneer of disturbed land, low in fertility.

TABLE 1. Field estimates of N, fixed by trees in the tropics.
Species Lacation N, fixed Reference
(kg/ha.yr)

Leucaena leucocephala Humid sp0! NAS, 1977
tropics

Acacia mearnsii Tropical 200 Orchard &
highlands Darby, 193¢

Casuaring equizetifolia Arid zone 58 Dommergues, 1963

Casuoring littoralis Humid 218 Silvester, 1977
tropics.

'Estiraates from studies undertaken at the University of Hawail and at the Commonweaith
Scientific and Industrisl Research Organization (C8IR0), Queensland, Australia,
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Another way 1o evaluate the No-fixing potential of tree species is to
simultaneously estimate the total weight of the nodules of a tree and the
specific acetylene reduction of the nodules (umol acetylene reduced/ g nodule
tissue, designated here as SARA). OUne must be aware of three major
difficulties in handling this data. The first problem is that the SARA of
nodules decreases with age. This time course, which is well established for
annual legumes (Hashimoto, 1976}, was also observed in the case of perennial
nodules of Casuaring equisetifefia. The SARA of four-month-old nodules of
that plant was 85 to 93 umol C-H s produced/ g dry wi per hour, whereas that
of 13-month-old nodules was only Hlaumol C,H,; produced/g dry wt per
hour {see Table 2). The second difficulty is that the theoretical 3:1 ratio for
C,H; reduced to fixed N2 varies widely with the Np-fixing systems under
consideration and the environmental conditions prevailing at sampling time,

Finally, as evident in the paper by Roskoski er al. {p. 447), to harvest a
significant percentage of the nodules of a tree species can be a difficult and
demanding task. Despite these problems the measurement of SARA is usually
worthwhile sinee it indicates guite rapidly whether the symbiosis is effective or

TABLE 2: Specific acetylene reduction activity {SARA) of tree nodules
expressed asaumol C,Hy teduced per g fresh or dry weight per h,

Plant SAR A expressed on Reference
Fresh wt Dry wt
basis basis

Legumes
Acacia evanophylla 12 Nakos, 1977
Seshbania rostrate

root nodules 17 Dreyfus & Dommergues,

stem nodules 2333 1981h
Nonlegumes
Casuaring rumphiana 12-15 Becking, 1976
Casuaring equisetifolia

4-month-old nodules 5593 D, Gauthier {unpublished

I 3smonth-old nodules 10 data)
Myrica favanicq 2 b Becking, 1977
Paragponia parviflora 34 Becking, 1976

Parasponig parviflora 2-13 Akkermans ez ¢f,, 1978
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not, whereas the classical method based on the comparison of the N content of
non-nodulated and nodulated plants is more time-consuming and may be
difficult to carry out in the fieid. *N- diluticn methods have. to the author’s
knowledge, not been applied to tree species.

Oniy a few estimates of SARA have been published to date (see Table 2},
From our own experiments it appears that the maximum SARA of Casuaring
nodules is probably similar to that of tree legumes, or of plants such as
soybeans. Of course, more estimates of SARA are needed, and studies onthe
nodulation of trees growing in optimum conditions should be developed to
determine the potential of the different svstems. Trees may produce fresh
nodules seasonally or bear perennial nodules that are adapted to persist for
several years. Typical perennial nodules have been described for legumes such
as Lupinus arboreus (Pate, 1977) or nonlegumes such as Casuaring sp.
{(Dommergues & Mangenot, 1970}, but information concerning perennial tree
nodules in general is still of {ragmentary nature,

FACTORS LIMITING THE NODULATION AND N; FIXATION OF
TREE SPECIES

As with annual legumes. a aumber of factors can limit the ability of tree
legumes to fix N,.

Physical factors

In arid and semi-arid areas, water stress is not only 2 major lmiting factor
for the plant itself, but also for the establishment and function of symbiosis.
Water stress was reported to impede or reduce nodulation of Acacia sp.
{Beadle, 1964; Habish, 1970) and Casuaring equisetifolia (Kant & Narayana,
1978) and waterlogging. as well as drought, was shown to drastically reduce
the N+ (C;H,) fixation of Acacia cyanophylla (Nakos, 1977).

Root temperatures higher than 30°C are known to affect nodulation in
most tropical legumes. However, some species appear to be adapted to higher
temperatures. Thus, Acacia melliferq still produces effective nodules at 30-
35°C, which might be attributed to the resistance of rhizobia exposed to high
temperatures (Habish, [970). On the other hand, we observed that
temperatures above 30°C severely retarded the nodulation of Casuaring
eguisetifolia. How temperature affects the nodule distribution in the deeper
rocted tree species is not known.

Chemical factors
pH

The pH at which nodulation is affected varies with the legume species and
the strain of Rhizobim (Munns, 1977). Thus, nodulation of Acacia mellifera,
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but not plant growth, is affected by pH values of 5.0-5.5, whereas in alkaline
soils (pH 8.5-9.0) growth and nodulation of A. melfiferaare reduced {(Habish,
1970). Nodulation and growth of Leucaena leucocephalais markedly affected
by soil acidity (Date, 1977}, with strains of Rhizobiumfor this legume varying
in pH tolerance (Norris, 1973). In the field it is difficult to determine the effect
of soil pH by itsell, because this factor cannot be isolated from other factors —
calcium deficiency. manganese and alumininum toxicity, Field observations
and laboratory experiments suggest that pH is not limiting for the nodulation
of nonleguminous plants (Becking, 1976). Thus, Casuarina cunninghamiana
nadulates well in perlite watered with half-strength Crone solution, pH 5.4
{Torrey, 1976). In the field, we ohserved satisfactory nodulation of Casuarina
equisetifolia in the alkaline (pH 8.0) dune soils of the Senegalese coast.

Phosphorus

In many tropical soils, particularly those of acid pH, available phosphorus
{P) 1s an important limiting factor for plant growth, nodulation, and N;
fixation. In some forest soils, where N has accumulated with time, P may be
the mator limiting factor. The effects of mycorrhizal fungi on the phosphate
supply of trees are discussed subsequently.

Combined N

The effect of combined N on nodulation and N3 fixation is well
documented { Houwaard, 198G). The effect of N accumulation in older stands
of legumes on nodulation and N, fixation has already been mentioned, In
Senegal the absence of nodules on Acacia senegal may be due to active
nitrification of organic N {(Bernard-Reversat & Poupon, 1979).

Biological factors

A number of factors that can be termed biological in nature may affect the
aodulation and N; fixation of tree species. The most harmiful biological
agents are pathogens, especially nematodes and insects, Nematodes have been
reported by G. Germani {personal communication) to attack tree species such
as Acacig pyrifolia (Meloidogvne sp.), A. holocericea (Meloidogyne sp.), A.
cyanophylla (Meloidogyne sp), and A. mmida (Rotvlenchulus sp. and
Meloidogyne sp.) There is little doubt that nematode attacks reduce
nodulation, with consequent harmful effects on N, fixation, in the same way
as reported for annual legumes such as soybeans or peanuts (Baldwin et al,
1979; Germani, 1979). Roskoski ef ¢l in this volume {p. 447}, report the
effects of defoliation by insects on SARA n Inga findcuil,



INCREASING SYMBIOTIC N, FIXATION IN TREE SPECIES

The different approaches for increasing symbiolic N> fixation have been
described recently in exceilent reviews {Hardy & Gibson, 1977; Vincent ez al.,
1977). However, the examples given were mainly related to annual crops.
Here we shall concentrate on perennial trees,

Inoculstion with the proper endophyte
Rhizobium

Responses to incculation depend on the presence of suitable strains of
Rhizobium in the soil and on the specificity of the legume, that is, on its ability
to nodulate with a limited or a wide range of straing of Rhizobium.

Except in the case of very poor soils, inoculation is rarely necessary for
those tree legumes such as Acacia mearnsiithat are nodulated by cowpea-type
Rhizobium, widespread in tropical soils, With a specific legume to be
introduced In an area where it has never been grown before, an understanding
of the likely nodulation response is required. Preliminary trials either in
hydroponic or sand cultures are most useful. However, one shouid be aware
of the fact that the results of these trials may not be reflected in the nursery or
field because Bmiting factors, such as acidity, may alter the behavior of the
legume/ RAizobium system. Thus, strain NGR 8, which was most effective in
sand culture, was recommended for Leucaena latisilique (feucocephala), but
its performance in the field was so poor that strain CB81, formerly used, was
“reinstated as the preferred strain for general use™ (Jones, 1977). Beside
Leucaena leucocephala, other specific tree legumes have been reported to
benefit from the inoculation of seced beds, especially Acacia and other
Mimosoudeae in South America (Dobereiner, 1967},

Preliminary investigations indicate that the Rhizobium requirements of
tree legumes are as complex as those of annual legumes. Thus, investigations
on 13 species of Acacia {see Table 3) showed that these species fell into three
moculation groups according to the type of Rhizobium that nodulated them,
The first group, inchuding species such as 4. a/bida, nodulated only with siow-
growing strains; the second group, including species such as A, senegal,
nodulated only with fast-growing strains, while the remainder, including
promiscuous species such as 4, seyal, nodulated with both fast- and slow-
growing strains, Table 4 summarizes the results of inoculation trials with
Acacia senegal in nursery conditions, using plastic pouches filled with
unsterile soil,

Frankia

To date, inoculation of Casuaring equisetifolia has been achieved through
the application of suspensions of crushed nodules to the seedlings. Thissimple
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TABLE 3: Nodulation' of 13 4caciz species and Leupgena leucocephala by fast-
and slow-growing strains of Raizebium {Dreyfus & Dommergues,
1981 a).

P ii"“? Fast-growing strains Slow-growing strains
spedies
ORS ORS ORS ORE NGE ORS ORS ORS ORS CB

301 902 S08 911 8 801 802 B0O3 806 736

Native African species

A, albida c o 0O 0 O E E E E E
A, nilotica E E E E E o

{var. nebneb)
A, nilotica E E E E E o O G O 0

{var. tomentosa)
A. reddiene E E E E e 0 0O o 0
A. senegal E E E E E 0 o o O O
A, seyal E ¢ E L ¥ E € e E 1
A, sivheriana & 1 = O O E e E & O
Introduced species
A. bivenosa I I E I 1 E e E I €
A, farnegiana E E E E E O I O i
A. holosericea ) O O O 0 E & e e E
A, linaroides O o 0 O O E e e I i
A, mearnsii 0O 0 O Q O E E e E e
A. homida o 0 1 i 0 e e 1 o 1
Leucaena

lewcocephaln E 3 E € E O 0 Q e (4]

'E = Effective nodulation.

= Partiafly effective nodulation.

Completely ineffective nodulation.
No nodules produced.

&
i
o}




TABLE 4: Effect of inoculation of dcacia senegal with fast- and slow-growing strains of Rhizobium’ (1. Gueye & B. Dreyfus,
unpublished data).

Rhuizobium strain Host plant Height Shoots Noduie Nodules
{cm} (g dry wifplant) pumber (g fresh we/plant}

Fast-growing

ORS5 901 Acacia senegal 31 1.0 20 0.3
ORS 9 Acacia senegal 32 0.9 17 0.2
ORS 903 Acacia senegal 28 0.7 15 8.2
OR390& Acacia senegul 31 0.5 13 .2
ORS8507 Seghania pachycarpa 22 0.4 3 0.1
Slow-growing

CB 756 Vigna unguiculate 20 0.4 3 0.1
ORS 801 Acacie holosericea 19 0.3 2 0,05
Uninoculated control 18 0.2 2 0,02

1?izmis were harvested when ¥ months old; plants grown in nursery conditions {unsterile Hann sofl in plastic pouches),

tov
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method has been used successfully for the three last years in the nurseries of
Casuaring in Senggal. Plants inoculated in this manner thrive after they have
been transplanted from the nursery to the field. Such results, however
favorable, should not divert soil biclogists from attempting to prepare
inoculants with pure cultures of Frankia. The isolation of this endophyte,
reported recently by (authier e ol (1981}, will probably permit this
rechnology to be adopted in nurseries. Unfortunately, up to now, nodulation
tests with the 1sclated strains have been unsuccessful.

VYesicular-srbuscular endomycorrhiza (YAM)

It is now well established that, by favorably affecting P uptake, VAM can
contribute to the N, fixation of legumes (Mosse, 1%77). In some soils,
mycotrephic plants might even be unable to grow when notinfected by VAM
{Janos, 19863 A recent experiment in our laboratory indicates that VAM can
also improve the uptake of N from soil by the host plant (see Table 5Y. Acacia
raddiana was grown in a sterile, Rhizobium-free, P-deficient, N-containing
soil. Seedlings that were moculated with Glomus mosseae absorbed Pand N
much more actively than the control. VAM inoculation was even more
effective than phosphate application. The conclusion of such an experiment is
that VAM inoculation should always be recommended, together with
Rhizobium inocculation, when the nursery soil has beea sterilized, or in any
soil type characterized both by P defliciency and low populations of VAM,

A stmilar recommendation is probably required in the case of Casuaring, a
tres that has been recently shown to be infected by endomycorrhiza {Wlliams,
1979; Dhem e af., 1981}, The indifference of Parasponia to soil fertility is
probably due to the fact that, like those of Caswaring, the roots of this treeare
heavily infected with VAM and exhibit proteoid-like roots (Trinick, 1980).

Representatives of the family Podocarpaceae of the Gymnospermae
exhibit nodular structures that have sometimes been assumed to be the site of
N fixation. Actually, these nodules, which are induced by VAM fungi. donot
seem to show any significant No-fixing activity (Becking, 1974). This
symbiosis allows Podocarpus to colonize eroding and skeletal soils where soil
P is more likely to be the major limiting factor {Silvester, 1977}

Ectomycorrhiza

The only report of ectomycorrhizal infection of 4 tropical N, fixing tree, is
that of Casuarina sp. by Hymenogaster cerebellum (Trappe, 1962), but the
effect of ectomycorrhizal infection upon the plant growth has not yet been
investigated.



TABLE 5. Effect of inoculation with Glomus mosseae of Aecacla raddiana grown in & Pdeficient, but Ncontaining, sterile
Dek soil? (F'. Comet & HG, Diem, unpublished data).

Treatment Infection Shocts and root weight Total N Total P
Frequency Intensity (g dry wi/plant) (rag/plant) {mg/plant)
Control 0 0 0.36 a* 4.1a 0.18 a
Glowmus mosseae 75 44 133 b 197 b 20601
Phosphate g 0 0.94 ¢ 14.3 ¢ 1.24¢

;E’lams grown i pouches {1.2 kg soil} were inoculated with Glomuy mossege when 2 weeks old and harvested when 10 weeks ofd,
Phosphate (KHzPO4) addition: 8.20 g/kg of soil
Numbsess not followed by the same letter are significantly different at the P+ 0,95 Ghoot and root weight) and P = 0.01 (Total N and total P}
Tovels.

o
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Soil fertilization

Inoculation even with specific endophytes, namely Raizobium, Frankigor
VAM, is unsuccessful if chemical factors in the soil impede plant growth or
the functioning of the symbiosis. Such limiting factors are often encountered,
since areas to be forested are often lefiover soils, abandoned by farmers
because of their poor physical and chemical properties. Such soils are often
deficient, not only in N, but also in P. If the P deficiency results from a very
low soil content in total P, the addition of phosphate fertilizers is required.
Due to high costs, scluble phosphate is not often used. An interesting
possibility is the application of rock phosphate together with elemental sulfur
(8) inoculated with thiobacilli {as suggested by Swaby, 1975} to nursery soils.
Table & shows that such treatment applied to an annual legume, Vigna
unguicufata, significantly increased the growth, total Pand total N content of
the plant. If the P deficiency is moderate, inoculation with mycorrhiza can
definitely help the trees. If the P defliciency s attributable to the insolubility of
soil total phosphorus, incculation of the soil with thicbacilli on a carrier
containing elemental § should be beneficial to the trees, provided the original
scil pH is not too low.

Soil amendment

In acid soils, liming may dramatically umprove the yield, Thus, liming
increased six-fold the yvield of Leucaena leucocephala grown in an N-deficient
Hawaii Oxisol of pH 4.7 (Munns & Fox, 1977).

Plant breeding

One promising approach for increasing symbiotic N fixation is to select
the most active “host genotype x strain of Részobiwen” combinations. Suchan
approach has already been advocated for annual legumes such as Phaseclus
vilgaris and Vigne unguiculata. A major aim of the breeding work with
Leucaena leucocephala 1s to increase both dry matter and protein yield
{Hutton & Bonner, 1960). New advances could be expected if plant bresders
took the microbial situation more seriously into account,

Recently Drevius & Dommergues (1981b) reported that Seshaniq rostraia,
a stem-nodulated legume, not only exhibited a high No-fixing potential, but
was also able to actively fix N;, even in the presence of high levels of inorganic
N in the soil. The authors speculated on the possibility of transferring these
unigue properties to other Seshania species, especially 8. grandifiora.

CONCLUSION

To date the use of N,-fixing trees (legumes or nonlegumes) in forestry and
agroforestry has been largely neglected. However, the success of the



TABLE 6: Effect of scoil inoculation with thiobacilli upon the growth and P uptake of Vigna unmwiculata, grown in a soil

amended with rock phosphate' {B. Ollivier & H.G. Diem, unpublished),

Treatment Shoots and roots Medules Total N Total P
(g dry wt/plant) (mg dry wt/plant) {mg/plant} {mg/plant}
Control 2.19a 25a 25 a isSa
Rock phosphate ~+ 87 3.72 b 46 b 39 b 220
Rock phosphatea
+ thiobacili + 8§ 500¢ 64 ¢ 58¢ 3.1¢

‘Plants grown in pots (1.5 kg sterite Dek soil/pof) were inoculated with the strain of Rhézobium CB 756, They were hirvesied when 60 days old,

Numbers not followed by the same letter differ at the P = 0.05. level,
2 Addition of rock phosphate (Taiba) was 40 ppm P; addition of § {¢lemental) was 200 ppm.
3Same treztment as (2) plus thiobacilli thet had been obtained by enrichment of a soil from Guadeloupe.

Lor
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"introduction of species with a high N,-fixing potential, for sxample,
Leucacna leucocephala (NAS, 1977} Casuarira equisetifolia (Dommergues,
1963} and Lupinus arboreus {(Caradus & Silvester, 1979) is such that interest
in Ny-fixing trees is increasing. Further use of N;-fixing trees requires, as a
first step, screening of species to determine which exhibit the highest N-
fixing potential. Surveys of legumes such as that published by Hecht (1978)
may help in the search for such trees. As a second step, it appears necessary to
improve our knowledge of the requirements of the selected trees with regard
to their effective endophyte RAizobium or Frankia, in order to prepare
appropriate inocula.

Even if the N,-fixing endophytes are properly harnessed, the success of
their inoculation may often be impeded by the interaction of limiting factors,
gspecially P-deficiency. Since VAM markedly improve the growth of plantsin
such a situation, VAM inoculation should be performed simultancously with
Rhizobium inoculation. Fortunately, perennial plants are more easily
handled than annual crops. since they can be inogulated in the nursery itself
hefore they are transplanted (Hayman, 1980). Synthetic inoculum carriers
that were proposed a {ew vears ago for RAizobiwn japenicurn (Dommergues
er al., 1979 could probabiy prove useful for tree inoculation with their N;-
fixing endophytes and with ecto- or endomycorrhiza.

Whereas inoculation can be carried out at the nursery leve] without raising
insuperable difficulties. the success of such inoculation in the fiekd may be
unpredictable, since our Xnowledge of the maintenasnce of symbiosis in aging
trees iz 511l imited to some tree species. More investigations in the field are
ohviously needed.
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NITROGEN-FIXING TREE RESOURCES: POTENTIALS AND
LIMITATIONS

J.L. Brewbaker, R. Van Den Beidt and K. MacDickent

Sunimary

Nitregen {N5] fixing trees are discussed with special attention to
their use as uelwond. forage or green manare inthe tropics, Severe
deforestation is viewed as leading 1o a "halding of the tropics” that
could jcopardize the geneiic resources of many legume trees,
Increasing fuel and fertilizer costs mandate the planting and
husbandry of tropical tuelwood and green manure tree crops. High
population densities gis ing maxymal annaal biomass vields, and the
use of trees with little concern sbout conformity or beauty, will
provide attractive targets for breeder and jor agronomist/silvi-
culturist.

No-fixing genera with special value as fuetwoods, forages, green
manures of nurse trees ornamentals, and as timber are listed.
Characteristics are given for |8 fast-growing No-fixing trees in
carrent University of Hawaii network trials.

THE BALDING OF THE TROPICS

It is traditional for man to plant and grow his food, but not to grow the
wood with which to cook it. In the world of 1900 AD, the hunting and
collection of fuelwood from native forests presented little challenge. There
were only 1.6 billion people in the world, and approximately seven billion ha
of forests. In the world of 2000 AD, however, the challenge of finding
fuelwood will be awesome (Food and Agriculture Organization (FAQ),
19803, A world population of 6.4 billion is predicted for 2000 AD, with only
1.0 billion ha of remnant forests (down from 4.8 billion in 1950},

The “people vs. trees” problem is greatly exacerbated in the tropics, where
most countries have doubled their human populations in only the past three
decades, while cutting their {orest lands by half. Forest depletion figures for
developing countries are startling {see Table ). Forest areas with closed

P Dept of Hornevlture Uarerats of Hawan, Honoluln, Hawail, 96822 USA.
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TABLE §: World forest resources as totals of closed forest area
and stock growing (adapted from Barney 1978).

Total closed forest area

Rexi

egon (10% ha)
1978 2000"

Tropics

Latin America 640 38O
Africa 230 180
Asia/Pacific 400 200
Totat 1270 769
Temperate? 1620 1610

fo comparison, total world forests in 1930 exceeded 3000 million ha.
ZNorth America, Europe, USSR, Japan, Australiz, New Zealand.

canopy (including grawing stock) that totaled 1,270 million ha in 1978 are
predicied te drop to 760 million ha by the end of this century (Barney, 1978).
The ramifications of this loss are staggering, but include possible effects on
atmospheric carbon dioxide and world climate (Woodwell, 1978). In
contrast, only a slight loss is anticipated from the 1,620 million ha of closed
forests i1 developed countries. This may be recalled as the century when
Planet Earth grew a giant bald ring arcund its equator. The planting and
hushandry of fuelweod in the tropics is clearly mandated for the future,

It has also bheen traditional for man in the tropics either to allow nature to
repair the soil losses to agriculture by the fallowing of land for 15-20 years, or
to use inorganic fertilizer. The slash and burn tradition can no longer continue
into the 21Ist century, as the forest depletion and man’s population pressure
simply obviate it. Neither can inorganic fertilizers be an economic option
except for the imited, wealthy fraction of farmers. Thus, the planting and
husbandry of green manure crops also becomes a mandate for the future,

The majority of tropical legumes are woody perennials, many of which are
both energy producing and nitrogen {N1} fixing. It may be asserted that the
health of many tropical forests relies initially on leguminous trees for N
fixation. Wild populations of native or aggreszive introduced leguminous
trees are increasingly valued as fuelwoods (National Academy of Science
(NAS), 1980) and to a lesser extent as green manure trees (NAS, 1979),
Notable among these are the mimosoids, a subfamily of legumes that includes
about 2800 species. predominantly tropical trees and shrubs.
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Maximization of biomass/ha per year must be the immediate target for
both fuelwood and fertilizer production by trees. Reduced to essentials, the
number of carbon and N atoms fixed annually per unit area becomes the goal,
with little consideration of tree form or appearance. It is a target more familiar
to agronomists than to foresters, and one that gives the plant breeder free rein.

It is safe to predict that fuelwood and fertilizer tree production will be
dominated within a few decades by trees that are agriculturally versatile and
easily bred and managed. The future improvement of these legumes could,
however, be limited by the availability of appropriate germplasm. With the
accelerating loss of virgin tropical forests, these native resources are
dwindling and are often endangered.

GENETIC RESOURCES FOR N,-FIXING TREES

The Nitrogen-Fixing Tree Association (NFTA), a new international
organization that aims to encourage research and communication on
leguminous trees, was incorporated in Hawaiiin 1981. A primary thrust of the
NFTA is to help identify genetic resources and stimulate their careful
preservation and expansion. Our present impression is that the genetic
resources of N,_fixing trees are in a tragic state. There are no major
international repositories of legume tree germplasm, whether as seed, or in
arboreta, and very few tree species have been the subject of botanical
expeditions for germplasm collection. Additionally many of the genera of N, -
fixing trees are taxonomically confused, from unknown centers of origin, or
from areas that are rapidly becoming treeless. Seeds available for distribution
are often of unknown origin. Genetically distinct varieties are available for
only a few species. and these are predominantly ornamentals.

The opportunities for exploitation of the genetic diversity in legume trees
can be illustrated from studies with Leucaena leucocephala (known also as
ipil-ipil, huaxin, guaje. leadtree, lamtoro, koa haole, or kubabul). These have
been reviewed by Brewbaker & Hutton (1979) and other authors (NAS, 1977;
Brewbaker, 1980). The arboreal leucaenas did not become naturally
dispersed through the tropics, but only a shrub known as the “common-type”
or “Hawalian-type™ Leucaena. Though our collection of this heavily
flowering shrub includes more than 500 accessions from numerous countries
in the tropics, there is little genetic variability. We surmise that all originated
from a narrow gene base. The species was dispersed from its native Mexico
mainly through Spanish galleons departing from Acapulco and Mazatlan. In
this region a highly flowering shrub is the only representative of the species,
and it is clearly this one self-pollinated variety that circled the world.

The tree form and other genetic variants of Leucaena occur in southern
Mexico and in Central America, a center of diversity for this tetraploid species
(which is an evident hybrid of two other species). The arboreal types were first
considered a distinct species by botanists; then came to be known as the
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“Salvador type.” This type first came to Hawaii from Central American seed
collectors in the 1930's, and was then widely dispersed in the 1960’s as a resuli
of research in Hawaii and in Australia (Brewbaker, 1973). As a source of
fuelwood, the Salvador type exceeds the common type by over 1009 in wood
yield; vet differs by very few genes.

It is virtually certain that genetic gains similar to those in Lewcaena await
the first plant explorers for species grown solely as C or N; fixers, Since
many of these species are outerossing, unlike Leucaena, the identification of
genetic superiority witl require more care in seed production. However, such
species may well afford greater genetic gains —as occurred in poplar and
pine— through exploitation of hybrid vigor in controlled crosses or from seed
orchard synthetics.

The hazards of endangerment of species are evident in Leucaena. The
center of origin of the Salvador type appears to bein the Morazan provinee of
southern Salvador. a region now virtually treeless, Salvador-type leucaenas
are now to be found only in the city squares and in backyards, a poor genetic
sample of what existed as lintle as 50 years ago. Leguminous trees are often
selectively browsed by feral amimals and are, thus, more apt to extinetion than
many others. Following fire, however, they often regrow with ferocity from
the fire-scarified seeds that have long lain dormant in the soil.

IMPORTANT GENERA OF N,-FIXING TREES

The 18,000 species of legumes {Family: Leguminosag) include the vast
majority of important N, -fixing trees and shrubs, many of which are in the
predominantly woody subfamilies Mimosoideas (2800 spp) and
Cacsalpinioideae (2800 spp.). Relatively few of the 12,000 species of
Papilionoideae are arboreal, but some of these are of great economic
importance. A high proportion of the tested mimosowds (929) are able to fix
N5, contrasted with the papilionoids (94%9)) and the caesaipinioids (34%). A
few nonleguminous tree genera also fix N,. notably the temperate genus
Alnus and the tropical Caswaring {Stewart, 1967, see p. 427).

Leguminous trees produce some of the outstanding luxury timber of the
tropics (NAS, 1979). Notable among these are the papilionacecus genera
Dalbergia (roseweod). Perocopsiy {African teak), Prerocarpus (narra), and
the caesalpinioid genus frrsia {ipil, Moluccan ironwood). Other imporant
timbers include the mimoseids Acacia, Lysiloma, Parkig, and Samanea.
Preferred timber species often exceed 30 m in height and are of slow-to-
intermediate growth rates. With their high intrinsic value, such trees might
wisely be interplanted at wide spacing (e.g., 100/ha) in plantations of fast-
growing legumes, as a long-term investment.

The legume trees best known as ernamentals, offering striking displays of
color when in flower, are predominantly in the Caesalpinioideae, many of
which de not fix Ny. The ornamental legumies include:
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Caesalpinioideae:  Ambherstia,  Barklya,  Bauhinia, Brownea,
Caesalpinia, Cassia, Colvillea, Delonix, Peltophorum, Sarace,
and Schoda

Mimosoideae: Calliaadra, Samanea.

Papilionoideae: Burea. Ervthring, Sabineq, Sophora.

Several tree legumes provide valuable gums {Acacia spp.) and the pods of
several species are excellent human foods, including:
Caesalpinioideas: Ceratortda (carob), Tamarindus (tamarind),
Mimosoideae: fnga, Parkia.

The following discussions will focus on legume trees with special
significance as sources of energy or green manure, As a generalization, most
fast-growing legume trees are numosoids. Genera to be considered in the
discussions of engrgy and green manure are listed below, together with their
approximate number of speciey:

Caesalpinioideae: Acrocarpus (33, Cassia {600), Schizolobiun (5).

Mimosoideae:  Acacia (6000,  Albizia (MW), Calliandra (190},
Desmanrhus (400, Enterolobium (8), fnga (200), Leucaena (10},
fvsiloma {35). Mimosa (450}, Parkia (403, Pithecellobium
(2003, Provopis (44), Samanea (1),

Papihonoidese: Dalhergia (250). Fryiarina (1001, Flemingia (35},
Glivicidia (10,

WwWOOD AND FUELWOOD

World preduction of wood in {973 exceeded 2.5 billion m? (World Bank,
1978). Less than a century ago, wood was the major energy source for all
countries in the world. Today, only 45 of the wood harvested is for fuel, and
this is aimost entirely i the tropics. Industrial uses of wood (60% in
construction, 25% for pulp, 157 for other uses) have increased far more
rapidly than total world commodiiy trade. These uses govern the base prics of
wood and directly influence both the availability and cost of fuelwoaod in the
tropics. Demand for industrial wood has been increasing at about adoubling
rate every 25 years. Demands for fuelwood are also in¢reasing and will soon
exeeed capacity in regions such as Asia, which has Jess than (.18 ha of forest
per person at present (Reveile, 980}

Tree legume species considered of special significance for fuelwood are
summarized in Table 2. Species with unusual adaptability to the arid tropics
are distinguished. Although many of these species appear to be slow in growth
in their native habitats. they are often fast growing under experimental
conditions, notably with adequate water. Species of Acacia and fnga provide
fuslwoods for tropical highlands, while temperate fuelwoods would also
include species of Gleditschia and Robinia.
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TABLE 2: Tropical tree legumes of special significance as fuelwood (adapted
from NAS, 19803,

Genus Specieg adapted fo:
Humid fropics Arid tropics
Acacig auriculitormis, mearnsii' brachystigia, cambagei,

cyclops, nilotica, seligna,
senegal, seval, tortilis

Albizia lebbek

Calligndra calothyrsus

Cussia sigmed

Derriz indica

Cliricidia sepiim

Inga vera'

Leuvaena lewcocephala

Mimosa scabrelia

Pithecellobium dulee

Prozopis atha, chilensis, cineraria,
Juliftora® | paltida, tamarugo

Sesbania grandiflora

1Highiznd~adapteri species,

Widely considered an undesitable, thorny pest.

Diendrothermal power plants can be designed to use chips (conventionally)
or roundwood. Choice of fuetwood stock is influenced primarily by heat
production (combustion valug), and by ease of sawing, chipping, and
transportation. Combustion values and wood densities are summarized in
Table 3 for the species included in the University of Hawaii studies.
Combustion values (given for bone-dry wood) reflect wood chemistry; not
density, and vary little for the species listed. These values decrease linearly as
wood moisture increases {most fuelwoods contain about 50% moisture at
harvest}. Specific gravity of species like the fast-growing Albizia falcataria
are too low to make commercial fuelwood, due to hulk density problems of
transportation and handling for the boiler. On the other hand, some species
are so dense {e.g.. ard-zone Acgcia and Prosopis spp.) that they present
problems in sawing and chipping. An economic feasibility analysis in Hawait
{Brewbaker, 1980) concluded that giant feucaenas could be grown and



Characteristics of N, -fixing trees in University of Hawaii international network trials {Scale: 1, Good — 3, Poor},

TABLE 3.

Genus and species

Characteristics

profipusid
DuPgEes
oy Aypind
wmqareayos
upPULBs
PRUDUIDY
opyrd
sHAOSOLE
BHALGI08
PSCWHA
oy dadoonag
TUIDINGT
profisiaap
BUBBINST
tirday
L S S
windipso34o
WG OrodBINsT
GosSIy
nitaq vl
oofnasnbs
DULIBHSD}
SHSLA IO BT
BLPUTD}
¥ogqa]
Dz
nrnipanf
moqy
smjoftuxed
THADIDIY
HsuiIU
DY
wmsupi
vy
sturiofynouney
DRy

Utility for:
Forage

fas

Fuelwood

Roundwood
Lumber

Pulpwocd

{Green manuie
Craftwood
Food

Folerance of:

Acid soils

27

i

Cold soil

Drouglit

&0
i

36 30 75 150 6D
P 1

106
1

150 60

156 160 100
1 1

1280
2

Min. rain {mm)
Coppicing ability

419




420

harvested profitably as boiler Tuel, even with Hawaii's high costs of labor,
land, and water. Energy returns from a 1000 ha tree farm, harvested
incrementally on & four-year cycle, were calculated to be 28,6 million kwh
annually. Wood drying and use of high efficiency boilers could increase this
value by 20%.

Choice of fuelwood for home use involves many considerations. Local
preferences dictate a wide array of species in the arsenal of the agroforester.
Most simple stoves are designed to accomodate long pieces of wood that are
fed into the stove as they burn. Most labor- and energy-efficient stoves are
closed in order to minimize air intake, and $o require specific, cut lengths.
Split wood dries rapidly and is often favored over round wood, although
marketing is conventionally by volume; not by weight. Irregular, heavily
knotted woods (e.g.. many acacias, prosopis) are difficult to prepare or split as
fuelwood, but may be preferred for charcoal. Smokiness, ash content,
explosive inclusions. thorniness, odor, and uniformity of burn can influence
home fuetwood value, Many of these traits could be addressed profitably by
the plant breeder and silviculturist. As an example, thornless mutants are
found in several of the thorny mimosoids (Felker, 1979),

GREEN MANURE AND NURSE TREES

Leguminous shrubs and trees are of inereasing interest as sources of “green
gold” (Curra.:, 1976) for the fertilization or nursing of both herbaceous and
tree crops in the tropics. Green manuring of herbaceous crops is a sadly
neglected area of tropical research. Legume trees like Leucaena and Sesbania
can be continously coppiced for harvest of leal meal. The clippings, which are
high in N, can be placed directly around an interplanted crop, or “cunt and
carried” for incorporation prior to planting. Guevara, Whitney & Thompson
{1978) showed that anmual N yields of 0.5 t/ ha can be obtained from Leucaena
harvested every three months. Similar estimates may be inferred from earlier
studies it the authors” laboratory, The availability of inorganic fertilizers has
discouraged research on green manures in the tropics umtil recently.
Definitive, quantitative data on N recovery and utilization from leguminons
forage remains a serious need. [nitial studies of R.A. Bradfield (personal
communication) on leucaena green manuring of maize at IRRI were very
promising. Guevara (1976) later quantified this relationship in Hawaii,
recording excellent maize vields and effective recovery of about 46% of the N
apphied as leaf meal. An extensive demonstration of these methods is
underway by the Philippine National Food and Agriculture Council. Legume
trees of special merit for green manure research include the widely used
Seshania spp., Leucaena leucocephala and Gliricidia sepium (annually
deciduous); also Acacia mearnsii, Albizia spp., Calfiandra calothyrsus, and
Mimosa scabrefla,



TABLE 4. Properties of N -fixing trees in University of Hawaii in{ernational network trials.
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The interplanting of leguminous trees as nurse crop to other trees evolved
out of the tradition of shading crops like coffee and cacao. Shade may in fact
be a disadvantage offset by the N-rich leaf drop in many plantations. Among
the major nurse legumes for plantation crops are Albizia carbonariy,
Erythring spp.. Flemingia congesta. fnga spp. and Leucaena spp. (diver-
sifolia, feucocephaia and pulverulenta). Flemingiais notable for its tolerance
of acid rubber plantation scils, as is Acacia guriculiformis.

Tree legumies can also be used as living fences or support systems for other
crops. Studies at the International Institute of Tropical Agticulture (11TA)
(1979} have demonstrated the practicality of using Lewcaena as living support
for yams, winged beans and other crops (e.g., pepper, betel, vanilla, and
passion fruit),

FORAGE

The leguminous trees commonly used for forage, following continuous
clipping, inchide Cassia  sturtid, PDesmanthus  virgamus, Leucgena
leucocephala, and Sesharia grandiflora. Foliage of other species is palatable
to animals and could be recovered during wood harvest, e.g., Acacia mearnsii,
Afhizia lebbek, Glivicidia sepium and Mimosa scabrella (see Table 4).
Leucaena, the most intensively studied of the species listed above, can
produce H-15 tons (dry matter} of forage per hectare annually { Brewbaker e/
al., 1972) when harvested regularly. The value of the foliage as co-product in
fuelwood or pulpwood harvest may be great enough in the case of Leucaenato
encourage vse of chip-vacuum, leaf-meal recovery machines.

Many of the 630 Acacia spp. bear phyllodes (expanded petioles) as mature
leaves that are generally fibrous and unpalatable. Mimosine {in all Leucaena
spp.) and other alkaloids occur in some tree legumes and require caution in
their use as forage. Breeding and management of the forage (g.g., silage
preparation) may offer solutions to these problems {Gonzélez, Brewbaker &
Hamill, 1968; Rosas: Quintero & Gomez, 1980).

UNIVERSITY OF HAWAIlI TRIAL NETWORK FOR N;-FIXING
TREES

The US National Academy of Science reports on Leucaenzand on tropical
legumes prompted an expansion of genetic research in Hawaii on N;-fixing
trees, previously confined to Leucaena and Acacia koa. A major thrust of the
expanded studies is to determine relative biomass yields of different species
and varieties of leguminous trees. A trial network for Leucaene was initiated
in 1978, and expanded with USDA support in 1980 to include other species.

The major species chosen for our studies are summarized in Tables 3and 4.
All are considered relatively fast growing, with most species exceeding 13
m3/ ha per yr of wood. Mostare hardwoods with high intrinsic value as fuel or
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pulpwood. and several are valued for forage or lumber and craltwood. Acid
and pnusoally arid soils. along with waterlogged and saline soils, present
primary challenges to the forester. In this study Acacia auriculiformis was
chosen for relative tolerance to acidity and Prosopis pallida for relative
tolerance to aridity,

Yield trials are planted with dense spacing (5000 or 10,006/ ha) using 3- to 4-
month-old seedlings transplanted into small plots {minimally 28 m?). Trials
use the augmented block design {Federer & Raghavarao, 1975), and include
several replications of 10-15 species, but can include additional unreplicated
plots of other species or treatments. This is a flexible design that
accommodates diverse entries and treatments at different locations, yet
permits the pooling of replicated data for calculations of variety x location
and error terms.

Initial results of such international trials with Leucacena have been
gratifying. Giant varietics of Leycaena provide some of the fastest growth and
greatest versatility of the tree legumes, probably equal to any nonlegume.

RESEARCH IMPERATIVES

With perhaps a thousand potentiaily significant N, -fixing trees to study in
the tropics, where should research emphasis be placed? It seems wise to focus
on species providing hoth forage and fuelwood to the small farmer. Few
nonlegumes bear consideration, and species achieving less than 2 m annual
growth should be excluded. Thormness must be considered undesirable,
despite the protection it gives against animal depradation. The following
dual-purpose species appear to deserve extensive collection, genetic
evaluation, and site adaptability studies:

Acacig spp. (see Table 2)
Cattiandra calothyrses
Gliricidia sepium
Leucaena levcocephala
Prosepis spp. (Table 2)
Sesbania gramdifiora
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CASUARINA:; ACTINORHIZAL NITROGEN-FIXING TREE
OF THE TROPICS

J.G. Torrey?

Summary

Casuaring is the most unmportant actinorhizal plant of the tropics.
The genus comprises well over sixty species of woody,
dicotyiedonous plants. niost of which appear capable of symbiotic
association with the Dlamentous hacterium  Frankia of the
Actinomycetales. The root nodules formed fix nitrogen (N5}, and
s bring about an accretion of N in the soil envirenment at rates
equivalent 1o those achieved by herbaceous legumes. This paper
revigws the published literature on nodulation and N fixation in
Casuarina and assesses the expenmental and practical measures
which should be taken to improve the contributions made by
Casuarina to agnculture and forestry i tropical and subtropical
countries where this genus can be grown. Fhe following topics are
discussed: early studies on symbiotic N2 fixation, the ecological
rode in the N economy. laboratory studies of Ny fixation, nodule
initiation and developient. the ultrastructure of nodules, handling
the micro-organism in ctlture and in nodule suspensions,
inoculation of nursery seedling stock and the distribution of
Caswaring and s actinomycetous endophyte.,

INTRODUCTION

Casuarina is a woody dicotyledonous plant native to Australia but
widespread in tropical and subtropical countries, where it has been
disseminated by man. Its roots are nodulated following invasion of the
filamentous soil bacterium, Frankia of the Actinomyvcetales and this
symbiosis results in nitrogen (N) fixation at rates comparable to nodulated
legumes (Torrey, 1978). These trees occupy a diversity of sites ranging from
tropical rain forests to arid deserts and sandy coastal dunes. The genus
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encompasses morg than sixty species. only a few of them presently of
gconomic significance. In Australia, Casuaring cunningharniana, the river
sheoak, grows along {resh water river banks, reaches a height of up to 36
meters and produces 2 straight, hardwood trunk useful as timber. Casuaring
equisetifolia is in common use in the tropics for shelter belts, for erosjon
control, land reclamation. and as a forage and fuel tree. By virtue of their
symbiotic capacity. many Casuaring species serve as pioneers, preceding and
making possible the establishment of forested stands. Despite such evidence
of hardiness, the species diversity and adaptability te climatic variation and
harshness of habitat within the genus have hardly been explored.

This paper brings together much of the available information on
nodulation and N, fixation in Caswaring and aims thereby to encourage
better understanding of the significance of the genus in its present habitats and
of the possibilities for better utilization of these plants in worldwide tropical
agriculture and forestry.

EARLY STUDIES ON N, FIXATION IN CASUARINA

Although Janse (1897} reported the presence of nodules on roots of
Casuvaring and later Miehe (1918) and McLuckie {1923) inferred that these
nodules were implicated in N, fixation, the first direct studies of symbiotic N,
fixation in Casuarinag were made by Aldrich-Biake (1932) and Mowry {1933).

Aldrich-Blake {1932) planied surface-sterilized seeds of C. equisetifolia in
sand watered with nutrient solution lacking N and moculated them with
ground nodule suspensions from mature plants collected in the field.
Uninoculated plants Jacking N or supplemented with NHsNO; served as
controls.

Uninoculated plants showed no root nodules. Inoculated roots showed
numerous root nodules ranging in diameter up to 3.8 cm and representing
11.79% of the dry weight of the whole root systemn. Nodulated plants were more
than three times taller than uninoculated ones, were more than 50 times
heavier than control plants on a dry weight basis, and their average N content
per plant was more than 100 times that of the uninfected control plants not
provided fertilizer N.

Mowry {1933} reported the nodulation of nine different species of
Casugrina seedlings grown in sterile soii following their inoculation with
small pieces of fresh nodules from plants growing in the field. He concluded
that a single strain of the infective organism nodulated all nine species, and
that this ergansm. a bacterium, entered into a symbiotic relationship with the
host resulting in N3 fixation. In 20 different locations in Florida, on sand
dunes and other sites of low fertility, he found ne trees of any size which did
not have nodules.

Other early workers reported the occurrence of root nodules on Casuaring
(Kamerling, 1915; Narashimban, 1918; Rao, 1923; Parker, 1932} and most of
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these abservers made the connection befween the presence of root nodules
and satisfactory plant growth, probably related to N, fixation. These nodules
were presumed to be produced by a soil micro-organism (Chaudhuri, 1931)
and early efforts were made to isolate and culture it (Shibata & Tahara, 1917;
Narashimhan, 1918).

Becking (1977} listed the carliest account in the literature of nodulation in
each of the Casuarina species reported. He noted that 18 species of a total of
45 (as then interpreted) had been reported nodulated. The list could doubtless
be extended, but this effort becomes fruitless in the face of changing views on
the taxonomy of the group. In field collections of Casuaring nodules in
Florida, Hawali, and Australia, including 10-15 species (J.G. Torrey,
unpublished}, only one situation was found in which the plants were not
nodulated. It is to be presumed that all of the species of the genus are capable
of root infection and noduiation by the appropriate Frankig. Whether one or
mote strains of Frankia are involved remains to be demonstrated.

THE ECOLOGICAL ROLE OF CASUARINA SPP.

Evidence for a significant ecological role of Casuaring in the N economy of
a given environment can be traced back to reports of agricultural practices
involving Casuarina plantations. Silvester {1976} cited the role of Casuaring
in traditional rotational agricultural practice in highland New Guinea, in
which Casuaring is planted incleared areas, grown for 3-10 vears, then cleared
for firewood or timber, alter which the land is planted to yams or other crops
that profit from the N accretion attributable to N fixation and litter fall from
Casuarina,

Estimates of the contribulion to the N status of sandstone soils near
Sydney, Australia, made by Casuaring litioralis were reported by Hannon
{1956). Analyses of the plants of the low scrub forest showed [13,000-12 900
ppm Non a dry weight basis. Litter fall and dry matter increment represented
29.0 tons/ ha per yr. which at 195 N represented an accretion of 290 kg N/ha
per yr, largely attributable to symbiotic N» fixation,

Dommergues (1963; 1966) reported the N. fixation by Casuaring
equisetifolia in sandy soils of the Cape Verde Islands off Portugal. By
measuring soil and plant N, he was able to estimate a vearly increment of
about 58 kg N/ha, mostly derived from N, fixation by nodulated plants.
Beadle (1964) considersd the role of Casuarina spp. in the N economy of arid
areas in Australia.

Sitvester (1977) reviewed the descriptive evidence for the importance of
Casuaring equisetifolia in the revegetation of Krakatau Island, Indonesia,
following volcanic destruction of the vegetation. On a small scale, a similar
sequence of revegetation mvolving Casuaring equisetifolia can be observed on
the Island of Hawaii. Opportunities for quantitative studies of establishment
and succession of Casuaring equisetifolia exist in the Puna district near Hilo,



430

where volcanic ash wiped out a stretch of vegetation from the volcano to the
sea in [960. New seedlings and young trees of Casuaring that invaded the site
were well nodulated and flourished together with small sedges in a location
otherwise devoid of vegetation {J.G. Torrey, unpublished data).

LABORATORY STUDIES ON N, FIXATION

Careful laboratory and greenhouse studies of symbiotic No fixation by
Casuarina are relatively sparse, though Bond and his associates have
contributed significantly to our understanding of the symbiosis over a period
of about twenty years,

Bond {(1957a} determined shoot height, dry weight, and total N values for
nodulated and non-nedulated plants and showed that a mean fixation of 50
mg N/plant occurred in seedlings of C. cunninghamiana over a six-month
peried in water culture. In similar studies Rodriguez-Barrueco (197374}
reported that plants of C. rorulosa showed accumulation of 430 mg N/ plantin
12 months. Bond (1957h; 1964) demonstrated that detached nodules of
Casuarina incorporated the N, {rom the atmosphere into fixed N. Nodules
showed an N content of 3.09% on a dry weight basis and an increase in UN
content of up 1o (.368 atom percent of total N over the normal valueduringa
19-hour period. Bongd (1961} also demonstrated the inhibition of N fixation
in detached nodules by molecular oxygen at concentrations ahove 20% and by
gaseous hydrogen at 2007 {>50% inhibition) and higher (Bond, 1960}. This
sensitivity was comparable to that found in N 4 fixation in nodules of legumes,

Bond and Hewitt also demonstrated the essentiality for N, fixation by
Casuaring of molybdenum (Hewitt & Bond, 1961), cobalt (Bond & Hewitt,
1962; Hewitt & Bond. 1966), and copper {Bond & Hewitt, 1967).

Studies on the effects of combined N on nodulation and N, fixation have
been made by Stewart (1963) and Rodriguez-Barrueco, Mackintosh & Bond
(1970). Stewart showed that ammomum-N provided as (NH,),80, at 10
ppm N facilitated the nodulation and development of young seedlings
inoculated with a nodule suspension and that NHa*-N up to 100 ppm did not
significantly reduce the number of nodules formed. He concluded that under
most field conditions Casuaring nodulation would not be affected by normal
levels of soil N. Rodriguez-Barrueco (1972) also reported that low levels of N
provided as NH j*did not interfere with nodule development in seedlings of C.
cunringhamiana although the ammonium ion became inhibitory st high
levels. Fixation of Nj was less efficient in the presence of the ammonium ion.

Rodriguez-Barrueco er af. (1970} grew nodulated Casuaring plants for i4
weeks in nutrient solutions containing different levels of (NH4);SO, and
provided BNy in the atmosphere, Plants provided N as NH g'grew well, more
or less in proportion to the ammonium supplied, but the presence of fixed N
reduced the N fixation of ali plants even at 10 ppm N. Nodule growth was
likewise reduced, Plants not provided combined N, although well nodulated,
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did not grow as well as those provided NH4*-N, suggesting that N, fixation
itself utilizes photosynthate that might otherwise go to growth. Coyne (1973)
reported that 56 ppm N as Ca(NO3), inhibited nodule formation by as much
as 75% under optimum pH conditions in water culture. Acgording to Coyne,
N, fixation was negligible in nodulated plants provided nitrate N,

Bond & Mackintosh (1975) using detached nodules incubated in ¥,
found that fixation varied diurnally, being low in the early morning, relatively
kigh for severa! hours in mid to late afternoon, and then decreasing. Light
intensity and temperature together influenced fixation rates. According to
these authors, the rate of N, fixation increased steadily from 10° to 36°C,
with the maximum raie of fixation in Casuaring cunninghamiana nodules at
36°C. Waughman (1977} also observed a simple exponential response in
nitrogenase activity in C. equisetifolia to increasing temperature. Rodriguez-
Barrueco (1973774) found that detached nodules of C. rorufosa showed the
highest fixation rates in the late afternoon and early evening rather than in
mid morning.

NODULE INITIATION AND DEVELOPMENT

Structural studies of Casuaring root nodules attempted first to localize and
identify the endophyte. Thereafter, attention was paid to the modification of
root structure and the anomalous form and development of root nodules.
More recently, ultrastructural sindics have demonstrated root hair infection,
rooi cortex invasion. and the proliferation of muiltilobed, modified, lateral
root branches to form the typical nodules with nodule roots, Early anatomical
studies of young nodules (Miehe, 1918; McLuckie, 1923; Aldrich-Blake, 1932)
were reviewed by Torrey (1976).

Bond (1956; 1957a) first called attention to the presence of nodule roots
growing vertically upward on Casuarina nodules. These nodule roots can be
quite striking in young plants grown in water culture but may have dried up
and shrivelled in field-collected nodules and so be totally missed or ignored.

Evidence to the present supports the view that the organism nodulating £
cunnighamiana gains entry by root hair penetration {Caltaham etal., 1979), as
has been shown as well in Afmus, Myrica, and Comptonia. The endophyte
within the root hair shows multiple filaments surrounded or encapsulated bva
polysaccharide capsule formed by the host cytoplasm and characteristic
nuclecid regions along the filament (Newcomb, Pankhurst & Torrey, 1981).

The filaments invade the cortical cells of the root, dissolving the cell walls
and middle lamella and often forming wide strands of invading filaments
(Torrey, 1976; Tyson & Silver, 19791 Filaments are septate and branched,
approximately Las in diameter, ramifying through the cells of the root cortex
and causing cortical cell proliferation followed by cell hypertrophy (Torrey,
1976). The structure of the micro-organism is that of a filamentous bacterium
of the group Actinomycetales.
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Coincident with the first invasion by the actinomycete, the root at the site of
invasion is stimulated to form multiple lateral root primordia that are in turn
invaded in the newly formed cortex tissues, forming swollen lobes where N,
fixation is presumed to occur {Torrey, 1976; Kant & Narayana, 1977). Only
after the hypertrophy stage. when the endophyle has filled the cortical tissues,
does the nodule root elongate from the pointed tip lobe of each successively
formed nodule root. The result 15 the formation of a ciuster of swollen nodule
lobes at each infection site with upward-elongating nodule roots. The nodule
roots remain uninfected by the bacterium. Silver er af. (1966) attempted to
interpret the peculiar negative geotropism of nodule roots in terms of
abnormal metabolism of the plant growth hormone, indole-3-acetic acid,
within the developing nodules.

in nodules of actinorhizal plants, vesicles are the demoostrated site of the
nitrogenase (see Tjepkema er al., 1980; 1981} and have been reported to occur
in mature nedule cortical cells in almost all actinorhizal plants studied
structurally. By cootrast, Casuaring nodules do not normally show the
typical, terminal, swollen. filamentous structures termed vesicles (Torrey,
1976; Tyson & Silver, 1979; Newcomb er a4, 1981; P.J. Dart, personal
communication) though one report claiming to illustrate nodule vesicles in
Casyaring has been made (Gardner, 1978},

The lack of convincing evidence for the presemce of vesicles in the
endophyte in root nodules of Casuaring raises the guestion as to the site of
nitrogenase activity in the nodules of this genus. More comprehensive and
careful ultrastructural study of nodules fixed for microscopy at a time when
nitrogenase activity is demonstrable are needed to resolve this question.

The evidence is good that the normal vesicle structure of cultured Frankia
provides protection for the oxygen-labile nitrogenase against inactivation by
ambient O, concentration (Tjepkema et 4l 1980}, In the absence of a typical
vesicular structure in Caswaring, how would nitrogenase be protected?
Special modifications may have evolved in this case. Davenport {1960)
reporizd the occurrence of hemoglobin in root nodules of € cun-
ninghamiana, Efforts of others to confirm this observation have not been
successful. Here is another area needing further study.

HANDLING THE MICRO-ORGANISM

The ideal situation for the study of a host/ micro-organism symbiosis i3 to
be able to cultivate each of the components separately and to understand the
behavior of each. independent of the other. While one can grow seeds of
Casuaring independent of Frankia, it 18 not vet possible to grow in pure
culture the Frankiathal causes nodulation of Casuarinaroots. Uemura (1961;
1964) attempted isolation of the micro-organism from nodules of C.
equisetifolia and was able to grow a Strepromyces-like organism in nutrignt
medium. However. he failed to achieve reinfection of axenically grown
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seedlings inoculated with this isolate. I have used methods developed and
applied successfully to the isolation of Frankia sp. from Alnus, Comptonia,
Flaeagrius and other genera, but thus far have been nnable to isolate the
endophyte from nodules of Casuarina spp. collected in Florida. Hawaii, and
Anstralia.

Gauthier et of. {1981) used microdissection methods and serial dilution to
isolate an organism from Casuaring nodules, which when grown in culture,
showed Frankia-iike characteristics. The organism cultured by Gauthier er ol
{1981) produced terminal vesicles in vitra and reduced acetylene, presumably
due to nitrogenase activity. Unfortunately, attampts to demonsirate infection
of Castarina seedlings with this organism have so far {ailed. The reasons for
this failure are not clear and further attempts at isolation and culture must be
made.

In lieu of inocula prepared from the cultured organism, methods have been
devised to inoculate seedlings with nodules collected in the field or from plants
propagated in the greenhouse {Bond, 1957a; Torrey, 1976).

Coyne {1973) studied the importance of pH and nitrate-N for successful
ingeulation of plants grown in water calture. Initial pH was critical; almost no
nodulation occcurred in plants growing in solutions of pH 4.0 or pH 9.0.
Optimum pH for nedule formation in two species (C. glauca and .
cunninghamionay was pH 6.0 with good nodulation, still, at pH 7.0 and 8.0
but poar nodulation at pH 5.0. Bond (1957a) also reported good nedulation
in C. cunninghamianea at pH 6 and 7. According to Coyne, the presence of
nitrate-N reduced the number of nodules initiated but did not influence the
optunum pH for nodulation.

Alternative methods for prepanng inoculants have been described or
discussed but not systematically studied. 1 have found that excellent
nodulation can be ohained using dried nodule preparations. Small field
samples of nodules of C. equiserifolia placed in a vial containing silica gel
induced nodulation of the same species even after three months’ storage. How
leng nodules can be safely stored in this way remains to be determined.

When ground in distilled water, fresh nodules rapidly turn brown and then
grey, presumably because of the release of polyphenols and/or tannins. To
limit the damage from such potentially toxic substances, nodules can he
ground in the presence of polyvinylpyrrolidone (PVP). We have used 1%
PVP-40and found that its presence retards the blackening reaction. Activated
charcoal (109 wi/ volume) also can be used as adsorbent. Lalonde (1979) used
0.6-1% sodium chloride to grind Alaus nodules and found that this
suspension also resulted in a clear light vellow flmd after filtration. No
systemratic study of the refative effectiveness of these methods has been made,
All the methods suffer from the common difficulty that we do not know the
chemical and physical requirements of the organism that must be present in
the inoculum, the activity of which we are attempting to preserve,
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There seems to he no published account of procedures for inoculating
seedlings of Caswgring m the nursery. Observation of operations in
government forestry nurseries in Hawail, Australia, and New Zealand
suggests that little attention has been paid by growers to ensuring the presence
of the appropriate organism. Since most nursery operations routinely use
sterilized soil mixes for seedling plantations, one cannot expect the infective
actinomycete to be present in the root environment. Some arrangement must
be made to introduce the organism into the rooting medium. Foresters have
become most familiar with this problem in working with myecorrhizal fungus
mntroductions,

Soil or leaf litter from around nodulated plants may serve as an adequate
inocutum for seedlings planted in soil mixes in the nursery. Ground up
noedules from field collections or nodulated plants in the plantation ares are
more likely to be effective.

Unfortunately, we still do not know whether a single Frankia strain from
Casuaring will infect all species or whether there may be more than one strain
{Allen & Allen, 1963). Coyne (1973) has suggested that there may be more
than one type of Frankia specific to different Casuaring host species. This
question can only be resoived when an infective Frankinisolateis availablein
pure culture.

In nursery practice, as in the laboratory, successful inoculation of seedlings
and nodulation in container-grown plants depends upon sustaining the
seedlings in 4 healthy condition by providing combined N to the seedling until
the nodules are actively fixing and can satisfy the N requirements of the plant.
One must provide fixed N at low levels for plant maintenance, but notatlevels
or in forms inhibitory to nodulation. From the earlier discussions one can
conclude that a container mix supplemented with ammonium N at rates notin
excess of 100 ppm N should meet these needs. Nitrate N should be avoided in
the soil mix. It might be possible to provide seedlings with a foliar spray of
urea to sustain seedling growth while nodulation proceeds in inoculated soil
mix.

Once seedlings are planted out, they depend upon adequate water supply.
Plant height, weight of shoots and roots, and number, size, weight and N
content of nodules are all affected by water shortage (Kant & Naravana,
1978).

DISTRIBUTION OF CASUARINA AND ITS ENDOPHYTE

Casuarina species are widespread throughout the tropics and subtropics,
wherever they have been taken by man beyond their origins in Australia. They
have adapted to many ecological sites in many countries. Most evidence from
laboratory rescarch indicates that the actinomyeete is not transmitted with the
seed —either within the seed or on its surface. Rather, Frankia is transported
in nodule material or in the soil in a form that we do not yet certainly know,
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The presumption, based on structural evidence, is that spores are the most
resistant form and presumably can survive in a desiccated state for long
periods and/or distances. The interesting question is how the micro-organism
reached the many distant lands where nodulated Casuarinag now occurs. One
can find no reports in the older accounts suggesting that soil samples or
nodules should accompany seeds for successful establishinent. It is possible
that Frankia spores can be circulated by the winds. This explanation seems a
reascnable one for situations such as the Puna voleanic site in Hawaii, where
existing stands of nodulated Casuaring plants are only a relatively shornt
distance away. Greater distances are the source of great difficulties and
puzzles.

In recent travels in New Zealand it was interesting to study the occurrence
of Casuaring in planted sites or in forestry nurseries on the North and South
Islands, where mild winter minimum temperatures allow Casugrinng to survive
as far south as Dunedin {at least in protected sites). Samples of Casuaring
roots were made at various focations, and in some cases, excavations of whole
root systems (in nursery plantations) were made. Several different species of
Casuarina were examined including C. cunninghamiana and C. stricta, but
root nodules were never observed! Plants were surviving on combined N
available in the nurseries or field soils. Some plants were not very healthy,

Accounts were given of fairly extensive efforts in the North Island of New
Zealand to develop Casuaring stands as a windbreak or fence rows but
experimentation was abandonded as the plants failed to establish successful-
ly. One would assume this failure occurred because the plants did not form
nodules and, therefore, conld not perform as they do in countries where the
endophyte occurs. New Zealand has very strict laws ¢oncerning soil and plant
material importation and it may be that Frankiathat would be effective on an
imported genus such as Casuaring has never reached that country.
Examination of root systems of Elaeagnus and Alnus species at the nursery at
Rotorua showed abundant nodulation by those Frankia species; so it seems
unlikely that soils in New Zealand are deleterious to Frankia New Zealand
offers an interesting experimental situation for the careful and systematic
introduction of the appropriate Frankig strains for use with Casuaring
plantations. Other reporis are scattered through the literature of areas where
Casuarina ocours but where nodules have not been found or have occutred
only sporadically. Bond (1976} quoted reports of studies made in Indonesia
showing that of 83 trees of C. squiserifolia growing in a latosol soil only three
plants were nodulated. Of 72 trees of C. swmatrana examined in another
location, all were nodulated. Bond (1957a) also noted that specimens of
Casuarina in botanical gardens in the British Isles seemed to lack nodules, a
fact noted by Miche (1918) in botanic gardens in Germany and also in Italy,
These exotic plants were presumably sustained by regular N fertilization. The
failure of nodulation suggests the difficulty of transport of Frankia by seed
and the Jack of distribution in soils in the temperate climatic areas.
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Casuarina may also show mycorrhizal infection in addition to nodulation
by Frankia {Dommergues, 1976}, but the interaction of Frankiz and fungus
has been little studied. Recently, studies have been initiated by Bamber ef af.
(1980) in Australia. Effective mycorrhizal association may offer another
mechanism to assure survival and adequate mineral nutrition.
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SESBANIA ROSTRATA AS A GREEN MANURE FOR RICE IN
WEST AFRICA

G. Rinaudoe, B.Lﬁreyfus and Y. Dommiergues!

Summary

we compared the effeet of four treatmients upon the yield and
nitrogen {N) content of rice grown in [ m? irrigated microplots: PK
fertilization + inoculated Seshonia rostrawg plowed in as green
manure: PK tertilization + uninoculated Sesharia rostrora plowed
in as green manure: PK fertilization + ammonm sulpbate (60 kg
N/hay and PK fertilization alone {controly, The effects of the first
two treatments were not significanmtly different from each other,
Bath treatments dramatically increased grain and straw vield
compared fo the control and significantly increased the N conteat
of beth grain and straw.

INTRODUCTION

Nitrogen (N} inputs into rice fields can be increased by the cultivation of &
green manure ¢rop in rotatien with, or intercropped with, the rice. This has
already been done with winter vetch in California, and with Asiragalus sinicus
and the N,-fixing nonlegume Coriaria sinica in Japan, Korea, and China
{(Watanabe & App. 1979; [. Wawnabe, personal communication), as well as
with Sesbaria cannobina and 8. paludosa in Vietnam and other Asian
countries {.T. Tuan. personal communication).

Recently Dreylus & Domunergues (198 1a) reported that Seshania rostrata,
a tropical legume colonizing waterlogged solls in the Senegal Valley, forms
N _-fixing nodules with Rhizobium on both the roots and the stem. Due to its
profuse stem nodulation, this plant has five to ten times more nodules than
most nodulated crop plants, Moreover, and because of its stem nodulation, §.
rostraia could fix N, even when the N content of the nutrient medium was
high {Dreyfus & Dommergues, 1980).

P ORETOM, CNRS BP 1386 Dakar. Senegal.
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This paper reports an experiment to determine the effect of S rostramasa
green manure on vield and N uptake of rice.

MATERIALS AND METHODS

The experiments were carried out on microplots, each | m? (see Figure 1),
during the rainy season at the ORSTOM Bel-Air Station in Dakar, Senegal.
Soil characteristics are shown in Table 1. Twelve microplots were sown with
Sesbania rostrata (seeds had been pre-treated in H,80, for 30 min,) on June
19, 1980; then later thinned to ouly 40 seedlings per microplot. All seedlings
were treated with an insecticide, Curacron (Ciba-Geigy $.A.), to avoid insect
attacks.

? —— Rice

Polyethylens sheet
[33am thek)

- Water
A ’
. Bei-Aur ot

X b réw”;/—» Congrete wall
-

Figure 11 Section of a microplot. Each plot contained 560 kg homogenized Bel-Air
soil.

Plants in 6 of the 12 microplots were inoculated by spraying the stems with
a 2-day-old culture of the ORS 551 strain (Dreyfus & Dommergues, 1981b)on
July 10 and 19. The remaining plots were not inoculaled, but progressively
developed stern nodules, indicating either native soil rhizobia or cross-
contamination. A further 12 microplots were kept in bare fallow. All
microplots were kept waterlogged until August 4.

On Angust 11, when the Seshamwa roserara plants were about 1.5 m 1all,
their sterny were cut just above the soil; then chopped in 10 cm pieces and
incorporated in the (-30 cm horizon. All the plots were unirrigated until
August 30, when 2-week-old rice {Oryza sariva) seediings cv. Moroberekan
were planted, with 25 hills per microplot. All microplots were then broadcast
fertilized with K,HPO,, 17 44 g/ m? and six plots received (NH;};50,, 28.32
g/m? At this stage all the plots were waterlogged again. The rice was
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TABLE 1: Characteristics of Bel-Air soil.]

pH (KC1, N} 7.0
Total £ 0.4
Total N 0,025
Fotal P 0.037
Clay (§-2 um) 38
Loam {2-50 am) 2.1
Fine sand (50-200 um) 48 4
Coarge sand (200-2000 am)} 44.5
%’Strﬂpe;)%,

harvested on December 29-30, when it was 120 days old (excluding the
seedling stage in the nursery). The straw and grains werc weighed, and the
water content determined after drying at 65°C until a constant weight was
pbtained. N content was estimated using the Kjeldahl method.

RESULTS AND DISCUSSION

Microplots that had received Seshania rostrata green manure vielded more
than double the control plots and significantly more than microplots receiving
the equivalent of 60 kg N ha {sce Tabie 2). The effect of stem inoculation was
notsipnificant. presumably because of the natural nedulation of uninogulated
piants. The N content of the grain and straw of rice plants green manured with
S. rostrata was significantly higher than that of control or +N plots, Thus,
green manured nice contained four times the total N of control plots supplied
only K-HPO,. and twice that of plots receiving 60 kg N/ha equivalent.

If we assume that an extrapolation to the field of the data reported here is
valid, we can conclude that the use of Sesbania rostrata as green manure
would allow us to oblain vields of rice grain as highas 6.0 t/ha inasoil witha
lower-than-average fertility. However, more investigations are needed,
especially in the field. to determine the best management practices, especially
the timing for seeding and for plowing in Sesbania rostrate stems; the delay
between plowing in Sesbania rostrata stems and rice planting; and the
economic feasibihty at the farmer's level

Soil analyses are underway. These should allow us to establish a precise
nitrogen balance, which will probably generate other useful information on
the effect of Sesbania rosirata green manure on the soil nitrogen status m rice
fields.



TABLE 2: Influence of Seshanig rostrata green manure on the yield and total N content of rice.’

Plot Treatments Average dry yield N content Average N yield
nimbers (g/m?) (2} (g N/m?)

Grain Straw {Grain Straw Grain Straw Total
1t06 PK +green manure, inoculated 596 a 772 a 180 a 094 a 1073 a 7.44 a 18.17
T to 12 PR +green manure, uninoculated 5§71 a 762 a 1.73 a 098 a 990 a 692 a 16.82
13 to 18 PR +{NH, )2 804(60 kg N/ha) 381 b 484 b 127 b 049 b 483 b 2.38 b 7.21
15 o 24 PK {control} 12 ¢ 276 ¢ 1.14 b 058 b 2.42 ¢ 166 ¢ 4,02

1175,;;11&3 fullowed by the same lfetter do not significantly differ, P = 0,01,
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NITROGEN FIXATION BY TROPICAL WOODY LEGUMES:

POTENTIAL SOURCE OF SOIL ENRICHMENT

1.P. Roskoski, J. Montano, C. van Kessel and G. Castilleja’

Swmmary

The urgent need for tow-technology solutions to the probleins of
forage, firewood. and fertilizer searcity in the tropics prompted a
study to determine the multi-use potential of woody legumes in the
State of Veracruz. Mexico. As part of this study, the nitrogen-
fixing (CoHy-reducing) capacity of nine legume species was
assessed:  Acgels  pennanda, Albizia  lebbek, Inga jlnicuil,
Pithecellobinm lancecianim, Caesalpinia cavalaco, Cassia fistisla,
FParkinsoniq acideaia, Ervehring americana, and Ghiricidio sepium.
All species save C. cacedoco, C. fistula, and P, aculeara fixed
nitrogen (M,) with rates trom 2 to 18,4 moles N4 fixed /g nodules
per hour,

Nodule biomass and in sifu Ni-lixing activity were then
measured in stands of [ jiinienil. A pennatula, and . sepfiem, and
approximate annual N, (C,H,) fixation by these species
caleulated. [ jfinicwif is a common shade tree for coffee in Veracruz.
In ene coffes plantation. N5 fixatnen by this species, about 35 kg
N=/ha per yr. approximated annual N inputs from fertilizers.
Calculated fixation in 20-vear-old stands of A, pennatwie and G.
sepinm was estitnated to be 3d and 13 kg N3 ha per yr, respectively.
These results suggest that Ny tixation by tree legumes could makea
significant N input to tropical agro-ecosystems.

INTRODUCTION

Insufficient forage for livestock {Quintero & Powers, 1976), lack of
firewood for man (Villa-Sales, 1978), and diminishing soil fertility for
agricultural production are problems common to Mexico and to most
developing tropical nations (Myers, 1980). Technological solutions to these
problems exist but are beyond the economic means of those most severely
affected. Low-cost, low-energy-intensive alternatives are urgently needed.

t Instittto Nacienal de Imestigaciones sobre Recursos Bioticos, Apartade Postal 63, Xalapa.

Yeracrur, Mexico.
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Woody legumes abound in Mexico and are utilized by rural populations as
“living fences” {Sauer, 1979), shade for crops, and food for man and/or
animals {Roskoski ef af.. 1980). These facts suggested that some species could
be used more widely and so help in resolving the forage, firewood, and
fertilizer problems referred to above,

In 1979, studies were initiated to determine the raulti-use potential of nine
of the more than 250 species of woody legumes found in the State of Veracruz,
Mezxico. The species selected were: Acacia pennatula Schl. & Cham., 4/bizia
lebbek L., Inga jimicuif Schl., Pithecellobium lanceolarum Humb. & Bonpl.,
Caesalpinia cacalaco Humb. & Bonpl., Cassia fisruia L., Parkinsonia
actuleara L., Eryvthring americana Miller, and Gliricidia sepium Jacg. The
species were chosen because they had al least one known use in Veracruz or
other tropical areas (see Table 1).

While mitrogen (N,) {ixation by tree legumes could be an important factor
in the N economy of tropical agro-ecosystems, most studies involving tree
species have dealt with cross-inceculation reactions (Allen & Allen, 1936,
Trinick, 1968; Habish & Khairl, 1970; Basak & Goyal, 1975) or reports of
nodulation and Ny fixation by previously untested species (MceNeil &
Carpenter. 1974: Bailey, i976. Nakoes, 1977; Tanwar, 1980). Ecological
studies are exceedingly rare (Habish, 1970G; Sheikh, 1978), and in general, have
not sought to quantify fixation or assess the importance of this N input to the
ecosystem.

This study. undertaken as part of the woody legume project, was to
determine the potential for N, fixation of the nine test legumes under the soil

TABLE 1: Uses of nine species of tree legumes.’

Species Food? Forage Firewood Living Green Shade
fence ymanure  frees

Acacio pennatula A AB A A

Albivia lebbek B B B
Caesalpinia cacaloco A

Cassia fstuly B

Erythrina americena 1 AB A B AB
Gliricidia sepium 1 A B AB

Inga finicuil 3A A A
Parkingonia aculeats B AB A

PBithecellobjum lanceolatum A A A

1, . . .
zA’ in the State of Veracruz; B, in other tropical azeas
Part consumed by man: 1= flowers, 2 = green pods, 3 = succoulent azil.
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and climatic conditions existent in Veracruz, and to quantify annual fixation
by these species.

CAPACITY FOR N, FIXATION

Given the difficulty of finding nodules on adult trees in siry, pot experiment
were used to establish the levels of N fixation for the nine species. Individual,
uninoculated seeds of each species were planted in separate plastic bags
containing either a coastal sandy loam or a volcanic ash-derived, clay soil
from 1400 meters elevation. Half the bags were placed at sea level in the
Institute field station, the remainder at 1400 meters in the Institute botanical
garden. After seven months, the seedling in each bag was harvested and
examined for the presence of nodules. When found, nodules from each plant
were removed and assayed for N, fixation using the acetylene reduction
technigue.

The six species that fixed Ny were: A, pennatuln, A. lebbek, G. sepium, 1.
Jinicuil, and P. lanceolatum (see Table 2}, The three species from the sub-
family Caesalpinioideae: C. cacalaco, C flstula, and P. aculeatq did not form
nodules in any experimental treatment.

TABLE 2: Presence of N, fixation in nine species of tree legume.'

Species Experimental Treatmen t? F-test®
Sandy soil Clay soil Clay soil
Sea levsl Sea level 1440 m.
G. septum 233 18.40 8.57 Q1
A, pennatula 4.79 655 549 Qs
E, americang 558 6.41 281 NS
A. lebbek not tested 4.25 291 NS
P lanceolatum 8.21 not tested not tested
L jinicuil not tested died .04
L. fistula not tested no nodules no nodules
C. cacalaco not tested no nodules a¢ nodules
P. geuleata not tested no nodules no nodules

' 1 mol CaHy produced/g nodules per ‘t}* underiined value indicates native soil and climate,
25ea level, mean anaual temperature 24 O, anpual rainfall 1350mm,

1400 m, mean annual temperature 19°C, annual rainfall 1957mm.

Sandy soil, pH = §.1, total N » 14 % ,ppm P = 9.2,

Clay soll, pH = 5.5, total N = 33 % ,pom P = 29.0
3F-test, values indicate significance level, NS, not significant,
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No treatment differences in rates of N> fixation were found with either £
americara or A. lebbek (see Table 2). However, ratesfor A, pennatuloand .
sepium did differ between treatments, G, sepiton exhibited the highest level of
activity when grown at sea level, where it normally occurs, but in bags
containing the clay soil from 1400 meters elevation, and the lowest level of
activity when grown both in its native soil and climate, A. pennatula, on the
other hand, exhibited greatest N, (C2H o) fixation under its native soil and
climate conditions, even though overall plant growth for this species was
considerably greater in both sea level treatments.

RATES OF N; FIXATION

Although the seedling experiment established that six of the nine test
species could fix N,. the amount of N2 fixed under field conditions remained
to be determined. In a subsequent study, nodule biomass and i situ N, -fixing
activity were measured in stands of A. pennanda, G. sepium, and I, jinicuil.
These data were used to estimate aerial fixation on an annual basis.

Acacia pennatids most commonly occurs as isolated individuals and G,
sepium is usually found in living fences. Attempting to quantify nodule
biomass in either system presents serious sampling problems, Fortunately,
pure stands of these species are occasionally found in abandoned pastures or
agricultural fields, Two such stands, one for each species, were located and
sampled for nodule biomass. Soil cores, 25x25x15 cm, were randomly
collected in each area. Nodules were separated from the soil, subsamples
chosen for N, (C3H,) fixation assay, and the remaining nodules weighed
fresh and after drying at 30° C for 48 hours. Nodule biomass for £, jinicuil was
obtained in a commercial coffee plantation, which employs this species as a
shade tree.

TABLE 3: N2 fixation by three species of tree legumes.

Species Trees/ha Nodule weight SNA' N, fixed?
(kgfha) {(kg/ha-yr)
A, pennatula 7300 6.8 20.54 3426
G, sepium 2700 4.5 11.72 12.54
I jimicuil 2.5 70.6 2.03 35,18

SNA = mol CxHy produced/g sodule weight per b,
Assumes a 311 CyHy: Ny ratio as suggested by Hardy eral, {19683,
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Estimates of N, fixation, based on nodule mass and rates of N, {C,H,)
fixation obtained from the preceeding study, or in the case of /. jinicui! from
an experiment on yearly pattern of N, (C;H,) fixation, were calculated for
the three species. While these estimates should be regarded as ap-
proximations, both 4. peanatuda and 1. jinicuilfixed about 35 kg N/ ha pervr,
while G. sepizam fixed 13 kg N/ha per yr (see Table 3). While the sites used in
the studies on A, pennaiuiz and G. sepium were not typical of the agricultural
systems in which these species occur normally, the data for L finicuil is
relevant 10 the N economy of coffze plantations in this region.

From 1976 through 1980, the site of the I, firnicuif study received between 45
and 157 kg N fertilizer;ha per yr. N, fixation could, therefore, be an
important source of N to this system,

Although the bulk of the N, fixed by £ jinicuil is initially incorporated in its
own biomass, much of the N, fixed undoubtedly becomes available to coffee
trees and herbs following litter fall and decomposition. Interestingiy, the area
of the plantation with /. jinicuil also had higher coffee yields than adjacent
areas with other shade trees (Jimenez & Martinez, 1979}, However, whether
the higher coffee production in the Z findcuil site is wholly or even partly due to
added fixed N, has yet to be determined.

DISTRIBUTION AND SEASONAL ACTIVITY OF [ JINICUIL
NODULES

The magnitude of N fixation by L jinicuil and its potential importance to
the coffee ecosystem justified further studies with this species.

Thus, it was found that [ jirdees! nodules were not randomiy distributed
throughout the soil but were concentrated around the trunks of ceffee trees
and within or just below the litter laver (Roskoski, 1981). This unusual
distribution patiern could reflect fertilization practices employed in the
plantation.

Prior to the rainy season in June, the leaf litter around coffee plants is
scraped aside and N-P-K fertilizer applied at the base of the plants. Results
show that as the distance from the coffee trunk increases, nodule biomass
{Roskoski, 1981) and the P and N content of the soil decrease (van Kessel &
Roskoski, 1981, see Table 4). Apparently, the stimulatory effect of P on
nodule development and function overrides possible inhibitory effects from
the combined N. Additional sampling in six other coffee plantations with /.
Jjinicuil shade trees gave similar results (van Kessel & Roskoski, 1981).

To determine the yearly pattern of Ny (C.H.) fixation by [ jinicuil,
monthly nodule assays were made from March 1979 until Gctober 1980, with
nodule samples randomly collected every three hours up to 33 hours and
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TABLE 4: Neodule biomass, distribution and soil chemistry,

Distance from Nodules Total N P pH
coffee trunk (g/m?) %) {ppm)
{tm.)
0-30 86.50 32 64 4.1
3060 15.74 30 54 5.2
60-90 6,17 24 44 5.8

assayed for Ny-fixing activity. Daily activity patterns from month to month
were highly vanable. but highest rates of activity were generally found at
dawn and dusk. and lowest rates at H:00 AM and 11:00 PM,

Flowering and keaf fall in /. jinicuil oecur during the spring dry season from
March through May {Jiménez & Martinez, 1979). After flowering in May
1979 and April 1980, No-fixing activity declined, perhaps as a resuit of the
decrease in photosynthetic area (see Figure 1), As pods developed, during
June and July. Ny-fixing activity increased, reaching a yearly maximum in
July. Pods dropped in August with a subsequent decrease in activity. Puring
the fall dry season {September-December) soil moisture levels dropped (E.
Jiménez, personal communication), L jinfcuil again shed its leaves, and N
fixation declined. By January the L finicudl canopy was again fully occupied
and nodular activity increased. This increase continued until the onset of the
next dry season in March.

Since 1. jinicwilis not a truly deciduous species, leaf fall and replacement are
gradual processes oceurring over several months. The continual presence of
some photosynthetic area on the trees may explain why nodule activity
persisted throughout the year., However, the largest number of young, white
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nodules with pink centers was observed during the months of June and July. It
wias also during these months that white tips were seen on large, branched
nodules, the size of which suggested that they were perennial structures.

Until September. the pattern for 1980 was similar to that for 1979
However, no pods were formed in {980; insecls defoliated the trees in June
and July, and this apparently caused the abscission of immature fruits,

Following the defoliation, new leaf production began in September, at a
time when /. jinicuil leaves are normally beginning to fall. Rates of N,
fixation, rather than decreasing during this period, as accurred in 1979,
dramatically increased. achieving the highest monthly values observed to
date. It seems logical to assume that the severe physiological stress of
defoliation not only caused the atypical production of leaves in the fall, but
also indirectly led to the marked increase in N)-fixing activity.

CONCLUSIONS

N, fixation was established for six species of tree legumes, most of which
are presently used by farmers in Veracruz, Mexico, as integral parts of
cropping systems. Rates of N, (C,H,) fixation for seedlings of these species
differed depending on the soil type, and to a lesger extent, on the climate in
which they were grown. Estimates of annual fixation for three of the
species suggest that N inputs from fixation by tree legumes in tropical agro-
ecosysterns can be significant. Furthermore, the amount of N, fixed in these
systems s apparently influenced by, and possibly amenable {0, manipulation
through simple management techniques; for example, phosphorus additions.

Leguminous trees, being long-lived organisms, undoubtedly exhibit
changes in their capacity to fix Nj as a function of age. In addition, there are
daily and yearly changes as discussed here for one species. Therefore,
abtaining realistic estimates for fixation by tree legumes will require stodies of
longer duration than-are generally needed for their herbaceous relatives.

Once established. a tree legume should require minimal maintenance, and
provide benefits aside from N fixation. These include forage for cattle,
firewood, erosion control. aesthetic benefits, and improvement of the
enviroment. However, more figld tests, physiological studies, and genetic
improvements will be required before the full potential of tree legumes can be
appreciated or realized.
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RESPONSE OF LEUCAENA LEUCOCEPHALA TO INOCULA-
TION IN A SOIL OF pH 5.5

LE. Almeida, M.J. Valarini! and E.S, Lopes?

Summiary

A glasshouse sxperiment compared the performance of strains of
Rhbizobiye: with § evcaenn fevcocephala ing “cerrado™ soil limed to
pH 35

Liming increased dry matier production, but variation within
replicates was so great that increases in nodule dry weightand N4
fixed were not staustically signiticant,

INTRODUCTION

Leuraena levwcocephiaiais one of several legume shrubs being considered for
mixed pastures in Sao Paulo State, While the nutritional requirements of
Leucaena have not been detailed, it is known that L. lewcocephala is not
favored by low-fertility, acid soils (National Academy of Sciences, 1977).
Rhizobia for Letcaena can also be affected by acidity (Norris, 1973), Because
of this we have examined the performance of four rhizobia with Leucaena
lewcocephalg in a soil limed 1o pH 5.5,

MATERIALS AND METHODS

Soil was collected from a Typic Quartzpsamment in Brotas, Brazil, It was
dried, sieved; then mixed with lime at either L.O or 1.8 g of dolomitic
limestone/ kg of soil. and potted m 7 kg aluminum containers, A nuirient
solution providing needed elements, save nitragen (N), was applied; then

U otpgtitato de Foolecmia N Odimsa, ST0 Paule, Brasi
¢ pastituto Agronomics Campnas. 5o Paslo, Beasil,
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H.S04-scarified seeds of Lewcaena leucocephala were planted. The
Rhizoben: strains used were SMS-436 (syn NGR 8), SMS-448, SM5-459
syn CIAT 1923 and SMS-461 (syn CIAT 1967}, applied after germination,
Five replicates of cach treatment were used with the peots randomized in the
glasshouse.

Plants were harvested after 104 days, and the shoots separated, dned,
weighed. and analyred for N. as recommended by Bataglia er afl. (1978}
Nedules were also separated. dried and weighed.

RESULTS AND DISCUSSION

Soils limed with 1.0 or 1.8 g of dolomitic limestone/kg of soil were of
sunilar pH and supported similar nodulation and growth of Lewceena
levcocephala,

Three of the four strains tested induced a significant increase in plant dry
weight: only SMS-459 taided to promote plant development (see Table 1),
Nodule dry weight and shoot N were also enhanced by inoculation, but shoot
N levels were not sipnificantly different from these of uninceulated control
plants.

The absence of nodules on uninoculated plants suggests again that Lencaena
has specific Riizobium requirements. and will benefit from inoculation under
appropriate conditions,

TABLE 1: Dry matter, shoot N, and dry weight of nodules on Leucaena not
inceulated, or inoculated separately with four rhizobia strains.’

Rhizobium strain Shoot dry weight Naodule dry weight Shoot N
(2) (mg) (mg)
SMS - 461 1167 4971 a 3006a
SMS — 438 1672 a 7298 a 289.51a
SME — 448 961 a 6076 a 228.9a
SMS — 459 660 b 337.81a 146,22
Without inoculation 5950 e 1026 a

1 s . . .
Avarages of flve replications for the two hming rates per inoculation treatment.
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FIELD INOCULATION OF GRASSES WITH AZOSPIRILLUM

Y. Okont

Summary

Inoculation with dzouspirilln clearly benefited the growth and
commercial vield of Zea mays, Sorghum bicolor, Seraria italica,
Panicun miliacenm and Triticum spp., grown under different
environmental and soil conditions, at different levels of combined
nitrogen (N), and in brigated and unirrigated plots of commercial
size. Int one trial maize plants grown on inoculated plots contained
up to 77.1 kg/ha more N than plants that were not inoculated.

INTRODUCTION

The solation of Azospirillum sp. from the root system of the grass Digiraria
{Ddbereiner & Day, 1976) stirred wide interest in grass/ bacteria associations
and their potential to fix atmospheric nitrogen (N2). Initial studies of the
association used detached, pre-incubated roots (von Billlow & Daobereiner,
1975; Dibereiner & Day, 1976}, and probably overestimated the rates of N;
fixation obtainable iz s34 (van Berkum & Bohlool, 1980). Much lower
activities have generally been reported in intact systems or in soil cores
containing roots {van Berkum & Bohlool, 1980). Inoculation experiments
carried out subsequently have given variable results with increases in plant dry
weight, high acetylene reduction values, or SN uptake reported by some (De-
Polli er al., 1977, Neyra & Ddbereiner, 1977; Bouton er al., 1979; Rennie,
1980, Albrecht ef al, 1981) but not all (Barber e¢ al., 1976) workers. At the
field level, early studies (Smith e af, 1976; Tayior, 1979) showed that
Azospirithon inoculation enhanced plant dry weight in Panicun and
Penniserm in soils fertilized with intermediate levels of N, but no increases in
total N yield were demonstrated.

In lsrael, increases in plant dry weight and total N have been obtained
following the inoculation, in the greenhouse, of Setarin, maize, and other

U Dept. Plant Pathology and Microbiology, Fucuity of Agriculture, Hebrew University of
Jerusalem, Rehovot, lsrash
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grasses {Cohen er al.,, 1980; Nur, Okon & Henis, 1980a; {980b: Kapulnik ez4/,

19% 1a; 198 [k 198 Ie). The present paper extends these experiments to the field
situation. 1t covers work undertaken in commercial fields in Israel from 1978-
1986, under diverse soil and environmenial conditions,

MATERIALS AND METHODS
Inoculant production

Azospiritlum brusilense strain od (Tarrand er ai., 1978) and a local strain,
od-1 (Nur ez «f., 1980b), were used in the inogulation experiments. The
bacterin were grown in a synthetic liquid medium, containing malate and
supplemented with 0.05% NH,Cl (Okon er al,, 1977) in a shaking bath at
33°C. The cell suspension was mixed with finely sieved sterile peat, which had
been adjusted to pH 6.8 with CaCOa, to give a final concentration of 108-10°
cells; g, after which inoculant was stored in sealed polvethylene bags at room
temperature. Azospiritlum sorvived well 1o peat, giving counts of 107-10¢
viable celis; g afrer six months’ storage.

Plant species tested

The cultivars tested in these experiments included four cultivars of Zea
mays {cv, Jubilee, sweet corn from the Rogers Cao., USA; cv. Rinat, sweet
corn; ¢v. Hazera-nanasi, forage corn; and cv. Hazera 851, for corn meal),
Sorghuan bicolor (cvs. Hazera 226, and 6078), Seteria italica, Paricum
miliaceum, Triticiin aestivam (cvs. Miriam and Barkai)and 7. aurgidum var.
durum cv. Inbar.

Experimental procedures

The 12 experiments reported in this paper were carried out near the Kibbutz
Sede Yoav and Kibbutz Beth Kama (Northern Negev, Lachish area) on loess
soils of pH 7.8, and near the Kibbutz Sede Eliahu {Jordan Valley, near Bet
Shean} on Rendeing soils of pH 7.6-7.9.

The first experiment, carried out near Kibbutz Sede Yoav, followed an
irrigated cotton crop. The soil was fertilized with 90 kg/ha P, 04, and four
levels of N (0, 60, 120 and 240 kg, ha) applied, using liquid ammmonia injected
to a depth of 15 cm. The field was sown with sweet corn cv. Jubilee, leaving |
meter between rows, and a final stand of 70,000 plant/ ha. Total rainfall before
sowing was 370 mm and total irrigation 360} mm water. The experiment was
carried out in split plots in randomized blocks, with {ive replicates. Each N+
treatment plot was 180 m? and each subplot 60 m?, with 60 m2 as guard area.
Incculation was carried out two weeks after emergence by applying a 1:1
mixture of A. brasilense strains cd and cd-1 near the plant row at the rate of
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100 g inoculant, 100m?. The harvest area was 6 m?; plot. The experiment was
repeated the following year using only the 120 kg N/ ha fertilizer level and the
cultivars Jubilee and Rinat. A fourth maize experiment on this site used the
cultivar Hazera-nanasi for forage following winter wheat. NO;™ concentra-
tion 1n the soit {-40 cm) was 68 ppm, and the plants were spaced | m between
rows 1o a final density of H},000 plants/ ha. Total sprinkle irrigation was 220
mm water. The experiment was carried out as a randomized block in five
replicates with 20 m? per treatment. Inoculation, with a peat inoculant
mixture of c¢d and ¢d-1. was as described previously.

Two experiments with Sorghuen bicolor were carried out on the Sede Yoav
site, following unirrigated wheat. In the hirst, using cv, Hazera 226 on a soil
with 130 ppm NOJ", a randomized block design with seven replicates was used.
Plots were of 60 m? cach with a final stand density of 60,000 plants/ ha. Three
moculation treatments were used: inoculation with 4. brasilense stram cd;
inoculation with Azospiritfum spp. strain cd-1; and inoculation with sterile
peat. Ineach case 25 g of peat, moistened with 1067 sucrose was applied/ kg of
seed. The experiment was oot irrigated; total rainfall before sowing was 320
mm. A sitilar experiment was carried out in the summer of 1980 using 5.
bicolor ov. 6078,

The three other experiments carried out on the Sede Yoav site, with Seraria
iftalica and Triticum aestivirn cvs. Miriam and Barkai, wsed the format
already described for sweet corn.

The corn experiment on the Sede Elahu site (with cv. Hazera 851} used a
randomized block design with five replicates of 60 m? each. The experiment
was carried out on an “organic field” without chemical fertilization or
pesticide treatment. It followed a clover crop for green manure and was
fertilized with organic manure. NOy concentration at 0«40} cm depth before
sowing was 372 ppm. Afterwards, NOy in soil decreased rapidly and, two
months after sowing, only 30 ppm NQ, could be measured. Total sprinkle
irrigation was 440 mm water. Samples for vield measurements were taken
randomly from 6 m? of cach plot.

The response of Paniciam mifiacewm to a mixed strain (vd, ed-1) inoculant
was also tested at the Sede Eliahu site, Planting followed a carrot crop, and
wsed a randomized block design with six replicates of 70 m2. Soil NO;™
concentration before sowing was 40 ppm. In this trial top weight was
calculated from a 2 m? plani sample harvested at random and seed yield by
harvesting gach plot separately with a combine harvester,

Finaily, at the Sede Eliahu site, effects of inoculation on 7. rurgidur var.
durum cv. Inbar were evaluated using methods similar to the Zea mays cv.
Jubilee experiment already described.

For all these experiments parameters appropriate to the crop in guestion
werg laken, and grainor leaf N determined by the Kjeldahl method of Hiller ¢
af, (1948) after drying samples at 86°C for 96 h. Soll NGO determinations
followed the method of Bremner (1965). )
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RESULTS

Results for the different inoculation experiments with Zea mays are
summarized in Table 1. In each of these trails inoculation with Azespiritlum
increased significantly the yield of maize. In the first trial with ‘Jubilee’ near
Kibbutz Sede Yoav, inoculation enhanced maize yield at all levels of N
fertilization fested. This was achieved mainly through greater ear
number; plant, with average ear weight litle atfected. In the experiment with
‘H-nanasi’ at Sede Yoav, the N yield of inoculated plants exceeded that of
uninoculated controls by 77,1 kg N/ ha.

Results from the inoculation experiments with Sorghum bicofor are shown
in Table 2. Againin these experiments there was a significant yield response to
inoculation in both grain and forage cultivars, with the apparent N gain
following inoculation of the forage sorghum more than Bl kg N, ha,

Posltive responses Lo inoculation were also obtained with Seraria italica
and Panicum mifiacewm (see Tables 3 & 4), With Seraria italica, however, the
apparent N gain following inoculation, while significantly better than that
achizved in control plots, was of only 14.72 kg N/ha.

Results from the experument with Triticum turgidwm and 7. aestivum are
shown in Table 5. With cv. Mirlam, inoculation with Azospirillum increased
grain yield significantly at 0 and 40 kg N/ha {6.96%, 5.5%, respectively),
Inoculation also significantly increased total plant dry weight (14.4%, 13.3%),
percent N in leaves {17.7%, 11.26), and the number of fertile tillers/m?
{10.75%, 12.4%) (see Table 5). Nonsignificant differences in vyield were
obtained in inoculated plots fertilized with 80 and 120 kg N/ha, It is
interesting to note that yields obtained in inoculated plots fertilized with 40 kg
N/ha were not significantly different from those obtained in fully fertilized,
uninoculated plots.

DISCUSSION

Inoculation with Azespirilhun clearly benefited growth and increased the
commercial vield of both grain and forage grass crops, grown under different
environmental and soil conditions, at different levels of combined N, and in
wrigated and unirrigated fields. Both vegetative and reproductive parameters
were enhanced by inoculation. Thus, inserghum there was an increase in {resh
and dry weight of tops; in maize, sorghum and Setaria grown as forage crops
as well as in wheat, there was an increase in the total weight of plants, while in
Setaria plant height was significantly enbanced in inoculated plots. In maize
the number of ears reaching market size, and in sorghum, the number of
panicles per plant, the 1000 seed weight, and panicle weight were greater in
inoculated than in control treatments,



TABLE |: Response of cultivars of Zea mays to inoculation with Azospirillum.
Cultivay Applied N inoeculation Wi, fresh Ears/ Average Plant dry Total N Average
{kgfha} ears plant ear wi weight vield plant wt
{t/ha) (2 (t/ha) (kg/ha} (g}
Jubilee 0 - 18.6 0.86 309 - - -
-+ 20.2 0.95 304 - — e
60 - 21.5 1.02 297 - P
+ 23.3 1.08 322 - ks
120 - 24.6 0.9¢ 364 - —
+ 2840 1.14 333 o -
240 - 229 0.95 337 - - -
+ 257 1.0% 344 - o
Jubilee 126 - 214 1.01 402 - - -
o+ 21.7 B2t 424 o - -
Rinat 126 - 13.3 1.00 227 e -
+ 16.6 1.26 221 - - —
He-panasi H) - - — 11.93 103.8 —
+ - - - 14.83 180.% -
H-#51 0 - 742 - - - o 1.22
+ 8.20 - - - - 1.48

344
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TABLE 2: Response of cultivars of Sorghum bicolor to inoculation with
Azospirithum.

Plant 1rait Cultivar

H-226 {grain} 078 (forage)

Inoculated Uninoculated Inoculated Uninoculated

Panicle weight (t/ha) 389 b° 2882 - -
160 seed weight {g) 31 b 25 a - -
% N in sceds 1670 1524 - -
No, panicles/plant 097b D81 a — e
Weight/panicle (g) 7.8 b 59.7 a - -
Yield of forage (t/ha} o i1.288 94%a
% Nin forage - - 1.52b 095a
N yield {kg/ha)} - - 1714 b 30.06 s

*Numbers on the same linc not followed by the same fetter are significantly different at the
P = 8,05 tevel,

TABLE 3: Response of Sereria frabica {foxtail millet) to inoculstion with

Azrospirithum.

Plant trait Inoculation {reatment
Control Inacnlated

Plant dry weight 1.4 2.1
Total N yield (kg/ha) 1148 26.20
Averapge plant height {om) 73.5 90.8
Panicle dry weight (g) 248 366
Panicle lenght {cm) 99 10.7

"For each plant trmf the difference between inocslated and sninoculated trestments is
significant #t the P = 4,08 Jovel
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TABLE 4: Response of Panicum millacewm to inoculation with Azospirillum.

Plant trait Inoculation treatment
Control Inoculated

Plant fresh weight {tons/ha) 10.31" 11.68

Sced yield (ton/ha) 2.80 3.17

‘for each plant trait the difference between moculated and uninoculated weatments is
significantly different 3¢ the P = {08 level

TABLE 5: Response of cultivars of Triticum gestivem and T, jurgidum to
inoculation with Azospirillum,

Cultivar  Applied Inoculation Grain yield % N Total plant % N Fertile

N {tonfha) in  dry weight in  tilters/

(kg/ha) grain  (tonfha) leaf m?

Miriam 0 - 359 1.35 13.1 0.3t S20

+ 3.84 1.41] 189 0.55 360

40 e 3.80 1.41 13.6 G463 530

+ 4.01 1.45 18.1 073 655

80 - 392 1.31 16.7 1.38 535

+ 399 1.35 174 1.75 555

12¢ - 4.10 - o - 620

+ 330 e - - 550
Inbar - 4.22
+ 4.68
Barkai 4.26
+ 4.99

Several interesting points emerge from this series of experiments:

While previous {ield studies with 4zospirillun used small plots (Smith
el al, 1976; Taylor, 1979) the experiments reported here were
carried out on a commercial scale. The increases in vield
obtained could be transiated into actual profit by farmers.
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Unirrigated sorghum is known in Israel as a crop that does not respond
1y N fertilization. The upper layer of soil s dry after the winter
rains, and sorghum roots reach & depth of 1.5 m w [ind
moisture. The benefit of inoculation to this crop was highly
significant.

The viclds obtained in medium-level, N-fertilized, sweet corn and
wheat were comparable to, or higher than, those achieved in
fully fertilized, but uninoculated plots. Together with previous
results (Smith er al, 1976; Tavior, 1979), this suggests that
Azospirillian ingculation could be used to save valuable N
fertilicer,

Results in Israel suggest that plants can benefit more from inoculation with
Azospiriflum than hitherto believed possible {(van Berkum & Bohlool, 1980).
The high CaCO; content and pH (7.5 - 7.9) of Israel soils, together with
prevailing high soil temperatures and light intensities, may favor the
Azospirilln activities in association with grass roots in the field.

We plan to do further work on 3N, fixation and incorporafion in plants in
the field. and 1o search tor better bacterial strams to be used with responsive
grass cultivars, under optimal environmental conditions.
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EMERGING TECHNOLOGY BASED ON BIOLOGICAL
NITROGEN FIXATION BY ASSOCIATIVE N,-FIXING
ORGANISMS

J. Disbereiner!

Summary

A Jarge number of grasses and cereals have now been shown to
support in their roots pitrogen {N») fixation measurable by
aeetylene (Co o) reduction, N balance studies, or N incorpora-
tipn. Plant genotype and plant, bacteria interactions have been
demonstrated. In addition to the high specificity of drorwbactrer
paspali for Paspalwm notatum and Bacillus spp. for certain wheat
lings, host-plant affinities for Azepdrillun infection have also been
shown, Malee. sorghum, and several Cy forage grasses are infected
by A. fpoferum while Ca plants (rice, wheat, oat, rye, and barley)
select for A, brasifersse. The relationship between plant and bacteria
is frequently very close. Attachment to. and penetration of, root
hairs of Penniserum was observed in N-deficient plants, while
Azozpirithim indection of malse and sorghum roots extends into
the root stele and stem tissaes. Stem infections have also been found
in rice. wheat, and Brachiaria.

Exological and physiological data are available for Azospiridhan
spp. only. These organisius are fosnd predominantly in soils under
cultivation gr pastures. but are scarce in equilibrium forests or
savannas. So far only Gramineag and tuber plants have been found
1o associate with Azespiritlen spp. Numbers in the range of 105 to
107, g soil or roots are [requently found in the tropics. Numbers
within roots are generally lower, but peak during the reproduction
growth stage of maize, rice, and wheat, when aitrogenase activity is
highest. Root indection by Azospirithen spp. seems to be
predominantly by strains that lack a dissimilatory nitrite reductase
{nir™y,

These fndings pive a better basis for strain selection for
inoculants. Inoculation of wheat with a 4. brasilense nir- strain

Programa Fixavac Biologica de Nurogeniv. EMBRAPA SNLCS - ONPy, Km 47, 23460
Seiopedica. R de Janeiro, Beasil,
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isolated from surface-sterifized wheat roots, and of maire with an
equivalent malse strain (4. fipoferwm nir™) proportioned signifi-
cant increases of plant N in the field (27 kg N hainwheatand 4 kg
Noha i omaise). In the same experiment, application of 60 kg
fertdizer N proportioned a plant N increase of 53 kg N;ha.
Statistically significant prain vield increases due to A zospiriflum
inoculation have also been reported from india and lsrast

INTRODUCTION

A large number of plants, most of them Gramineae, have now been shown
1o support, in their roots, nitrogen (N3) fixation which can be measured by
C,H reduction (Balandreu er af., 1977, D8bereiner, 1978; Purchase, 1978;
Viassak & Reynders, 1978a), 15N, incorporation {De-Polli, 1975; Ruschel,
1973, De-Polli er al. 1977), 5N dilution {Rennie, 1980), or by N balance
studies (Dabereiner & De-Polli, 1980a). The amounts of N, fixed are variable
and usually small, but economicaliy significant rates of N; fixation have been
reported, especially in the tropics (Jaivebo & Moore, 1963; von Billow &
Dibereiner, 1975, Dobereiner, 1978). The major restriction seems to be the
absence of a specific nodule-replacing structure that can protect the N, -fixing
bacteria against oxygen and other environmental effects. This review
characterizes  some rhizocoengses, paying  particular  aftention  to
Azospirithen associations; considers recent evidence for host-plant specificity
in associative No fixation, and evaluates the competitive advantages of
streptomycin-resistant strains in the rhizosphere. 1t assesses recent evidence
for yield increases following inoculation with dzospiriflum, Bacillus, and
other diazotrophic bacteria and suggests some areas where further research
rust be undertaken,

CHARACTERIZATION OF SOME RHIZOCOENOSES

Although many reports of rhizocoenoses are now available, most lack
definition. In most cases information on the respensible bacteria is not
pro ided {Jaivebo & Moore, 1963, Giddens. 1977), or the isolation and
enumeration of certain groups of bacteria from the rhizosphere is detailed
without reference to specific plant/ bacteria interactions {Barber er af, 1976;
Nelson et ql., 1976; Watanabe er al, 1979). So far, the only reasonably
defined diazotrophic associations seem to be:

Sugarcane; Beljerinckia {Ddbereiner, 1961; Débereiner, Day & Dart,
1972; Ruschel, 1981}

Paspalum notatum; Azotobacter paspali {D&berciner, 1966, 1970},

The association of certain wheat lines with Baciffus sp. (Neal & Larson,
1976; Rennie & Larson, 1979);
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The association of rice with Preudomonas-like organisms (Watanabe
& Barraquio, 1979); and

The various Azespirifium associations (von Biillow & Ddbereiner,
1975; Dé&bereiner & Day, 1976; Vlassak & Reynders, 1978a;
Baldani & Ddéberciner, 1979; 1980}

No new resulls are available on the nature of the Paspalum| Azotobacter
and sugarcane/ Befjerinckia associations. The micro-organisms that multiply
selectively in the rhizosphere of those root-ret resistant wheat lines that have
iimited exudation of organic matter into the rhizosphere have been identified
as Bariltus spp. (Rennie & Larson, 1979). Inoculation of these organisms
onto N-deficient wheat plants in Leonard jar assemblies enhanced total plant
N. Recently Watanabe & Barraquio (I975) reported the ocourrence of
glucose-utilizing diazotrophic bacteria tentatively identified as Psuedomonas
sp. within the root of rice seedlings. These organisms comprised 219 of the
total bhacterial flora and were present in much greater numbers in stem and
rhizosphere than in surrounding soil.

Diazotrophic, Spirilem-like  organisms  isolated from  roots  of
Poranogeton filiformis (Sylvester-Bradiey, 1976) and Spartina alterniflorn, a
C4 marsh grass, were later identified as a Campylobacter sp. (MceClung &
Paurtquin, 19803, In this pland, nitrogenase activity occurred in the
endorhizosphere {Boyle & Patriquin, 1980), was correlated with the
concentration of sugar in roots, and was CO, dependent (Patriquin &
McClung, 1978). Additions of sugar or malate did not substantially increase
the mirogenase activity, indicating a large carbon pool (Boyle, 1978; Bovle &
Patriguin, 1980}, Diazotrophic Emerobacteriaceae and Bacillus sp. have also
been found in migh numbers in several other planis, but plant/bacteria
interactions have vet to be shown.

Azaspiritiien associations

Since (974, when the Spirillum lipoferum rhizocoenosis was [irst reported
{Dobereiner & Day, 1976), a considerable volume of information has
accumulated, and much of it has been reviewed {Balandreau et g/, 1977;
Neyra & Dibbersiner, 1977; Ditibereiner, 1978; Ddbereiner & De-Poili, 1980a).

The bacteria has been reclassified on the basis of DNA homaology studies
with &1 strains, and a new genus with two species (A zospiritium lipoferur and
A. brasilense) has been described (Tarrand, Krieg & Dobereiner, 1978).
Within ¢ach species two subgroups were distingwished according to their
ability {mir*} or inability {sir~} to denurify. These two subgroups could not be
identified by DNA homolegy but gave distinct immunofluorescent reactions
(De-Polli, Bohlool & Dobereiner, 1980}, There are also differences among
species in cell form, especially in older, alkaline cultures (Tarrand et af,
1978). A. lipoferum is a very polymorphic organism while A. brasilense was
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only found to produce giant cells under extreme stress under wash-out
conditions in chemostat cultures (M, P, Stephan, personal communication).

Azospiritlum spp. are widely distributed (Débereiner & De-Polli, 1980a)
and can occur in high numbers in soil and grass roots (up to 10¢ or 107/ g dry
roots} (Pedersen er af, 1978; MagalbBes, Patriquin & Dibereiner, 1979,
Freitas, Pereira & Diébereiner, 1981). Azospiriflum can attach to grass roots
within 24 b {(Umali-Garcia, 1978) and growth substances emitted by the
bacteria (IAA, giberellin, and cytokinin-like substances} (Tien, Gaskin &
Hubbell, 1979) cause root hair multiplication and the shortening and
thickening of the roots in monoxenic cultures { Umali-Garcia, 1978). Mucigel
production is enhanced, and large numbers of Azespiriflum are found
embedded in 1t.

Azospirillion invades the root through the middle lamella of older root
tissues and transparent areas arcund the invading cells suggest active
hydrolysis of plant cell walls by pectolytic enzymes, such as have been found
in culture media (Umali-Garcia, 1978), Viassak & Revnders {197%b)
suggested a role of growth substances produced from tryptophan by
Azospirillum sp. All the studies mentioned above were performed with
monoexenic test tube seediings and with the type strain of 4. brasifense nir®,
stram Sp 7T {ATCC 29145},

In maize grown in the field, the infection of healthy inner root tissues with
bacteria that reduce tetrazolium (TTC) has been observed (Patriquin &
Déobereiner, 1978, Magalhaes ef 2l,, 1979a; 1979b) but only in plants during
the reproductive stage of the growth cycle (see Figure 13, The increase in the
number of Azespirillum in surface-sterilized roots (one hour in Chloramine-
T3 at this time (104 increasing to 117), and the increase in infection in the stele
around flowering (10% of examined root pieces infected increasing to 809)
indicates that deep root infection is a prerequisite for nitrogenase activity in
maize roots {Magalhdes e al,, 1979a; 1979b). 1t is now well documented that
the maximum nifrogenase activity in many cereals ocours during fowering
and grain fill (von Bilow & Daobereiner, 1975; Nery et ai, 1977, Watanabe,
Lee & Guzman, {978}, During this period the spread of Azospirifhum into the
stem of plants such as maize (Magalliies eral, 1979a; 1979b), rice (Watanabe
& Barraquio, 1979), wheat (Kavimandan, Subba Rao & Mohrir, 1978) and
Brachiaria (P.A.A . Pereira, personal communication) has been documen-
ted, but nitrogenase activity in stems has only been demonstrated for rice
{Watanabe & Barraquio, 1979) and germinating sugarcane stem cuttings
{Patriguin, Gracioli & Ruschel, 1980; Ruschel, 1981}. The preference of 4.
lipoferum for giucose might be connected with the availability of sugars at the
site where the bacteria occurs. 4. fipoferun was shown o ocour within the
inner cortex and stele tissues of Cy4 plants {Patriquin & Débereiner, 1978) and,
therelore, could have developed a pathway for the use of glucose. Nodataare
available on the localization of Azospiriiium in C4 plant roots and infection of
gther rool tissues might be the principal site.
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Figure 1.

Infection of the central stele of ficld-grown mairze roots by terarolinm-
reducing bacteria. Plants were harvested at grain filling stage and 2 em
segments of roots were incubated overnight at 35°Cin a 0.15% solution
of 2.3.5 Triphenyl tetrazolium chloride in (.05 M phosphate buffer. The
foots were cut on a cryvostat and mounted in glycerol. The bar is 50aum.
Note the consistent infection of protoxylem vessels, which extends
longitudinally x - xylem; px ~ protoxylern; ph - phloem.
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HOST PLANT SPECIFICITY IN AZOSPIRILLUM ASSOCIATIONS

Once the infection of grass roots had been demonstrated, host-plant affinity
or specificity groups were to be expected. Azospirilium isolates obtained from
surface sterilized roots of plants grown in pots with soil containing nir~and
nir+forms of A. lipoferumand A. brasilense varied according to plant species.
Fifty-eight percent of the maize isolates were A. lipoferum and 100% of the
wheat isolates and 9659 of the isolates from nice were A. brasilense (Baldani &
Dibereiner, 1979; 1980). Very similar results were obtained in a field
experiment {se¢ Table 1). Also, most strains obtained from surface-sterilized
roots do not denitrify (nir™) even when denitrifying strains are common in the
soil (see Tables 1 and 2).

The strains obtained from maize rpoty in Belgium (Viassak & Reynders,
1978a), also scem to be A. Ipoferton. These authors and one Indian group
{Lakshmi er al, 1977) observed significant strain x plant interactions when
plants grown in sail were inoculated with Azospirillum. Besides maize,
sorghum, several C, forage grasses, and one Cyperaceae were infected
predominantly by A. lipoferum and the major small grains {(wheat, oat,

TABLE 1: Distribution of Azospirilum spp. groups among isclates from
uninoculated maize or wheat grown in the fielid (Baldin &
D&bereiner, 197598},

Treatment Sterilization’ No, of % of isolates identified ag
isolates®
A, lpoferum A, brasilense
nipt nir”
Maize
Seil 0 32 84 12 3
Roots 0 32 59 9 31
Roots 0.5 39 78 19 3
Roots 60 28 96 Q 4
Wheat
Sail ) 32 57 0 43
Roots ¢ 31 21 19 60
Roots 0.25 32 37 6 57
Roots 15 31 0 12 88

"Number of minutes exposed to Chloramine - T,
2Appmximately 32 strains, 2 each of 4 eplicate plots and four harvests (43, 60, 75, 95 days

after planting).
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TABLE 2: Selection for nir” strains of Azospinillum lipoferum {during infec-
tion of maize roots (Baldini, 1980},

Growth stage Washed roots Surface=sterilized rools
of maize

30 sec’ 60 min'

% nir” strains

Greenhouse
Flowering 33 3 50
Gran filling 0 50 50
Maturation a9 33 3
Field
Flowering 4] 1o 63
Grain filling ig 3 56
Maturation 3 3 i0

In t % Chloramine-T.

barley, rve and rice} by A. brasilense {Débereiner & De-Polli, 1980a; da
Rocha, Baldani & Doberciner, 1981). [t seems, therefore, that the infection of
plants with the C 4 photosynthetic pathway is preferentially by Azospiritium
Hpoferum while C; plants are infected by Azospirilium brasilense. Whether
there are further specificity groups within Cy4 or C; plants is not yet known.
The selection for nir—strains during infection, by both species in a variety of
plants, suggests evolution pressure for a characteristic that seems rather of
advantage to the plant than to the bacteria and indicates a certain dependence
of the bacteria on actively growing plants. In contrast to atiempts of other
laboratories { Ruschel, 1981) that were unable to isolate Azospirillum from
sugarcane, our observations (da Rocha er al, 1981) and those of Hegazi &
Viassak (1977) indicate a role for this organism, The latter authors found
Azospirilium predominant in nitrogenase active cane root pieces, It is not
clear, however, whether these orgamsms, the ones isolated by Ruschel (1979},
or Beijerinckia spp. are the most important bacteria. So {ar the only bacteria
for which plant/bacteria interactions in sugarcane have been shown is
Beiferinckia (Ddbereiner, 1961). The sugarcane systemn certainly seems to be
guite different from other Gramineae, a not-unexpected finding in view of the
high sucrose content of this plant. Unlike the other grass biocoenoses, N,
fixation in sugarcane was reported to occur mainly in the rhizosphere soil
{Déberiner er al., 1972; Ruschel er al,, 1978). Although activities per g soil
were only one quarter of those of roots, the contribution in soils was
calculated to be 30 times greater (67 kg/ ha per vr). Also, in wheat and rice,
maore than one Na-fixing bacteria seems to be of importance.
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STREPTOMYCIN RESISTANCE AND STRAIN ESTABLISHMENT

When Azospirithen strains isolated from surface-sterilized roots were
selected for low-level streptomycin resistance (20,ug/ml) and then inoculated
into ficld~-grown maize and wheat, more than 80% of the soil and rhizosphere
isolates were tdentified as the inoculated strains, independently of strain or
host (Baldani & Ddbereiner, 1979; Débereiner & Baldani, 1979b).
Establishment of the inoculated strain within roots {1 hsurface sterilized} was
dependent, however, on the host plant. Only homologous strains (A.
fipoferwm from maize and A. brasilense {rom wheat) were recovered within
roots, even if the heterclogous streptomycin-resistant strain had been
established in the rhizosphere by massive inoculation, These results show
clearly the important role of plant specificity in Azospirillum rhizocoenaoses.

Despite these resuits, the infection of cereals by N, ~fixing bacteria might, in
some circumstances, be dependent on resistance to low levels of streptomyein,
Higher proportions of low-level streptomycin- and/or penicillin-resistant
bacteria than in soil were observed in the rhizosphere of legumes and
vegetables (Brown, 1961), wheat (Brown, 1961; Ddbereiner & Baldani, 1979a;
1979b), maize and sorghum. Azospiriflum spp. are remarkably tolerant to
several other antibiotics, especially penicillin (Débereiner & Baldani, 1979a,
1979h; Reynders & Viassak, 1978; Sampaio, Vasconcellos & Ddobereiner,
1978). Increases in the number of actinomycetes in the rhizosphere
{Rovira, 1965; Dobereiner & Boddey, 1980) and of the percentage of low-
ievel, streptomycin-resistant bacteria in macerated maize roots have been
reported. Rhizobiwmn strains isolated from soybeans and cowpeas in newly
claimed “cerrado™ and Amazon soils showed resistance 1o even much higher
antibiotic concentrations {Débereiner ef af., 1980).

INOCULATION WITH N, -FIXING BACTERIA

The need, especially in developing countries, to obtain cereals and grasses
that satisly at least part of their N requirement through biological N, fixation
led to various studies in which immediately available strains of Azorobacrer
{Rubenchik, 1963) or Azospirifium (Smith et al., 1977, Bouton ez al., 1979)
were used as inoculants, itrespective of origin or adaptation to the test host. It
is evident from the advances reviewed here that matching of microsymbiont
and host is as important to the various biocoenoses as it is in the
legume/ Rhizobium symbiosis. Thus, for example, the role of dissimilatory
nitrite reductase in Azospirillum remains to be determined.

Plant roots seem to select for nir—(not denitrifying) strains (Dtbereiner &
Baldani, 1981; Dabereiner & De-Polli, 1980b) but it not yet known whether
the nitrite reductase is of advantage to the bacteria, to the plant, or to both.
Azospirillum strains seem 10 interact with nitrate assimilation by the plant
(Freitas ef @f,, 1981; Villas Boas & Dishereiner, 1981). Active dentrification



477

oceurs in nir+ 4zospiritlus cultures, but no information isas vet available on
the role of such strains in soil, or in the rhizosphere. As much as 7% of the
applied NO fertilizer was lost as N, O or N, in Brachiarig swards in three
days (Pereira & Ddbereiner, 1981). Inoculation of maize with a nt
Azospiritlum sirain caused plant N increases as well as decreases depending
on the soil N status (Doébereiner, 19783,

In spite of many negative resuits (Barber er al., 1976, Burris ef al,, 1977)
there is increasing evidence that inoculation with Azospirifium spp. can
proportion significant increases in plant growth, plant N and even grain yields
under field conditions (Kapulnik ef g, 1981; Subba Rao, 1981; Smith et al.,
1977). Recent data from lIsrael, presented in this symposium (p. 439), are
particularly promising. Progress in strain sclection and in the understanding
of host-plant specificities have also permitted encouraging responses to

TABLE 3: Hostplant specificity in the tnoculation of field-grown cereals with
Azospivifium spp. (Dobereiner & De-Polli, 19804, J L. M. Freitas,
R.EM. da Rocha, PAA, Pereira & 1, DSbereiner, unpublished

datal.
Plant Inoculant’ Drywi  Total N 4 Total N Grain vield
(g/plant)® (g/plant)® dueto (t/ha)®
inoculation
{kg N/ha)
Wheat None' 273 0.045 0.87
A, livoferum® 2.67  0.048 4.1 .17
A. brasilense 3.17 0059 269 1.19
dans. (P = 0.01) .12 0.003 ns.
Maize None 151 2.19 2.59
4, lipaferum 205 3.00 40.2 2.94
A, brasilense 180 263 217 2.66
dms. (P= 0.01) 43 0.62 n.s.

"he N added with the inoculant was less than 3 mg/plant and, therefore, was neglected in
the controls.

2Means of 8 plants each from 4 fleid plots for wheat and 4 plants each from 16 field plois
for maize.

3Based on 7 x 106 plants of wheatand 5 x 104 plants of maize per ha

rospirifium straims isolated from surface-sterilized maize and wheal roots, respectively

{8p 1015t and 242st), and low-level streptomycin resistant. Inoculation was made at
planting by applving 10 mi of liguid culture grown with NH4Cl containing 10% cells.
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inoculation in Brazil {(see Table 3). The maize experiment included additional
treatments that permitted comparisons of the inoculation effects with those of
N fertilizer. Organic matter {city dust compost) and fertilizer N did not seem
to complement ¢ach other, inoculation with the maize strain of Azospirilium
increased plant N by 36-44 kg N/ ha above these two treatments, close to the
increase obtained with 60 kg fertilizer Njha. (See Table 4).

TABLE 4: Effect of organic matter, N fertilizer, and inoculation with Azo-
spirifium spp. on N incerporation of maize in the field (flowering
stage) (L.1.M. Freitas, R.EM. da Rocha, P.A.A. Pereiza & J.
Dabereiner, unpublished data).

Treatment Inoculant? Total N incorporated (kgNfha)

In plant Due to Due to Due to
tops®  inoculation fertilization org. mat.

Organic A, lipoferum 152 37 26 -1
matter + N 4. brasilense 164 43 18 38
fertilizer' None 115 26 6
Organic A. lipoferum 178 36 a3
matter A. brasilense 146 g 57
None 141 70
M fertilization A, lipoferum 153 44 38
4. bragilensze 126 17 37
None io% 53
Control A, fipoferum 115 44
A, brasilense 89 17
Nene 71

40 tiha of city dust compost (N % = 0.5} at plamting and 60 kg N/ha appled 10 days be-
fore flowering as NHgNG 4.

Ytnoculation and all other exparimental conditions as i Table 3,
Effects or organie matier and inoculation, and interaction of organic matter x fertilizer
N were significant a1 P = 0.01).

CONCLUSIONS

Technologies emerging from the last decade of research on N, fixation in
grasses and cereals indicate the following possibilities:
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Maximization of spontaneous N; fixation by the proper use of
fertilizer {e.g., low N, high P levels, complemented with Mo.)

Plant breeding for increased N, fixation.

Inoculation with appropriately selected Azospiriflum or other N,-
fixing bacteria. For this, strains must be selected in the field and
tested in soils where few or no Azospirilium occur. Inaddition,
competition experiments are necessary in soils where such
bacteria do exist,

Interactions of plant genotype, bacteria, and low-level NOJ
applications must be betier explored since they are the key 1o
complementing biological N, fixation with N fertilizer use in
gereals and grasses.
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NITROGEN FIXATION IN PADDY SOILS IN EGYPT

YnZﬁv ISmC, S-Ach Mﬂhmo‘ld, M-Nt Am El'Dili, WcAt Mﬂhh(}or,
and M.N.A, Omar/

Summary

A study lasting 14 weeks exantined nitrogen (N,) fixation it a
paddy soil. The maximum rate of Na (CHj) fixation achieved by
intact, potted rice plants was anly 1404mmol C 3H 4 produced) plant
per h. The effect of root exudates on the proliferation of
Azatebacter, Clostridion and Azospirilhen was marked, with
rhizosphere counts exceeding those in soil by as much as 37-feld.
Application of farmyard manure increased the overall numbers of
N, fixers in soi but reduced nitrogenase activity,

INTRODUCTION

Under traditional agriculture, fiooded rice paddies appear to maintain soil
fertility with only limited fertilizer inputs, with the interface of the root and
soil system considered an important site for nitrogen (N,) fixation by micro-
organisms {Grist, 1965; Dommergues & Rinaudo, 1979). Because there have
been few studies of this phenomenon in Egypt, we undertook a preliminary
short-term study of the N, fixalion associated with a paddy soil in Egypt.

MATERIALS AND METHODS

To investigate the population and activity of N, -fixing micro-organisms in
paddy seils under ‘Giza 170" rice throughout its growing cycle, a greenhouse
experiment was carried out using 30 cin earthenware pots containing 7 kg of
clay loam soil. Three treatments were imposed:

Unplanted soil, waterlogged;
Unplanted seil, irrigated to 509 water-holding capacity: and
Planted, waterlogged soil.

U Dept. of Micrebiology, Faculty of Agriculture, Ain Shams University, Cairo, Egypt.
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Each was then further subdivided, with half of the pots receiving, 525 g
{equivalent to 25 m3/ha) of farmyard manure (FYM)

To simulate natural conditions, waterlogging treatments were imposed two
weeks before planting; then five seedlings/ pot were transplanted. All pots
received two applications of 0.7 g; pot of ammonium sulfate {(52.5 kg N/ ha),
ene four weeks after planting: the second eight weeks after planting.

Bacteriological determinations

Counts of N, -fixing micre-organisms in rhizosphere and nonrhizosphere
soil were made at planting and at 4, 6, §, and |0 weeks thereafter. The method
of Timonin (940} was used to count rhizosphere micro-organisms. Most
probable number (MPN} counts for Azorobacter were made on Ashby's
medium {Abd £l Malek & Ishac, 196R), for Clostridium on Winogradsky's
medium incubated under anaerobic conditions (Allen, 1961), and for
Azospiritiunt on lactate medium (Débereiner e af,, 1976). Cochran’s tables
{Cochran, 19507 were used in calculating MPN values.

Assny of nitrogenase activity using N, (C,;H;) reduction

N3 (CyH,} reduction assays were carried out on the 107 2dilution of the
MPN counts for Azospirifhum using the technique of Day & Daoberciner
(1976). Determinations of Nj {C,Ha) reduction were also carried out on
whole rice plants. using the technique of Balandreau & Dommergues (1973);
on nonrhizosphere soll from planted pots; and on normaily irrigated and
inundated soils that had not been planted to rice.

RESULTS AND DISCUSSION
Azotobacter

MPN counts for Azorebacter in the different treatments are shown in
Figure 1. The number of Azotobacrer cells in the rhizosphere of piants
without FYM rose gradually during the study period and achieved levels of
1.32 x 10¥ by week ten. The rhizosphere: soil ratio for dzorobacter was very
high. After ten weeks it had reached 16.7 in the unmanured pots and 24.8 in
pots with FYM. Root exudates are clearly important to the multiplication of
this organism.

Application of FYM enhanced Azotobacter numbers in normally irrigated
soil, but decreased the population of these organisms in unplanted
wateriogged soil. The negative effect of FYM could have been due either to
increasingly anaerobic conditions as oxygen was consumed by organisms
decomposing the FYM, or 1o the production of a gas such as methane, which
can be toxic to Azerebacter (Harrison & Aiver, 1913-1916).
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TABLE 1: Counts of Azespirillem {n soil and thizosphere and estimates of
their ability to fix Ny.

Time and treatment

Nos, of dzospiriilum
{x 10%g dry soil)

N;{C, H, ) fixation

{n moles m! culture/h}!

-FYM +FYM FYM +FYM
Time, 0
Rhizosphere soil 1.1 5.20 ND? ND
Soil from planted pots i1 5.20
fnundated_not planted 11.1 5.20
Normally irrigated 1.1 520
Time, 4 weeks
Rhizosphere soil ND ND 67.8 23.3
Soil from planted pots QL5 9.5
Inundated, not planted 13.3 120
Normally irrigated 52.9 9.7
Time, 6 weeks
Rhizosphere soil ND NP 879 62.6
Soil from planted pots 22.9 20.3
Inundated, not planted 20.5 259
Normally irrigated 329 35.7
Time, 10 weeks
RhEizosphere soil 44.9 12,50 94.5 56.3
Soil from planted pots 1.2 6.80 7.7 7.6
Inundated, not planted 6.6 1.10 104 1.7
Normally irrigated 1.3 0.97 312 6.4
R:8 ratic 374 1.80

‘Determined on 1072 ditutions in factate medium.

Not determined.
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Figure 1. Counts of Azatebacrer in soil angd rhizosphere as affected by wateriogging
and apphcation of FYM,

Clustriditem

Counts of Clostridium from the different weatients argshown in Figure 2,
Clostridium counts in the planted, inundated soil were generally higher than
for Azotvbacier; 4 not unexpected finding as waterlogging would produce
anuerobic conditions favorable to the growth of Closeridium.

Azospiritlom

Azospiriflum numbers were greater in rhizosphere than in nonrhizosphere
soils, and were reduced by FY M (see Table 1). These changes are reflected in
the rates of N> {CHH») fixation achieved by 10-? serial dilutions from the
different soil reatments, grown in lactate medium, and are in agreement with
the resuits of Doberciner (1974), Okon er af, (1976} and Burris =2 al, (1978).

N, {C,H3) fixation in whole plant and soil systems

Figure 3 shows the seasonal variation in N (CyHo) fixation of intact rice
plants, in the presence or absence of added FYM. Addition of FYM had a
depressing elfect on the N5 (C;Hy) fixation of potted rice plants. In the pots
without FYM, fixation declined from four to ten weeks after planting, but
reached ahmost 140 nmol C,H, produced/plant per hour at week 12.



Count x 00} g oven dry sonl

or/ i water

300
HAY
fap Wihout FYM
I - f
Foy
80 f LY
fo ™
“ !’ \\
401 4 Fa 1!
[l \\\ \‘
31 0 RN
7 P \“::::"r‘:"—”#ﬂ_ iy
{ 4 [} & 10

Tune in weeks

e R fizosphere soul
w—= Non-rhizosphere o8

Skl Gl

PP O—

oo Marmally rrigated soil

489

With FYM

;‘ Pranted

} Nol planted

(.7 g wmmsaste sullate pot

Figure 2. Counts of Clostridia in soil and rhizosphere as affected by waterlogging

and application of FYM,

Without F¥M \ With FYM
L [
?g“ 120~ \\q -
E 100+ %
:Y a
%, %0- 4
e
g 40~ " 3
“x i
0 4 & 8 w12 6 4 & 8 8 12 4
Time ur weeks
Figure 3. Nitrogenase activity of complete planied system (rice, water, and s0il) as
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NITROGEN FIXATION IN ARTIFICIAL ASSOCIATIONS OF
NONLEGUMES AND RHIZOBIUM

. Hesst

Summary

This paper reviews recent work on the lnduction of nitrogenase
activity in RAczobivmn by agar grown plants of Petunia, Friticum,
and Serghzen. On sterile vermigulite and soil. plants of T gestivum
showed bolh mitrogenase activity and enhanced plant dry weight.
The possibility of practical wheat; Rhizobium associations is
discussed.

INTRODUCTION

These proceedings have emphasized the importance of natural symbioses
and associations between higher plants and nitrogen (N») fixing bacteria to
improving world food production and nutrition. Recently there has also been
much speculation as to whether the nif operon could be transferred from
bacteria into higher plants. With the finding of a symbiotic Ns-fixing
association between the nonlegume Parasponia and Rhizobium, a third
possibility emerges: that of developing artificial associations of nonlegumes
and bacteria, especially Rhizobium.

INDUCTION OF NITROGENASE ACTIVITY IN RHIZOBIUM BY
NONLEGUMES

It has been demonstrated repeatedly in recent years that nonleguminous
tissue cultures can induce nitrogenase activity in Rhizobium {(Gibson et al.,
1976; Ranga Raeo, 1976; Schetier & Hess, 1977). More recentiy it has been
demeonstrated that Porrwaca cells can induce nitrogenase in Rhizobium sp.
strain 32H! through a membrane that is impermeable to bacteria, and that

U Lehestuhl fur Botanische Entwickiungsphysiologie, Univ. of Hohenheim, .0 Box 700562,
D 7000, Stuttgars-70, FRG.
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fixed N, could be incorporaled into the normai pathway of ammonia
utilization by the tissue cubture (Lustig, Plischke & Hess, 1980a; 1980b; Hess
& Liistig, 1981).

Using plants of petunia (Petunia Avbrida) grown with Rhizobium in agar,
Hess & Gotz (1977) and GOtz (19807 demonstrated the ability of Perwnia to
mduce Njy-ase activily in Bhizobium. The inducing capability increased with
age and was enchanced more than [0-fold by the inclusion of plant growth
regulators such as 6 benzyl-adenine in the medium (Hess & Feuersiszen,
19307,

Commercially important species such as tomato (Lycopersicum esculen-
tum) and wheat (Triticurm aestivum) also induced Ni-ase activity in
Rhizobium. In tomatoes the inducing capability increased with plant age, as
well, N, fixation being six-fold greater in plants inoculated at 22 days thanin
tomatoes inoculated nine days after germination {Hess, Schatzle & Dressler,
1981).

With wheat, nitrogenase activity could be induced in both Rhizobium sp.
strain 32H fand in R japonicien (Hess & Scholl, 1981), but when plants were
removed the activity declined {Gotz & Hess, 1980). N,-ase activity could be
enhgnced by modification of the agar medium — especially the inclusion of
mannitol (Hess & Kiefer, 1981) and of plant growth substances (Mertens &
Hess, [9&1}).

When Triticusm aestiviens and Sorghum nigricans were inoculated under
our artificial system with 4zospirillum lipoferum strain 108 or Rhizobiumsp.
strain 32H1, both plant species induced nitrogenase activity in each bacteria.
Ethylene accumulation was usually higher in Sorghum than in Triticum, but
the maximum rates of N, (C;H5) fixation in sorghum were usually reached
later, with no statistically significant difference between plant species and
bacterial isolates (see Figure 1; Hess & Kiefer, 1981).

ATTACHMENT OF RHIZOBIA TO PLANT ROOT SURFACES AND
UPTAKE INTO ROOT CELLS

With all the species used, rhizobia concentrated glove-like around the
roots. Under the light microscope, a polar attachment of the bacteria to plant
root surfaces; especially to root hairs, was shown {Gotz, 1980}, and electron
microscope studies showed that rhizobia had been taken into the roots of
petunia and wheat. Rhizobia were detected in the intercellular spaces and,
more interestingly, within parenchyma cells of wheat. Most of the rhizobia in
wheat root cells showed a bacteroid-iike structure, Furthermore, just as
bacteroids they contained large granules of polyhydroxy-butyric acid. The
question will be, whether bacteroids in wheat roots cells are able 1o fix

_nitrogen,
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Figure 1. Nitrogenase activity in  associations of Triticum  cestivum  and
Azospirifium and Rhizobiwm strain 32 HI(TR), Sorghum nigricansand 4.
lipoferum (SA), 5. nigrivans, and Rhizobium strain 32H{ (SR), per plant
dry weight and time (h=days from inoculation to evaluation), Evaluation
was performed just before or after the final level of ethylene accumulation
was reached. Bacteria alone showed no or a very low nitrogenase activity
{from Hess & Kiefer, 1981},

REPLACEMENT OF AGAR

We are trving to replace the agar media by more natural media, and finaily
by soii under nonsterile conditions, The first steps are done: inassociations of
wheat and Rhizobium we replaced agar, under sterile conditions, with
vermiculite and soil, and added liquid culture mediom, On both substrates
rhizobia concentrated around the roots as in agar media, and nitrogenase
activity developed. Growih of the wheat planis on sterile vermiculite and soil
was much betier than on agar, and wheat plants associated with rhizobia
showed enhanced dry weight on both substrates {Hess, 1981; see Figure 2).
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Figure 2. Increase of plant dry weight in associations of wheat and Rhizobium strain
32HI. Wheat was grown asepticaily on vermiculite and soil, with the
addition, of liquid culture medium, and with or without the addition of
mannitol (Ma). The wheat plants were inoculated with rhizobia at anage
of 18 days; 16 days later the plant dry weight was determined. W: wheat,
WB: association wheat/rhizobia. {From Hess, 1981).

CONCLUDING REMARKS

What we have developed in the laboratory could have practical
implications in the field. In fact Larson & Neal (1978} have already reported
on natural associations between wheat and unknown N;-fixing bacteria.
Experiments on the Triticum/ Rhizobium system in the field are justified.
While it seemns difficult to transfer all the gene material needed by a wheat
plant for N, fixation, an association of RhAizobium and wheat would require
much less manipulation.
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PERSPECTIVES ON BIOLOGICAL NITROGEN FIXATION IN
SUGARCANE

AP, Ruschel

Sunmmary

Micro-organisms capable of nitrogen (N, fixation were isolated
from rhizosphere soil and from sugarcane roots, germinated stalks,
and dry and green leuves, Emterobacter cloacae, Klebsiella
pretononige,. Erwinia herbicola, and Bacillus polymyxa were
isolated from germinated stalks of sugarcane. Methods of
gvaluation of N, lixation in sugarcane are discussed, Future use for
Ny fixation in sugarcane will lie probably in the propagation of
known varicties with high potential for N, fixaton; however,
studies must be done on the effect of cliate, fertilizer and other
agronomic practices, as well as the physiology and biochemistry of
the MNo-fixing system.

INTRODUCTION

At one time there was a clear distinction between Leguminosae that fixed
atmospheric nitrogen (N») and did not necessarily require N fertilizer, and
Gramineae, which were not believed to support any N, fixation. The
discovery of associative N,-fixing systems in wheat, sorghum, tropical
grasses, sugarcane, ete., has changed this simple picture. In Brazil, sugarcane
does not respond in terms of vield to applications of N fertilizer in the first
cropping year, but appears to require addition of N fertilizer to ratoon crops
{Alvares, Segalla & Catani, 1958). This is probably because planting sets
(sugarcane is propagated vegetatively) provide extra energy for Ny-fixing
micro-crganisms in the rhizosphere (Ruschel, Henis & Salati, 1975, Ruschel
et al, 1978}, which, in turn, provide added N for sugarcane development.

In the last decade it has been possible to picture more clearly the micro-
organisras and the nature of their association with sugarcane, as well as some

! Cenwre de Energia Nuclear na Agricultara (CENAJ, 13406 Piracicaba, Sdo Paule, Braal
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yuantitative aspects of the biological N, fixation system involved. A complete
review of associative N, fixation in sugarcane has been presented recently
(Ruschel, 1981); thus, this paper looks at a few major features of the
associalion, examines some problem areas, and provides new information on
the bacierial system.

THE NATURE OF THE ASSOCIATION

The finding that N,-fixing micro-organisms were more abundant in the
sugarcane rhizosphere than in surrounding soil (Ddbereiner & Alvahyvdo,
1939; Anderson, 1962} suggested that this plant could be obtaining N via Ny
fixation. Nitrogenase activity was observed in rogts {Débereiner, Day &
Iart, 1972; Ruschel & Ruschel, 1978; Purchase, [980) and in the inner and
outer parts of germinated cuttings (Ruschel & Ruschel, 1978), while N,-fixing
micro-organisms were obtained from enrichment cultures of roots (Ruschel &1
al., 1978), germinated cuttings (Patriguin, Graciolh & Ruschel, 1980}, node
and internode {Graciolh & Ruschel, [981; Costa & Ruschel, 1981) and
phyllosphere {(Graciolli & Ruschel, 1981).

Patriquin er af. (1980} observed that when surface-sterilized cuttings were
germinated in stenle vermiculite, the vermiculite subsequently showed
nitrogenase  activity, Anatomical examination of the cuttings showed
elongated ruptures or “holes” at the base of the roots around which the
bacteria were clustered. Such holes couid provide a means by which bacteria,
carrigd initially in the stalks {planting sets}, obtain ready access to the
rhizosphere.

EFFECT OF PLANT CULTIVAR

Ruschel & Ruschel {(1978) observed varietal differences in nitrogenase
activily under both low and normal pO, conditions. Later they demonstrated
that progeny resulting from crosses between cultivars differing tn nitrogenase
activity were intermediate between the parents {Ruschel & Ruschel, [981) (see
Table 1). When Ruschel (1979) exposed different varieties 1o N, not oaly
were different rates of fixation observed, but evidence was obtained that
fixation cccurred in roots as wegll as in the seed piece (zee Table 2}, N in the
shoots was due to transioeation from roots, as demonstrated by Ruschel eral,
{1979), who incubated shoots without roots under UN,y and observed no
enrichment,

N,-FIXING BACTERIA IN SUGARCANE

In some of the first work on N» fixation in sugarcane Dibereiner (1959)
identified Beijerinckia as the principal N, -fixing bacteria in this association.
Ruschel et of. (1979) incubated segments of roots in different Nofree glucose
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TABLE 1: Nitrogenase activity {(n mol C,H, produced/plant per h} of parents
arsd progenies from two different sugarcane crosses,

Hdentification Relgtion Level of N, fixation
CP 36-105 P, 108.2
CP 3834 P, 875.7
CP4s-124 F-A 260.9
CP 35248 F-B 189.3
CO 301 1’1 i66.1
0 290 P, 188.1
B 45-3 F 3355

st

1I)ata from ten vegetatively propagated plants per material, two months after planting.
%rom Ruschel & Ruschel (1979,

TABLE 2: N enrichment (ug "°N fixed/24 B} in roots, serial parts, and “seed
pieces™ of three sugarcane varieties. Mean of three replications.

Varieties Root Aerial Seed Total'
parts piece

CH 4647 0.161 0.08% 5.142 5.388a

CBR41-76 0.126 0.358 4,788 52726

B 47355 0.208 0.488 4.367 5063 b

Moan 0.165b 0310 4,765 a

Ll‘ukey test.

and malate semisolid media, isolating in this way a range of organisms
inchuding Azotobacter, Beijerinckia, Derxia, Caulobacter, Closiridium,
Vibrip, and Bacillus polvmyxa. Following the demostration of Np-fixing
bacteria inside sugarcane stalks (Ruschel & Ruschel, 1978; Patriquin, er al,
1986}, Enrernbacter cloacae, Klebsiella pneumoniae, Erwinia herbicola and
Buacillus polvmyxa were isolated and identified by the APEH method (Rennie,
1980). Entercbacteriaceae that could not be classified into species by the AP
method were recovered from surface-sterilized cuttings of the variety CB41-76
(R.J. Reamie & AP, Ruschel, unpublished data ) (see Table 21,

I Anaiybad Products; Division of Ayerst Labs. Plainview, NY 11803, USA,
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TABLE 3: Percent of bacteria isolated from plants obisined from unsterilized
and surface-sterilized cuttings planted in sterflized vermiculite (R.].
Rennie and A.P. Ruschel, unpublished data).

Bacteria Non sterilized Sterilized

Root  Cutting Root  Cutting
Klebsiella pnevumoniae 17 17 Q 4
Erwinia herbicola 67 50 ¢! 0
Bacillus polvmyxa 17 i3 e g
Unknown' 0 0 100 70
iﬁniaohacieﬁaﬁeae

EVALUATION OF BIOLOGICAL N; FIXATION IN SUGARCANE

The use of *Nj is the most effective method of proving N, fixation in
sugarcang {Ruschel er al,, 1973}, However, due to the size of fully developed
plants (2.0-2.5 m high) and the distribution of roots in the soil, it is difficult to
find a good chamber in which ‘o enclose a mature plant system for
quantitative studies. In a previous atiempt, when only the roots of the plant
were enclosed {Matsul er al., 1981}, it was possible to demonstrate enrichment
of 15N, in the soil around the roots, but the plant showed no enrichment, This
was probably due not only to the high dilution of PN by N already present in
the plant, but also to dilution of the 15N-enriched gas by atmospheric N, E,
Ralund (unpublished data), using a mixture of acetylene and propane, has
demonstrated that atmospheric gas passes from leaves to the roots in only 30
minutes.

The isotope dilution method of estimating N, fixation requires the
comparison of a Ny-fixing plant against one that doesn’t fix N,. It is difficult
to find a proper control for sugarcane since it is 4 plant with a long growth
cycle (14 months for plant cane under Brazilian conditions), and so far we
have not wried this approach, The identification of a sugarcane variety which
appears to support very little N, (C,H,) fixation may, however, now makeit
possible.

OTHER AREAS REQUIRING INVESTIGATION

There are sufficient differences between genotypes in nitrogenase activity to
indicate that breeding for enhanced Ny-fixing capability is possible. At the
same time loss in potential ability to fix N, brought about by varietal
selection under conditions of high N fertilization, needs to be evaluated.
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Preliminary results with Hawailan varieties {sugarcane receives very high
levels of applied N in Hawaii) suggested that selection under high N does not
necessarily affect capaciy to support an Ny -fixing system. Moreover, as the
N;-fixing micro-organisms are dependent on an energy supply for Nj
fixation, and since this energy must be consumed at the expense of sugar in the
harvestable stalks, further studies on the physiological factors affecting
fixation are needed.

The response of sugarcane to inoculation is not known, singe most of the
results obtained thus far have been obtained under nutrient solution
conditions, or in soil and ficld using modified cultures. However, as we now
have better kunowledge of the micro-organisms isolated from staiks, we should
be able to investigate the question of inoculation more scientifically. Ar the
same time we also need better information on the effect of agronomic
practices such as cultivation, irrigation, and supply of potassium and minor
elernents on Ny fixation in sugarcane. Information on the pathway of newly
fixed N in the plant is a priority as well
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ASSOCIATIVE DINITROGEN FIXATION IN DIPLACHNE
FUSCA (KALLAR GRASS)

K.A. Malik, Y. Zafar and A. Hussain!

Sunvunary

Presence of nitrogen-fixing ability in the rhizosphere of kallar
grass { Diplachne fusca), a salt-tolerant species, was demonstrated
by the acetylene reduction method. High nitrogenase activity was
abserved in both washed and unwashed roots, indicating an active
rhizocoenosis, Earichment cultures from the reots were also able to
reduce deetylene. Nap-fixing bacteria from the root samples were
isolated on N-free medium, and characterized.

INTRODUCTION

Many tropical grasses establish diazotrophic rhizocoenoses with bacteria
(Dabereiner & Day, 1975; Dobereiner, Marriel & Nery, 1976; Knowles, 1977;
Neyra & Dobereiner, 1977, Nur eral, 1980; Weier, 1980). During recent years
such nitrogen (N;) fixing associations have been recognized as important
compenents of a range of ecosvstems, including several extreme en-
vironments (Capone & Taylor, 1980; McClung & Patriquin, 19803,

Diplachne fusea (Linn.) Beauv. (locally known as kallar grass) is a highly
salt-iolerant grass used as the primary colonizer of salt-affected soils in
Pakistan (Sandhu & Malik, 1973). This grass, which grows luxuriamly in salt-
affected and low-fertility soily, i a good animal fodder, providing three to
four cuttings during the monsoon months even without N fertilization.
Because of this we initiated studies to establish if biological N fixation
occurred in the rhizosphere of this species {Malik er @/, 1980). In this paper we
report N ({3 Hy) fixation by D fisca from various salt-affected soils.

MATERIALS AND METHODS

Whaole-plant samples, including roots to a depth of 20 ¢, were collected

U Soil Bisdogy Dinvigion, Nuclear nstrate for Agricuiture and Biclogy. Faisalabad, Pakistan.



5064

from five salt-affected areas at different times during the yearand transported
to the laboratory.

Three root sample preparations were prepared from the plants taken at
each site:

Unwashed sampie;

Sample with the soil gently removed after which the roots were
washed with tap water and distilled water; and

Clean samples as above but with the roots washed with 0,19 HgCla for
30 sec and then rewashed several times with sterile distilled
water.

Root samples were placed in McCartney vials, incubated overnight in 900;
Ny :10%% air; then Ny {(C3Hy) fixation was measured using the technique of
Hardy e ol (1968) and an incubation peried of 3 h at 312°C.

Enrichment culture assays and iselation of the presumptive N»-fixing
bacteria were then carried out as described by von Bilow & Dobereiner
(1975).

RESULTS AND DISCUSSION

Characteristics of the soils from which D, fusca plants were taken are
summarized in Table I. Four of the five soils were of high pH, electrical
conductivity, and sodium adsorption ratio.

TABLE 1: Physico<chemical charaeteristics of the soils from which samples of
Diplachne fuscq were obtained,

Characteristic Jhang NIAB Shahkot Shahkot Lahore
ares field area aiea {RDCY
pH {saturation paste} 5.7 .78 9.8 2.6 2.5
Electrical conducti- 43 1.60 115 11.5 11.2
vity (mmhos/cm)
Sodium adsorption 28 11 342 340 50
ratio, (SAR)

Table 2 shows N2 (C2Ho) fixation for the variously treated roots of B,
Jusca. Fairly high N, (C,H+) fixation is evident in roots from four of the five
sites. Samples obtained from fields at the Institute did not fix Nj {C;Hj).

For the locations where N (C-H:) fixation was observed, greatest activity
was found during the summer monsoon months. Nitrogenase activity
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declined toward the end of the growing season. N, (C,H, ) fixation was also
detected in HgCl, -treated, and presumably surface-sterile root systems,
suggesting the possibility of rhizoplang activity, Such associations have been
reviewed recently by van Berkum & Behlool {(1980).

TABLE 2: Rates of ;H,wseduction {(n moles C,H; produced/g fresh
weight/3 hours) of roots of kallar grass (Diplachne fusca) from
different sress.

Areas Noof  Uswashed Washed (H,0) Washed (0.1 % HgCl, )
samples PO0Ots roots roots

Thang area 10 210420 30-1120 ND'

11.11.1979

NIAB field 35 0 0 0

10-5-1980

Shahkot area 15 30-1140 180-3000 30-390

15.7.1980 {8070)%

Shahkot area 28 15450 60-330 30-300

7.9.1980

Lahore (RDC) 10 30-270 90-240 15-30

6-12-1980 (1120%

"% = Not determined.
2N‘umber in brackets corresponds to exceptional activity in only one sample,

For enrichment culture studies, selected pieces of surface-sterilized roots
that showed Ny (C,H3) fixation were transferred to N-free, semi-solid,
sadium malate medium {von Bilow & Ddaberziner, 1973). Acetylene
reduction assays performed on the enrichment cultures revealed relatively
high nitrogenase activity (see Table 3), with different areas sampled similarin
activity,

The micro-organisms responsible for the N, (C,H,) fixation of root
samples were isolated from enrichment culture and again checked for
nitrogenase activity. They were gram negative, VP, MR and indole negative,
highly motile, curved rods. They showed maximum activity with sodium
malate and sodium succinate.
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TABLE 3: Nitrogenase activity of enrichment culture after two
days incubation on semisolid Ndres mineral medium

at 30°C,
No. Samples n moles Oy Hy /ml mediumb
(inoculam) {ranges)

i, Jhang area 30-1620

2. NIAR fisid Nil

3. Shahkot area 210-830

4, Shahkkot area 150-600

5. Lahore (RDC) 3490-1500
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NONSYMBIOTIC NITROGEN-FIXING BACTERIA IN SOILS
FROM PATAGONIA

M.CG. Pozzo Ardizzi de Fidel?

Summgry

Azovspirithn was found in 67 of 86 soils examined in the Rio
Negro. Neuguén and Chubut provinces of Argentina. Among
spomtaneous prasses found 1o associate with Azespirilium were
Piptochaetium, Stipa, Poa, Vulpia, Bromus, Festuca, Hordeum
and Disrichles species. Rates of N (U oHo) fixation varied from
6(1.53-76.58 nmol,; g roots per h.

INTRODUCTION

The Rio Negro, Neuquén and Chubut provinces in the Patagonia region of
Argentina, at 40° to 42° south latitude, are characierized by a cool (average
temperature 12°C), dry (anmual rainfall less than 200 mm) climate, The area is
devoted mainly to sheep raising, and spontangous grass pastures provide the
only animal feed. As nitrogen {N) in these soils s low, we have carried out
examinations on various of the grass species present in the region to determine
whether they associate with N,-fixing bacteria.

MATERIALS AND METHODS
Soil and root samples

Samples were collected during August to November in the gramineous
steppe and during April in the shrub steppe (see Figure 1). All samples were
taken with care to avoid contamination. Soil and root samples were collected
at each site, but soil samples were taken from areas without roots,

UoCeniee Unre. Koy, Viedma, Uaty, Macional del Comshue. €O 149-8500, Viedma, Rio Negro,
Arganting.
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Figure 1. Appearence of natural pastures in {a) the grass steppe and (b) the shrub
steppe of Patagonia.
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Culture methods

N-free semisolid malate medium was used to investigate the presence of Ny~
fixing bacteria mm soil and root samples, following the techniques described by
Ddbereiner, Marrigl & Nery (19761, Peptone broth was also used to culiure
bacteria and observe their morphology. For theisolation and identification of
an Arospirilhen-like organism, N-free solid medium with 50 mg/1 yeast
extract was used.

Agar letrazolium preparations were made with root pieces for the
identification of N,-fixing sites (Dobereiner & Day, 1976},

Acetylene reduction assays with washed roots, pre-incubated for 18 h, were
carried out at 30% using 0% C,H, and a 3 h incubation period.

RESULTS AND DISCUSSION

Of the 86 soll samples examined, 67 produced cultures with the typical
Azospirilium pellicke in semizolid malate medium. and contained spiral cells
with extensive lipid bodies. Azofobacter was identified mm 51 soils and
Beijorinckia in 17 {see Table 1}

TABLE l: Occurrence of nonsymbiotic N, -fixing bacteria in soils collected in
Patagonia, Argentina,

Crigin of samples H No., of No. of positive samples
samples

Azospirillum  Azotobacter Beijerinckia

Rio Negro 65-7% 30 4¢ 29 1¢
Chubut 6E-72 15 15 ? 3
Neuguén 7218 21 12 15 4

Ny -fixing micro-organisms were found associated with many of the grasses
that are important in this region (see Table 2). Only one plant species, Stipa
speciosa, did not appear to associate with Azospiridhon organisms.
Beiferinckia, Clostridium, and other, filamentous bacteria were also found
assoviated with roots.

Acetylene reduction assays carried owt with roots of Stipa neali, Distichiis
scoparia, and Hordewm jubatum gave rates of N2 (C-H-) fixation of 76.58,
60.53 and 6358 nmoles/g fresh wt of roots per h.

It 1s obvious from these results that nonsymbiotic, Ny -fixing hacteris oceur
widely in the soils, and are associated with the roots of grasses in this region.
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TABLE 7: OQccumrence of plant/rool associztion in spontancous grasses col-
iected in soils from Patagonia, Argentina,

Subfamily Tribe Genus Occurrence of

Azospirillum  Azotobacter

Festucoldeas  Estipes Fiptochaetium
Stipa humilis
S tenuiy
5. ambigua
S, dusenii
8. paposa
S. speciose
8. negli
8. fuliculming
Stipe sp.,
Festuceas  Poe
Vulpic
Bromus
Festuca purpurascens
Hordeas Hordeum jubatum
Hordeum murinum
Eragrastoideas Eragrosteas Distichlis scoparia
D, spicata

R
[+ ++ 0+ 4+ +++

|

R LT
;

+ o 4

+: S-shaped, shori, and very motile,
% : S.ghaped and helival long, and very motile,
@ Helical and comma-shaped, not very maotile,

Further studies are needed to quantify their contribution to the N economy of
the pastures.
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SOME PERTINENT REMARKS ON N, FIXATION
ASSOCIATED WITH THE ROOTS OF GRASSES

P. van Berkum, C.R. McClung snd C. Sloger!

Swrrmary

The indirect measurement of nitrogenase (Ny-ase) activity using
CaH4 is popular, but evidence that N fixation is associated with
grasses should be based on short-term assays immediately after
samphng. Delaying the measurement of CiH; reduction
overestinmates rates of Na-ase activity and may erroneously ideatify
Ny fixation in site. IF Ny Dixation is occurring in grasses i si,
C;H» reduction with excised roots should be detectable without
delay and with immediately linear rates of CoH, accumulation
under the appropriate assay conditions. Root-associated Ny-ase
aclivity in aguatic grasses is sensitive to Os, but inactivation is
temporary, causing nonlinear rates of immediate C;Hy reduction.
No-ase aclivity associated with roots of Orpze sativa appears to be
dependent upon a supply of Oy {rom the leaves of the plants to the
rools, Applications of KNGy to O sarva and field plots of
Fospaiven notaruns reduced the rate of Ny-ase activity, increased
leaf NRA, and improved plant growth. At the presemt time
associative N5 fixation does not seem to be applicable to
agriculture but'may be of significance in maimaining soil fertility.
B would seem desirable fo re-examine the evidence that
Azespivitium spp. are located mside grass roots and that
rudimentary host plant, Azospiriffien symbioses exist.

INTRODUCTION

Biolagical nitrogen (N,) fixation is generally regarded as a mechanism by
which applications of fertilizer N to crops could be supplemented or reduced
and economic returns enhanced. The hypothesis that non-nodulated plants
could derive significant benefit {rom nonsymbiotic N, fixation originates

U USDA/SEA/AR, BARC-West, Belteville, MD 20785, USA.
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from reports of N accumulation in N balance studies (Dart & Day, 1975,
Greenland, [977). Later it was suggested thar Azogpirifhen and other
bacteria could form N,-fixing associations with the roots of grasses. The
prospect that such associations offer a means of implementing biological N4
fixation for the production of forage and cereal crops {Neyra & Déobereiner,
1977} stimulated intense research activity and has produced some anomalous
resalts. This brief review examines three research areas in which this has
occeurred and attempts to provide needed perspective.

METHODS FOR THE MEASUREMENT OF N, FIXATION IN
GRASSES

Nonsymbiotic and associative N, fixatton are preferably measured using
undisturbed, mtact or i sirw methods. The advantages and disadvantages of
Kjeldahl analysis and measurements with isotopic N, are discussed
elsewhere in these proceedings. However, the usefulness of these conventional
methods to determine N, fixation in grasses may be Hmited because of
delayved or slow transfer of fixed N from the bacteria to grasses (van Berkum,
e press). Furthermore, we stuggest that only unequivoral demonstration of
Ny-ase activity i sife with C>Hy reduction justifies the subsequent use of
*N, to measure N, fixation in grass/soil systems,

MEASUREMENT OF C,H, REDUCTION WITH SOIL CORES OF
GRASSES

Day ¢7 al. (1975) developed a small soil core device with which to measure
C,H, reduction and so determine whether noasymbiotic N fixation was
responsible for observed asecumulations of N on the Broadbalk site,
Rothamsted, England, Measurement of C,H, reduction with soil cores of
plants from the stubbed wilderness coincided with the N accumulation data,
but samples from the wooded wilderness and the arable plots did not. The
rates of N, fixation reported by Day er al. (1975) may be criticized because
their estimates are based on arbitrary incubation times c¢oupled with
nonlinear rates of C,H, reduction. Nonlinear rates of C,H 5 reduction may
have been caused by poor penetration of CyH; into the soil (Day eral,, 1973}
or the slow diffusion of C,H, from mxcrosntes of N fixation to the sampling
ports {van Berkum & Day, 1980; van Berkum & Sioger 1981a). Measurement
of the diffusion rates of CoHand C,H 4 through metal cylinders containing
various soif lypes has indicated that long incubation times were required to
saturate the samples with C,H» (van Eerkum & Day, 1980). QOn the other
hand, C,H, inhibits synthesis of NH, * from N > and may induce N,-ase
activity, causing rates of N fixation to be overestimated {van Berkum &
Bohlool, 1980),
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The soil core method developed by Day ef al. (1975) has also been used to
measure CaH 4 reduction with tropicai grasses in Brazil (Abrantes er 2l, 1973;
van Berkum & Dray, 1980). Abrantes er o/, {1975) were not able to detect C,H,
reduciion in soll cores of grasses removed from the field and immediately
assayed. They suggested that samples should be watered and incubated inthe
greenhouse for one to three days before measuring N, -ase activity, Recently,
van Berkum & Day (1980) reported that measurement of C,H ; reduction on
soil cores of grasses kept and watered for several days before assay may
seriously overestimate in sitfu N5 fixation.

The measurement of C,H; reduction in soil cores of grasses using short-
term incubation times {up to 6 h} is possible when CyH, diffuses rapidly
throughout the samples (Tiepkema & van Berkum, 1977; van Berkum & Day,
1980). Immediately linear rates of C;H reduction have been reported with
soil cores of Paspalum notanen and Brachigria mutica (van Berkum, [975;
van Berkum & Day, 1980}, However, C;H, inhibits C;H, oxidation by soil
microflora and endogenously produced C,H, may accumulate and
contribute to the observed rate of CyH, reduction (Witty, 1979). Another
problem with soil cores is that it is ot possible to distinguish microsites of N,
fixation that may be associated with decaying organic matter as well as with
the living roots of grasses. The evidence that N,-ase activity 1s associated with
living plant tissue has been based on measurements of C,H » reduction with
excised roots washed with distilled water,

MEASUREMENT OF C,H, REDUCTION BY EXCISED ROOTS OF
GRASSES

The foremost enigma of the excised root assay has been the initial 8 to 18-
hour delay reported before C,H, reduction begins. The delay before N,-ase
activity with excised roots is detectable is inconsistent with the kinetics of
CyH; reduction by all other N,-fixing systems (van Berkum & Bohlool,
1980). Because it is difficult to interpret measurements of C,H , reduction
after this long delay, the excised root assay was modified to include an
overnight pre-incubation period at reduced pO - (Doberziner er af,, 1972a).
The pre-incubation period was subseguently adopted as a routine method to
prepare excised roots for the measurement of N, fixation in grasses (Abrantes
et al, 1975), It has also been suggested that the overnight pre-incubation
pertod enables the potential rate of N, fixation in grasses to be measured (Day
et al., 1973, von Bilow & D8bereiner, 1975), but no evidence for this was
provided (van Berkum, 1980}, In contrast, it was shown that N,-fixing
bacteria proliferated and induced N,-ase activity during the period before the
onset of CaH, reduction by excised washed roots {van Berkurm, 1980).
Recently, van Berkum & Bohlool (1980} concluded that the pre-incubated
excised root assay not only overestimates rates of N,-ase activity but also may
erroneously extrapolate tissue o be fixing N, in sifu,
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The excised root assay has been shown to be useful in identifying N,
fixation associated with grasses when C,H , reduction is detected immediate-
ly and no pre-incubation period is used (van Berkum & Sloger, 1979; 1981},
although C,H, does not accumulate with linear rates (see Figure 1a).
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MEASUREMENT OF C,H, REDUCTION WITH INTACT AQUATIC
GRASSES

The measurement of Ny-ase activity in aquatic grasses by exposing the
plant tops to C;H; (Patriquin & Denike, 1978; van Berkum & Sloger, 1979;
1981) exploits the ability of these plants to transport gases to the roots via the
lacunae. Initial studies with this technigue obtained rates of N,{(C H)
fixation thal{ were not immediately lincar (van Berkum & Sloger, 1981a).
However, immediately linear rates of C,H ; reduction were detected when the
roots were protected from air during their removal from soil and
measurement for Ny-ase activity (Figure b}, This suggests that in séfu plam-
associated N;-ase activity should resultininmmediate reduction of CyHj and
lingar rates of CoHy, accamulation when the proper conditions are used,

Nz-gse activity is Xnown to be sensitive 10 O, (Burns & Hardy, 1975), and
N, fixation under {ully acrobic conditions 18 not possible unless the enzyme is
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protected. The pQs surrounding the roots of aquatic grasses i situ is
extremely low, and the exposure of roots to Oz during their preparation could
cause an initial, but temporary, inactivation leading to the nonlinear profiles
of CyH; reduction, Similar initial nonlinear rates of C,H, reduction have
been reported with pre-incubated, excised sorghum roots {van Berkum,
1980}, the roots of intact plants of Scirpus olneyi (van Berkum & Sloger,
1981}, and nodulated soybean roots (van Berkum & Sloger, 1981), which had
been exposed to air or Oy, The sensitivity of Ny-ase activity te O3 could be
due to poor O, protection mechanisms under s situ conditions. The initial
accelerating rates of Cy H, reduction by roots treated with air may be caused
by the recovery of Ny-ase activity as the pO, decreases in the film of water
surrounding the respiring tissue. Alternatively, the recovery of Ny -ase activity
may be mediated by the development of an O protection mechanism for N, -
ase activity inn the root-associated bacteria.

Van Berkum & Sloger (1981, in press) used Oryza sariva with the rooty
protected from exposure 1o air during sampling, lo investigate the effect of O
on the initial rates of C;H4 reduction. As the concentration of O inthe assay
chambers was increased, the lnear rate of No-ase activity decreased (see
Figure 2). This observation differs with reports of optimum O3 concen-
trations for Ny f{ixation by Azotobacter (Drozd & Postgate, 1970},
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Azospirillum (Day & Dobereiner, 1976}, and pre-incubated, excised roots
{Dobereiner et ai., 1972b). I the plant tops were removed and O allowed to
deplete in the remaining tissue for 4 h before assay, O, sqrive was shown Lo
have an optimal pO ; for Ns-ase activity at 0.25¢; atm (see Figure 3). These
observations suggest that N, -ase activity associated with the roots of aquatic
plants is dependent upon a supply of Oz from the atmosphere (van Berkum &
Sloger. 1981¢), and that the intact assay method measures the rate of CyH,
reduction at pOY’s occurring in the roots of undisturbed grasses (van Berkum
& Sloger, {981a).

INFLUENCE OF COMBINED N ON ROOT-ASSOCIATED N;-ASE
ACTIVITY IN GRASSES

Girasses depend mainly on inorganic combined N for growth, but may
stimulate N, fixation by bacteria associated with their roots. Combined N is
known 1o inhibit N5 fixation in legumes (Gibsen, 1974; 1976) and has been
suggested to inhibit or reduce the rate of root-associated N,-ase activity in
BLASSES.

Van Berkum {1978) used the soil core method developed by Day ef gl
{1975} i Brazil to follow the interaction of applied N with N,-ase activity in
field plots of £ notarwm. Applications of KNO; (40 kg N/ha) reduced the
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rate of N, -ase activity in P. notatum (see Figure 4), though the inhibition was
temporary. Leafl nitrate reductase activity (NRA)Y in P. norgnom was not
detected in control plots, but was induced in plants receiving KNO3. The
percent N content of plants and the growth of P. notarm were also improved
on plots receiving KNOs (van Berkum, 1978). This suggests that N, fixation is
not able to provide all of the N needed for the growth of P. notarnem and that
fertilizer N could be incompatible with N, fixation.
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Similar results have been obtained with O, setiva, with application of
KN, causing a delay in the development of, and reducing the rate of, root-
associated N,-ase activity during the growth cycle (see Figure 5). Therate of
roat-associated Nj-ase activity and the percent N of the roots of O, sativa in
both treatiments were negatively correlated, and again, the NO {7 supplement
resulted in the improvement of plant growth (van Berkum & Sloger, 1981b).

Meeker 2 «f. (1974) suggested that changes in the observed rate of leaf
NRA reflect changes in uptake, transport, and assimilation of NOy, which in
wurn affect the rate of supply of reduced N to the plant. Therefore, low rates of
leal NRA and the observed inverse correlation of percent N of the roofs of O,
sativa with the rate of N,-ase activity suggest that the development of N,
fixation in grasses is the result of N deficiency. Because plant performance is
improved by applying combined N, the farmer may sacrifice high yielkds with
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cereal grasses if he withholds fertilizer N to induce associative N, fixation.
Therefore, at the present time, associative N, fixation does not seem to be
applicable to agriculture, but in ecological terms it may be of significance for
the mamntenance of soil fertility,
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MICROBIOLOGICAL ASPECTS OF ROOT-ASSOCIATED N, FIXA-
TION IN GRASSES

The rhizosphere of the roots of grasses has been suggested as an ideal
habitat for heterotrophic N3-fixing bacteria (van Berkum & Bohlool, 1980).
Cerainly, N,-fixing bacteria of many genera oceur in high number in the
rhizosphere of roots of a wide variely of grasses. Azospirillum is suggested to
be of special significance when associated with the roots of tropical grasses,
but has also been isolated from a diverse range of habitats.
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An intimate internal association of N,-fixing bacteria with the roots of
grasses would be of great competitive advantage to the partners and be most
useful, if associative N fixation is to be impiemented for the production of
forage and cereal grasses. Evidence for the internal focation of nonsymbiotic
Nj-fixing bacteria in roots of grasses has been indirect. Azospirifium and
Campylobacier have been isolated from roots “surface sterilized” with
aqueous solutions of Chioramine-T {Dobereiner & Baldani, 1979; Baldani &
Débereiner, 1980, McClung & Patriquin, 19803, However, the procedures
used were not demonstrated uneguivocally to surface sterilize roots of
grasses, MeClung et @l {in preparation) have investigated the recovery of N;-
fixing bucteria from the surface of roots of Spartinag alterniflora, Zea mays,
and Sorghum vulgare after treatment with Chloramine-T and NaQC|
solutions. Although these agents significantly reduced the recovery of
bucteria from root surfaces, they did not result in surface sterility of the roots
{see Table [j. The treatment of roots for 1 h with 35 NaOCl was more
effective than 1% Chloramine-T for reducing the number of Ny-fixing
bacteria on the root surfaces.

TABLE 1: Chioramine-T and NaOCl as chemical agents to surface sterilize
roots of Spartina alterniflora, Zea mays, and Sorghum vulgere
(from C.R. McClung, P. van Berkum, E.Davis, & C. Sloger, in
preparation}.

Treatment & alrerniflora Z. mays S, vulgare

(No. log, /g fresh wt)’

Water control

root macerztes 6041 8.204 £.204

beads® 6.204 8.380 8.380
Chlgramine-T (1 % , 60 min.}

root maceratey 4591 6.380 5732

beads 4.230 5964 £ 380
NaOCL (5% , 60 min.}

root macerates 3415 4833 3514

bheads 06.653 3.964 3.732

LSD - 0.603 (P = 03.05)
Mast probable number of malate-utilizing Na-fixing bacteria,
Most probable number of malate-utilizing No-fixing bacteria released into seline-phosphate
buffer when oots were shaken with glass beads for 13 min at 400 rpm.
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Two groups of N -fixing bacteria forming nonpigmented and pink colonies
were isolated from serizl dilutions of macerates of NaOCl-treated roots of
Spartina ahterniflora {see Table 2). The isolation of N;-fixing bacteria from
10~ tos 109 serial dilutions of macerates of these roots coupied with the low
number of Ny-fixing bacteria recoverabie from their surfaces suggest that
these isolates originated from internal sites. Azospirillum-like N.-fixing
bacteria were also observed to be associated with the roots of 5. alrernifiora,
but were isolated only from controls or roots treated with Chloramine-T
before they were macerated.

Based on these results it would seem desirable to re-examine the evidence
that Azespirillum spp. are located inside grass roots and that rudimentary
host plant/ dzospirithen symbioses ¢xist,

TABLE 2. N,-fixing bacteria isolated from roots of Spartina alterniflorg
growing in a salt marsh of Chesapeake Bay (From MceClung, van
Berkum, Davis, & Sloper, in preparation).

Isolate Source Na(l tolerance

Pink-chromagens 107 to 108 dilutions ap fo 7 %
of root macerates from
5 % NaOClreated samples

Nonpigmented roucoid aspto7 %
Azospirilhumdike Water and Chloramine-T- upto I %

tieated roots macerated
or from the bead treatment

Nu, Campyiobacter have been isciated,

CONCLUSION

Grasses may indeed derive N from the atmosphere through the
participation of nensymbiotic oz associative Ny-fixing bacteria. Whether or
not this naturai phenomenon can be put to use in agriculture {or the
production of forage and cereal grasses remains an open question. The
Azospirilium grass associations have been suggested to offer the greatest
prospect of fulfiiling this role, but N, fixation by this combination, and
significant fixed N transfer to crops under field conditions, remain to be
demonstrated.
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STUDIES ON AZOSPIRILLUM/AMARANTHUS
INTERRELATIONSHIPS

G. Oblisami & V., Udhayasurian!

Sumeaary

Asapindin populstions in the phyilosphere, stem, aad
thisosphere of Asmwrantbhus dubivs. A gangeticus, A. lewcocgrpus
and A vdzdis wore 1.06-1.68 5 10% e, 3.34-4. 14 x 103, gand 21.05-
26,31 5 138 gdry soil respectively. The rhizosphere-to-soil ratio for
these four species was from 11.87 10 15640, Grain type amaranths
showed a betier response to inoculation than did leafy types, with
seed germimation, root length, shoot length, and vigor ail enhanced
by inoculation. In a ficld il with drospirifum imoculation of
Aswranihias sp.. vield wnereases of 34,04 10 48 385 were obrained,

INTRODUCTION

Amaranths, widely consumed for their protein-rich leaves and high protein
grains. have high photosynthetic activity and nel assimilation rates. The
incidence and unportance of Azoespirillum m the soil and rhizosphere of other
Cy4 prasses, ichuding Amaranthus spinose has been well documented
{Déberemer & Day 1975; Lakshmikumari, Kavimandan & Subba Rao, 1976;
Hegazi, Amer & Monib, 1979). In this paper we examine the numbers
of Azospirilium in the phyllosphere, stem, and rhizosphere of four different
apecies of Amaranthus and demonstrate a field response to inoculation with
Azospiriflum tn all four species.

MATERIALS AND METHODS

The prevalence of Azospirillum in the phyllosphere, stem, and rhizosphere
of Amaranthus dubius, A. gengeticus, A. leucocarpus, and A. edulis at
different stages ol growth was assaved by the most probable number (MPN)

©oDeptl ol Ageuitural Botany, Tamsd Nadu Agricuitural University, Coimbatore 641003,
India.



328

technique as well as other standard methods{Hegazier al., 1979; Watanabe ot
al., 19791, Azospirillum cultares were isolated from amaranthus roots using
the enrichment method of Day & Débereiner (1976} and Neyra & Débereiner
{1977). Nitrogenase activity of Azespirilium cultures was then determined by
acetylene reduction using the method of Day & Dobersiner (1976).

Response of Amaranthus to inoculation with A zospirillum was determined
both in pot wnals and in the field, In the pot tnial the four species of
Amaranthus mentioned above were again used, with measurements taken of
green matter yield at the “tender green” (S,), “Thandukeerai” (8,), and
harvesting (S;) stages. Final grain yield {84) was also measured. In the ficld
trial, four species of Amaranthus were again used, and the effect of
Azospiriflumt inoculation on grain vield without N fertilization, or with 25, 50,
or 75 kg N/ ha added, was determined. A factorial randomized block design
with two replications was adopted.

RESULTS AND DISCUSSION

Table | shows the number of Azespirillum found in the phyllosphere, stem,
and rhizosphere of [our Amaranihus species, and the rhizosphere effect at
four different stages in plant development, The difference between species was
not marked, although the leafy species (CO 1 and CO 2} did appear to have
higher numbers of Azospirilfum in the phyllosphere than the grain types (A,
62 and A. 90). In all species and tissues the numbers of Azospiriflum found
was greatest at the S, (Thandukeerai) stage, and declined as the plant
matured. Greatest numbers of Azospiriflum were found in the rhizosphere
and there was a strong rhizosphere effect.

The Azospirillum isolates obtained from amaranth roots fixed varving
amounts of nitrogen (N»). An isclate from A. dubius fixed (2136 mg N/ g
malic acid) and recorded the maximum nitrogenase activity {207.69 nmoles of
CaHy, flask per hour), a value similar to those reported by Okon eral. (1976).
This isolate showed greater ability to fix N3 (C2H3) than that obtained from
A. spinosa by Lakshmikumari er ¢f; (1976},

The ¢ffect of seed inoculation with Azospirifium on green matter and grain
vield under pot culture conditions is reported in Tables 2 and 3. Green matter
yield was significantly increased at all stages of crop production, and in all
species tested, with yields enhanced as much as 82% in the S¢ growth stage.
Crain yields of the four amaranths increased 34.04-48 38% following
inoculation, and tended to be higher with the grain than with the leafy
cultivars.

Grain vield was again improved by inoculation with Azospirilium in the
{icld trial, with the grain species again outyielding the leafy types (see Tabie 4).
There was a strong response to N fertilization in this trial, but at 25 and 30 kg



TABLE 1:

phere effect at four stages of plant developmentf

The prevalence of Azespiriflim in the phylosphere, stem, and rhizosphere of Amaranthus species, and the rhizos-

Amaranth Yariety Phyllosphere Stem Rhizosphere R:S ratio
16%7em?) (X 10%/g dry sample) (X 10%g dry soib)
5¢ Sy Sz S 84 Sa 54 S4 8y 8a 54 84 54 Sg 83 8,

A, dublus ol 159 223 178 1.14 4060 510 433 334 15.20 2020 4210 2140 853 13.28 20,43 16.33
A, gangeticus U0 1 1.08 2,73 159 1.14 440 496 380 300 1970 30.10 20,20 14,20 11,06 1980 980 &85
A, lewcocarpus A 62 0,76 1.78 144 0,70 380 463 273 228 2140 32,90 2560 13.20 1202 2164 1048 4637
A, edilis A 90 4.8 1.5 108 076 470 583 1i2 230 24,70 43,10 2.40 18.07 13.87 XL03 1038 872

Mean 1.68 2.08 147 094 423 513 3506 271 20,25 3107 2633 16,70 11,37 2044 1278 8.08

Neon-rhizosphers {control)
1.78 183 206 2.07

151? 83, 83, and S are the four stages of growth at which samples were taken and are detsiled in the text,

65



TABLE 2: Effect of Azospiriflum inoculation on the green matter yield (g/plant) of Amaranthus species,

Amaranth species

‘FTender green stage (8¢)

Thandukeerai stage (S;)

Harvesting stage (S5}

and variety
Controk Inoculated Control Inoculated Control Inoculated
A, dubing - CO 1 9.25 16,87 52.27 6607 11310 157.00
A, gangeticus - CO 2 13.97 22.85 56.33 75.33 90.26 119.53
A. leucocarpus - A.62 11.45 19.21 3547 49,53 550 70.17
A, eduliy - A90 13.67 22.93 50.40 14,53 85,20 112.86
Mean 1209 2041 48.62 66 .37 8359z 114 .88
P SEp Y ﬁgb i Sﬁg}
Variety 0.0} 0.7152 0.01 2.101% 0.01 406191
Tregtment 001 0.5057 0.01 1.486%9 2.01 2.8419
Varety x treaiment K5 - NS - .05 56838

NS = not sgnificant.

0gs
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N applied; ha. incculation with Azospiriffum further enhanced yield. Yields
with 50 kg N applied, ha and inoculation were similar to those with 75 kg
N/ ha applied, an appreciable saving.

TABLE 3. Effect of Azespirilum inoculation on the seed yield (gfpiant) of
Amgranthus species,

Amaranth species Control Inceulated % increase
and variety over control

A, dublus-C0O 1 4.20 5.63 34,04

A. gangeiicus - CO 2 540 7.30 35.18

A. leacocarpus - A62 620 .20 48.38

A, edulls - A 90 580 5.00 3793

Mean 5.40 733 39.44"

Differences due to variety and inoculation were each significant at the P = 0.01 level

TABLE 4: Effect of Azospirilium inoculation on the seed yield (g/m?) of
Amaranthus species under graded levels of fertilizer nitrogen.

Treatment Variety

CO1l o2 AG2 A 90 Mean
Nely 18.2 104.0 1800 130.0 108.08
Ng Iy 232 1320 2040 144.0 123.30
Nag kp 304 1440 2i8.0 180.0 143,10
Nis I 51.8 1768 2600 196.0 170.95
Ny iy 446 208.0 2640 236.0 188.15
Ng ks 37.2 25260 3400 2960 236.30
Nyg I 550 2560 3340 288.0 237.25
Nyg Iy 568 2640 3220 3000 235825
Mean 4213 199,75 26535 221.2¢6"

1D'iffemr1ces dut to variety, moculation freatment and N level, and vartety x fréatment
interactions were each significant ¢t the P = (101 fevel,
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EFFECT OF AZOTOBACTER INOCULATION AND
NITROGEN FERTILIZATION ON THE YIELD OF SEED
POTATOES IN THE COASTAL AREA OF PERU

LM, Zapater R}

Summary

incculation of seed potatoes {Solgrum rwberosion ov. Maniva)
with Arorshacter noreased initial plan? vigor and yield. but the
dillerences were not sigmficant. Lo the presence of 80 kg Nrha and
fugh applicatioa sates of chicken manure. inoculation with
Azviobadter resulted 1n a major yieki loss,

INTRODUCTION

Inoculation of plants with Azotobacter chroocvoccurn can affect their
growth and sometimes increase crop yields (Brown, Burlingham & Jackson,
1964; Patel, 1969). Azotobacter can affect plant growih directly, either by the
nitrogen (N>} it lixes, or through growth-promoting substances (Rovira,
1963), or indirectly by changes in the microflora of the rhizosphere (Patel,
1969),

Thas study reports the effects of Azorobacter moculationand N fertilization
on seed potatoes { Sofgmun tuberosum v, Mariva) in the coastal arez of Peru.

METHODS

The site was an Entisol near La Molina, Pery, the description of which is
given in Tabie 1. All plots received dressings of 10 tons/ ha of chicken manure,
80 kg P,O5 ha as Fosfobayovar, and 30 kg K,O/ha as K,50,. A
randomized complete block design with four replications was used: the
treatments were 0, 80 or 160 kg N/ha, with or without Azoroboorer
inceulation.

Universidad Nacional Agrara. La Moling, Peru.



TABLE 1:  Surface soil analysis of Caraponge field (coast region).

Constituent Amaount tinifs Method used
Sample 1 Sample 2
Mechanical analyus:
Sand 39 h14] Z Hydrometer
Hilt 54 40 % Hydronseier
Clay i6 Hs % Hydrometer
Textural class Bilt loam Loam Textural iriangle
pH 1.5 2.1 Potentiometie, soil-water 101
Fres &003 G.87 #4.95 % Volumetng
Organic roatter 1.34 1.58 = Waltkley and Black
Total nitrogen 3,110 0.075 % Micro-Keldabl
Available elernents.
Phosphoris 4.4 187 ppm. ¥ Glsen, NaHCO, 0.5M, pH RS
Fotassium 374 374G kel KQ{) Peech
Catson p¥change capacity 1,18 6,72 m.e. /100y Amonium scetate IN, pH 7.0
Exchangable calions, AmMoaUm extract
ratt 6.6% 511 m.2./160g LD.T.A.
M+t 0.33 .13 mee /100g Titan vellow
K™ 6.2} 0.20 m.e. /130 Flame photometer
NaT o8 048 me. /1008 Flame photomeier
Electrie conduetivity 1.80 2.50 mmhos/em 25" ¢ Conductivity bridge

{Saturation extract)

4 2"
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Plols were of 6 m x 3.25 m and contained 3 rows of 15 plants each, Seed
potatoes woere inoculated directly before planting and at 20 and 45 days
thereafter and received broth cultures of 4. chAroococcum or sterile nutrient
medium without carbohydrate.

Yicld was determined 135 days after planting.

RESULTS AND DISCUSSION

Inovulated seed sprouted first and initially gave better growth than
uninoculated seed. This mitial benefit soon disappeared, and at harvest there
way no significant effect of inoculation on potato seed yield in the 0-N
treatment (see Table 2). Inoculation in the presence of fertilizer N had astong
negative eifect on potato seed yield, This was presumably due to the effeet of
added nutrients on pathogens in the soil. rather than w the presence of
Azvtobacter. The results highlight the need for more compatible N-
fernbrzanion-moculation practices.

TABLE 2. Yields {kg/ha) of potato, according 1o levels of N fertilizers and ino-
culation with dzotobacter.

N fertilization (kg N/ha}

0 84 160 x N
Uninoculated 21,756 26,064 1,364 22,128
Inoculated with Azotobacter 24,987 19,692 18,448 21,042

LSDg o = 5470 ks
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CHINESE TECHNOLOGY FOR THE CULTIVATION OF
AZOLLA

T.A. Lumpkin !

Summary

The Peopie's Republic of China is the country most advanced ...
the practical application of Azefla for agricultural production
systems. Methods for the cultivation and management of azolla in
China vary with sensor and location. This paper reviews some of
the methods used in the overwintering of azolla, spring nursery
propagation. large-scale lield cultivation. oversummering and
autumn pursery propagalion.

INTRODUCTION

Hundreds of years ago Chinese peasants discovered that Azofla, a genus of
nitrogen (N;) fixing aquatic ferns, was an effective green manure with which
to increase rice yiekls, Azollais now one of the most important green manures
for rice in the southeastern provinces of China, where over 1.4 million ha are
cuitivated annually for the spring rice crop. Azolla is also used as a green
manure for water bamboo (Zizaniaz aquatica), arrowhead (Sagitmria
sagitifolia) and taro (Colocasia esculenta); as a fodder for pigs, fish, and
ducks; and & occasionally applied to upland crops, as well (Lumpkin &
Plucknett, 1980}, Geographically, azolla is cultivated from southern China to
Just north of the Yangtze River, in the Yellow River Basin and as far west as
Sichuan and Shanxi provinces (see Figure 1)

Healthy azolia plants have a low carbon to N ratic (about [0:1) favoring
rapid decomposition and release of N within a few weeks of soil
incorporation. According to the results of over 1300 experiments by Chinese

fDept Agronomy & Soit Suence, Umversity of Hawgdl, Honolulu, H1, 98822 USA
* Research support from the USAID grant 538.9AH2-412 and the coliaboration of scientists in
the Zhejianp Academy of Agrcalibmal Scicnces, is gratefully acknowledged,
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Figure 1. Most Azolla is cultivated within the intensively cropped rice regions of

Vietnam and southeastern China, along the coast of Guangdong, Fujian,
and Zhegjiang provinces, north and south of the Changjiang River
(Yangtze), and in the Sichuan basin. Black regions on the map indicate
both intense cultivation of azolla and areas where extensive experimenta-
tion with this fern has been undertaken.

researchers in the paddy fields of Zhejiang, Guangdong, Fujian, Jiangsu,
Hunan, Hubeiand Yunnan provinces, cultivation of Azolla pinnata increased
the yield of rice by 600-750 kg/ha above the yield of control plots (Zhejiang
Academy of Agricultural Sciences, 1975). In experiments conducted in China
by the author, rice manured preplanting, or pre- and post-planting, with
Azollavyielded an average of over 1000 kg/ ha more than the control (Lumpkin
et al.. 1981). These increases are comparable with results obtained in
California (Talley & Rains, 1980).

Since the use of spores is not yet possible, only vegetative material can be
used for propagation. This means not only that cultivation of Azofla is a
continual process requiring attention throughout the year, but also that
methods of cultivation and management will vary according to the seasonand
location. The methods discussed in this paper include: the overwintering of
azolla, spring nursery propagation, large-scale field cultivation, over-
summering. and autumn nursery propagation. This information was obtained
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hoth through personal observation and a review of Chinese fertilizer
handbooks {Anon., 1976; Anwei Academy of Agricultural and Forestry
Sciences, 1977; Beijing Agriculture University, 1979; Compiling Committee,
1973; Guangdong Department of Agriculture, 1979; Guangdong Academy of
Agricultural Sciences, 1980; Hunan Agricultural College, 1979).

OVERWINTERING AZ0LLA

Azolia can be killed by exposure to temperatures below -53°C for more than
a few hours. Because of this covered nurseries are necessary for the safe
overwintering of Azefita in the northiern provinces of China's rice growing
region {27-33°N). In the southern-most provinces, and along coastal areas
further north. special covered nurseries are not necessary because the winter
weather iy mild.

The quantity of azolla maintained during the winter varies with the area to
be inoculated in the spring, the cropping system, and the particular methed of
overwintering. While one ha of spring-transplanted rice requires the
overwintering of 450-600 kg of azolla, a similar area of summer-transplanted
rice requires only 7.5 to 15 kg, The quantity of azolla required for the summer
rice crop is small since there is sufficient time to multiply overwintered azolla
in spring nurseries before it is inoculated into the paddy fields.

Flooded nursery methods

The overwintering of azolla in cold areas usually requires the construction
of plastic-covered or mud-roofed beds, as shown in Figure 2. These are
usually 10 m long by 1.0-1.5 m wide and 13-20 crn deep and are oriented either
to take advantage of afternoon sunlight or to give protection against cold
Siberian winds. In extremely cold weather and at night, straw mats may be
placed over the frames to retain the heat of water and soil; on days with mild
weather the plastic sheeting can be rolled back for direct exposure to
sunlight. In areas with mild winters, open nursery beds covered during cold
weather with rollaway mats can be used. These usually measure 7 m long, 60
em wide and 20 cm deep.

The structures pictured cover flooded nursery beds in which Azellaspp. are
maintained. Generally, the azolla inoculum is checked carefully to ensure
freedom from insects; then moved inte the nursery beds in November. Azolla
plants are maintained at a density of 0.75-1 .0 kg/ m? and are fertilized with 1-2
kgim? of farmyard manure and 4-5 kg/m? of river mud. Superphosphate,
ammonium sulphate and straw ash are applied in the early spring to
accelerate the growth rate.
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Figure 2. Structures used in the overwintering of azolla:

a} Arch-shaped overwintering nurseries are construgied of bamboo strips
and plastic sheets in areas where occasional freezing occurs. The plastic
sheets are pulled back during mild winter weather,

b} Mud wall overwintering nurseries with plastic sheet or glass panel roofs
are the most effective profection against freezing weather, This type of
nursery is commonly used for vegetable and rice seedlings as well.
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Out-of-water winter storage

For this tvpe of overwintening 50-75 kg of azolla is placed in aloosely piled
stack. covered with 3-10 cmi of straw ash and sprinkied routinely with water to
prevent desiccation. A removable cone-shaped A-frame structure covering a
circle of ground 1.5 m in diameter is placed over the stack and covered with
straw mats. During the initial period of storage the stacks are monitored to
ensure that they do not compost ; temperatures should stay around 5-8°C, but
should not be less than 0°C. Azolla 1s usually stored in these stacks during the
coldest days of winter. In late winter or early spring, and before warm weather
can cause the stored plants to rot, the stacks are opened up and allowed to
reach ambient temperature; then placed in nursery beds; 50-80% of azolla is
usually still alive,

Overwintering in warm water

Haot spring water has traditionally been used for overwintering azolla. With
industriabization. warm uncontaminated waste water from factories,
especially steam plants, has come into use. Usually, a field near the source of
warm water i3 divided into small nursery beds. The irrigation sysiem is
arranged so that the warm water enters each bed directly without traveling
through other beds. The movement of water is closely watched so that
stagnation and then freezing does not occur.

Overwintering in subiropical areas

Many areas in southern China have a comparatively mild winter with air
and water temperatures warm enough for survival of azolla. In these arcas
well-drained ficlds are raked and levelled, after which farmyard manure and
superphosphate are applied. The fields are divided into long beds running
cast-west 1o prevent the north winds from blowing the azolla to one end.
Screens prevens the loss of azolla during irrigation and windbreaks limit cold
damage to the bed. Water level in the beds is manipulated to minimize
cooling. With this type of overwintering 450 kg of azolla can be multiplied to
provide the 3000 kg/ ha needed toinoculated 1 ha of paddy field in the spring.

SPRING NURSERY PROPAGATION

The goal of spring nursery propagation is to multiply azolla as early and as
rapidly as possible so that the largest possible area of paddy field can be
moculated. To meet this goal, intensive management is essential.

Spring nursery propagation takes place from mid-March to mid-April
along the Yangtre River. At this time of vear, azolla can double in massevery
three to five days because of the mild air and water temperature. Theazollais
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continually subdivided by expanding the nursery areas. This is done to
prevent crowding which could slow the growth rate. Every available paddy is
used for the extension of the nursery. Once a nursery field is covered with an
arolla mat two to three layvers thick, it 15 subdivided to inoculate adjoining
fields. Any extra azolla is used as fodder or is composted for upland crops.

LARGE-SCALE FIELD CULTIVATION OF AZOLLA

In Chima. three differsat cropping systems are used for the cultivation of
azolla as a green manure for rice,

Azollais grown as a monocrop and incorporated into the paddy mud
as a basal green manure before the rice is transplanted (see
Figure 3).

Azolla 1 grown after the rice is transplanted as an intercrop and
wmcorporated as a topdressing manure.

Azolla is grown as both a monocrop and intererop,

Figure 3. Azolla is sometimes grown as a monocropped basal green manure,
Cultivation begins in south China during mid-winter and later, in regions
farther north, as the temperature rises above 15°C.

The cropping system used in any particular location varies each year
depending upon the weather, tradition, and other factors in the cropping
system. When azolla is monocropped, it is usually grown for 20-30 days and
incorporated mio the paddy mud once or twice during that period by plowing



or harrowing. As an intercrop, i is grown until shaded out by the developing
rice canopy. usually 20-40 days, and is partially incorporated once or twice
during that period, by hand during weeding or, in a few locations, with a
modified rotary rice weeder (see Figure 4). The final mat which develops
before the rice canopy has compictely developed either dies naturally after
canopy closure, due to fungal rot, or is incorporated by hand before the
maximum tillering stage of the rice.

Scientists in Fujian province promote the planting of rice in alternating
wide and narrow row spacing (66 cmand 13 ¢m). They claim that this method
does not reduce the rice vield, but allows the azolla to accumulate more N,
since the ferns can grow for a longer period o the wide rows than in evenly
spaced rows of rice, This method has not been adopted elsewhere.

In China there are three main rice cropy: early ricg (spring-summer),
summer rice. and late rice (summer-autuma). Ina few areas all thiree rce crops
are grown. but in most areas only one or two crops are included in the
cropping system. The cultivation of azolla for these different crops is
discussed below,

The spring rice crop

Most azolla cultivation occurs during spring when temperatures are
optimum and insects rare. Azolla is occasionally grown as 2 monocrop and
inoculated into the fields 20-30 days before the spring rice is transplanted.
More commonly it is grown as an intercrop and inoculated into the fields a
{ew days before the rice is transplanted, or a few days after transplanting when
the nce seedlings have recovered from transplant shock. Superphosphate
fertilizer (209:P;0O<} is broadcast over the paddy at the rate of 3.75 grm2every
ten days. The total phosphorus apphied usually ranges from 1.5 to 3.0 g/ m™.
Azolla incorporation is done just before the stage of maximum rice tillering.

The summer rice crop

Summer rice is grown in the cooler areas of China where it is difficuit or
impossible to grow two rice crops each sgason. Since a winter cereal or a
spring vegetable usually precedes the summer rice crop, the ouly azolla grown
as a monocrop is that used as a green manure in seedling nurseries. In the main
paddy fields 1t is usually grown only as an intercrop. As an intercrop, it must
be incorporated as soon as the mal aftains a blomass of 1.3-2.0 kg/m2
because high summer temperatures. high humidity, and shading under the
rice canopy are conducive to the development of azolla fungal rot.

Insect pests are much more prevalent in the summer season. The larva of
Nymphula spp. Pyralis spp. Chironorus spp, and the azolla weevil are the
most serious pests {Lumpkin & Plucknett, 1980}, Nvemphula and Pyradis
larvae and the azolla weevil live on the azolla mat and feed on the young
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Figure 4.

lacorporation of azolla in intercropped plantings with rice.

a} 'the rotary azolla incorporator {above, minus handle) is a modified
version of the commen rotary rice weeder. This implement is used to soi)
incorporate azolla that is growing as 4n intercrop between rows of rice,

b} Intercropped azolla is often incorporated into soil by hand. Although
this practice resulis in more complete incorporation of the azolla mat, itis
being used less because of rising laber costs.



345

fronds. They can destroy the whole mat in a matter of days. Insect control 1s
achieved by dusting or spraving the mat with organic phosphate or organic
chloride insecticides, Chirenomus larvae live under water and feed on voung
roots. They are difficult to detect though usually the adult midges can be seen
flying away from an mlected mat if the surface of the mat is fanned.
Chironomus lariac are controlled by the application of lindane or carbofuran
in a granular formulation,

The avtumn, late rice crop

The cultivation of arolla for the late rice crop 15 limuted to a few areas of
China. the most prominent being southern Jiangsu province. After the spring
or spmmer rice crop is harvested, the fields are plowed and fertilized with 150-
200 kg, ha of superphosphate. Azolla is brought from the oversummering site
(described in the following section) and inoculated into the fieldsat the rate of
300-450 g/m? for monocropping or at 600 g/m? as an intercropped green
manure. A higher inoculum rate is used if aigal blooms are expected. As
typhoons are common in this season, the field may need to be drained to
prevent the azolia from being blown into a pile. When the fronds begin to
overlap. the azotla must be thinned 1o prevent fungal rot, by removing some
for inoculation into other felds or by partial incorporation into the soil.

Since there is usually insufficient time or labor available to grow azollaasa
monocrop. i is more commonly grown as an intercrop; incorporated into the
paddy mud one or two times before the maximum tillering stage,

OVERSUMMERING AZ00L1LA

Oversummering techniques are necessary during the summer in most of
ceniral China. and before and after the monsoon in southern China, where
field water temperatures are too high for 4zolla cultivation and where azolla
must be preserved through a hot season for later use. The best sites for
oversummering azolla have good ventilation, partial shading and cool
flowmng water. Ponds, canals, and streams are favored oversummering sites.
Weeds and algae are removed; then living fences are constructed by stringing
floating aquatic plants such as Alternanthera and Eichhornia together (see
Figure 5). These {loating fences are anchored to the bottom or tied to stakes
on the shore. Long anchor lines accommodate to changes in the water level,
Azolla is then grown within these fenced-off areas.

If sites similar to those described above are not available, azolla may be
oversummered in field plots. Fhis requires careful monitoring of water
temperature during the hottest part of the day. If the water temperature
exceeds 40°C, the field 1s either irrigated with cool water or drained. Drainage
jowers the temperature of the azolla because mud usually has a lower
temperature than shallow stagnant water.
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Figure 5. Slow-flowing streams and rivers are also used {or oversummering and for
autumn muBtiplication, 1'he azoila mat is sectioned off by floating fences
of larger aguatic weeds intertwined with rope.

Under tield conditions where the water exceeds 40°C for long periods, the
arolla is partially shaded o reduce the temperature. Shading is accomplished
by placing frames over the azolla, covering these with loosely woven reed or
straw mats. and spraving the mats with water during the hottest part of the
day.

In some areas plants such as Sevharie are raised along the edges of rivers.
ditches. and ponds to provide shade. Altermanthera philoxeroides,
Eichhornia crassipes and Pisria stariotes may also beintercropped with azolia
to provide shade.

Oversummered azollu is fertilized by spraying a 1-2% agueous solution of
superphosphate directly onto the plants. inaddition, scientists in Guangdong
provinee claim that the application of gibberellin improves the heat tolerance
of azolla by reducing is respiration rate.

The control of diseases, insects and free-living algae is a most important
aspect of oversummering azolla. Only healthy plants that have green growing
points and are free of tungal rot and insects are selected for oversummering.
The most prevalent disease of azolla is a fungal rot sometimes identified as
Rymanar ot Rhicoctonig.

The disease usually occurs when the azolla mats become overcrowded
=300 g m’). or when the water at the oversummering site is too shallow and
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dirty. Precautionary measures include keeping the sites free of weeds and
algae. frequent thinning and dispersion of the azolla mat, and flushing with
clear, cool water. When diseased plants are noticed, they are removed as soon
as possible. and the remainder are sprayed with an ethylmercuric chtoride
solution containing | part chemical to 800-1000 parts water (w/ v} or with 50%
dinitrophenyl thiocvanate solution diluted 1:300 (w/v). Algae can be
controlled by dispersing the azolla mat with a light rake so that the mat
uniformly shades the whole water surface, or by manually remaoving the algae.
Regular stireing of the water and spraying the sites with 1% aqueous solution
of calcium carbonate also helps to control algae.

AUTUMN NURSERY PROPAGATION

Azolia = maintamed in autumn nurseries from mid-September to mid-
November. A certain amount 1s propagated for mig feed, and in some areas,
extra arolla is used as a green manure for wheat and rape.

Autumn nurseries are inoculated with azolla from oversummering sites,
Propagation techniques are the same as in spring propagation, except that
insect pests such as Nymphudaspp., Pyralis spp.. Chironomusspp., and azella
weevils are more prevalent and must be carefully controlled. Superphosphate
and a small amount of N fertilizer are applied at the beginning and near the
end of the autumn propagation season. The autumn nursery season ends with
the first frost. In late October or earty November, healthy, vigorously growing
azolla plants are selected for further propagation in preparation for
overwintering. These plants are grown in uncrowded conditions with
superphosphate and N fertilizer. During this season they are too fragile to be
dispersed with the bamboo azolla rake, Pesticides are applied if necessary to
insure that all insects are destroved.

CONCLUSHIN

China is the country by far most advanced in the use of azolla as a green
manure. A limited amount of Azofle research began during the 1950's and has
ntensified since the early 19605, The tremendous effort at all levels, from the
communes to the national academies, should keep China ar the forefront of
new discoveries. Present innovative efforts are being made 10 extend the range
of conditions under which azolla can be cultivated through intraspecific
crossbreeding. the testing of imported varicties, transfer of algal symbionts,
and the use of plant growth substances. Efforts are also being made in such
areas as the use of spores as seeding material, biological insect control, the
relationship of actunomycetes to the decomposition of szolla, and the
development of effective handtools for the soil incorporation of azolla when it
I$ GrOwn as an intercrop with rige.
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THE EFFECT OF SPECIES OF AZOLLA UNDER THREE
MANAGEMENT PRACTICES ON THE YIELD OF PADDY
RICE

T.A. Lumpkin, Li Zhuo-zing, Zu Shou-xian and Mao Meij-fei!

Summary

The experiment compared nice yields and nitrogen {N)
gecumulation when six different selections of Azofle were used asa
green manure. under three dilferent management practices. Rice
yields varied significantly with management practice and, to some
degree with selection of Azaffrused. However, the highest rice yield
was obiained using & species of Azofla relatively weak in No
accumulation. This is assumed to be due to differences betwzen
species in rate of decomposition in soil.

INTRODUCTION

The genus Azelle is comprised of seven species that demonstrate
considerable morphological and physiological variation. Azolla pinnata has
been used as a green manure crop for rice in China and Vietnam for centuries
{Zhejiang Academy of Agricultural Science, 1975, Lumpkin & Plucknett,
1980) and A. filticwloides, A. pinnata, and A. mexicana have been studied in
experiments in the USA (Watanabe er al, 1977; Talley & Rains, 1980).
However, the seven species have never been simultaneously compared as
green manure crops for rice. In the present paper six Azofle selections,
representing five different species, are compared as green manures {or rice
under three different management practices,

MATERIALS AND METHODS

Germplasm of Arcila was collected by the senior author in 1979, and
representative accessions evaluated for cold tolerance in 1979-80 in China. As

bA cooperalive experiment between the Dept, of Agronomy asd Soil Scienee, Unsv. of Hawaii,
Haonobetu, HL 96822 LSA and the Zhepung Provinee Academy of Agriguitural Sciences,
Fhettang, People’s Repuhblic of Ching.
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a result five cold-tolerant selections and one moderately tolerant Azolla
selection were identificd {or use as green manure treatments m the “early rice”
{late Apvil to early August) crop in Hangzhou (N 30°19°, E 120°12"). The
zelections represented live Azolla species: A. caroliniana, A. filiculoides (two
selections. Vy and Vo). A mricrophvila, A, rubra, and A. pinnata. Each was
compared under three management treatments:
Azolla grown in monoculture for 23 days; then incorporated into the
seil twice befare rice was transplanted (M}
Azolle grown as an intercrop for 20 days, incorporated once into the
sont. and topdressed once by death and decomposition in the
muddy waler (M,).

Azolla grown as a combination of the above treatments {M3).

A randomized complete block design of 18 treatments and six replicates
was used. Because A. microphylia was not cold-tolerant, the inoculum
avaliable was only sutficient for the second of the three management
practices. A -N control. and a treatment to which 60 kg ammonium sulfate
was applied and incorporated prior to transplanting, were included. Each of
the 108 experimental plots was 26 m? and had independent drainage and
rrigation.

In garly spring all Azofa sclections except 4. microphyila were moved to
the field and multiplied. first in plastic covered nurseries and later in open
nUrseries,

The M| and M plots were inoculated with Azefia at the rate of 500 g/ m?
fresh weight (overnight drainage). The Azoflz mat was partially incorporated
into the paddy soil after 13 days and was totally incorporated after 23 days.
‘Makuang Lu-ai No. 4" rice scedlings were transplanted into the test plotsfive
days later.

Azolla for intercropping (M, and M ; treatments) was inoculated into the
test plots at the rate of 300 grm? {resh weight on the day before the rice
seedlings were transplanted, Approximately half of the intercropped Azofla
was mcorporated into the soil by hand 12 days after inoculation. The
remainder was allowed to regenerate for eight more days; then the figkds were
ternporarily drained to incorporate the Azolla. The plots were then reflocded
and kept stagnant to retain the decomposed fern.

Azalla, rice and soil nitrogen (N} were monitored throughout the
experiment. Azolls mat weight was measured at regular intervals with a
bambuoo frame. A small sample of fresh Azollg was retained for determination
of oven dry weight and elemental composition,

RESULTS AND DISCUSSION

Mean rice yields for the 18 treatments are shown in Table 1. Though the
range was narrower than expected because of high residual soil N and cool,



55

TABLE 1: The vield of rice {t/ha) as affected by six Azollz selections under
threz management prac!ices,'

Selection of Azplla Management practice Selection
mean
My M, Mj
A, caroliniang 555 de 497 gh 588 abe 545
A. flculoides (V) 550 de 5.08 fg 588  bed 5.42
A. fiticuloides (V,3 587  abo 532 ef 5.7 at 5,12
A, microphyila - 530 - 5.30
A. pinnata 5.50 de 5.20 fg 6.05 S 5.58
A, rubra 5.69 bed 5.23 H 5.93 ab 3.62
Management mean  5.64 5.15 5.90

IDMRT included -N control 4,70 h) and N fertitizer (5.60 cde).

wet weather during grain filling, significant differences were obtained, and
were clearly visible in the fleld {see Figure 1),

Average nice vields with the different Azofla management practices
decreased in the order My w M, » M;, and both M, and M treatments
outyielded the N control with 60 kg/ha ammonium sulfate added. Table 2
shows the N accumutlation achieved by the different Azolla species under each
management practice. N accumulation, averaged for species of Azolla used,
also decreased in the order My > M, >M,.

TABLE 2: Total N accumuiation (kg N/ha) by each of six 4zoly selections
grown under three management practices. These values do not
inclade the N contained in the initial inoculum.

Selection of dzollz Management practics Selection
mean
M, M, M
A. carcliniana 144 58 169 122
A, filiculoides (V) 143 9§ 200 147
A. fiieuloides {Vy) 150 66 205 140
A, microphylia - 63 - 63
A, pinnata 29 51 11§ 89
A, rubrg 107 45 138 96

Mansagement mean 129 62 166




Figure 1. Differences in the response of rice to the treatments were visible within a
few days after transplanting. Fhis photo was taken {rom one corner of the
¢xperimental site at the time of panicle injtiation. The response of rice 1o
the high level of azolla nitrogen available under the M, management
practice is clearly visible in the labeled M3 plot.
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There are, however, some anomalies in rice vield and N accurmnulation data
for individual Azefla selections. Thus, the highest rice vield in the experiment
was obtained in M, using A. pinnata, a species apparently weak in N
accumulation, while the lowest average rice vields were obtained using A.
filiculoides V|, the selection which accumulated most No. It is assumed that
these differences are due to variation in the rates of decomposition of Azolla
spp. (Shi Su-lian er af, 1980), but this will require further testing.
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THE NITROGEN BALANCE OF PADDY FIELDS CROPPED
TWO TO THREE TIMES PER YEAR TO CEREAL GRAINS,
INCLUDING RICE

Lee Shi Ye!

Summary

This paper discusses the N balance of multiple cropped paddy
fields in southern China, High application rates of manure and
fertilizer N permit pvergll vields of 126 to 20.0 tons ha without
material soil N depletion. Soil N losses vary {rom 6.4-28,7%, and
are affected by soil type The relative contribution of different N
sources to N aptake varies with semester,

INTRODUCTION

In scuthern China more than 604 of the paddy fields are cropped at least
twice each year. mainly with cercal grains such as rice, wheat, and barley, This
intensive system of production requires careful management of sail fertility,
particularly of the soil mitrogen {N) status. This paper examines some aspects
of the developing patterns of N usage in this region.

THE NITROGEN BALANCE OF PADDY S0ILS IN SOUTHERN
CHINA

Table | summarizes N inputs to paddy fields in the Scochow, Shanghai,
and Zhejiang regions of southern China (Hsueng, 1980; Xi Zhen-bang, 1980;
T.L. Wu. unpublished data}, where more than one cereal graincrop per year is
nortnally taken. For this region of approximately 2.2 million ha, chemical
fertilizers currently supply 43-72¢; of the Ninput; green manures or Azolla, 5-
9%, and animal manures, 10-400,. While improved animal husbandry
systems, especially for pigs, have made available increased organic N sources
{with pig manure constituting 753.8-85.6% of these) the increase inthe rate of N

U Institute of Soil & Fertbizor Zhgnng Academy of Agricultural Sciences, Zhehiang, People's
Republic of {hinz.



TABLE 1: The N balance of double and triple cropped paddy fields of some districts in China {1978-1979),

Location Multiple ¢ropped  Levelof N input N output Balance
area (1000 ha} yield (kg/ha) (kg/ha) of N
{t/ha-yr) {kgiha)
Chemical Green  Animal Others Total Crop  Loss Total
fertilizer manure manure recovery
Soochow region 400 8- 9 246 i6 50 26 3318 204 131 335 +3
Shanghai suburb 350 11-12 324 15 89 33 461 243 178 421 +44)

Zhejiang Province 1460 145-11 182 4] 170 30 423 218 135 353 +70

958
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fertitization recommended has demanded greater use of chemical N fertilizer
{see Table 2). Thus. in Zhejiang Province the amount of N applied rose from
248 10 450 kg; ha between 1977 and 1979, with the proportion denved from
chemical sources increased from 27 to 4345,

TABLE 2: Relative use of chemical and organic N in multiple-cropped paddy
tields in Zhefiang Province'

Year Amount of aifrogen Proportion of N from different sources
appled {kgrhal
Organic manure Chemical fertilizer
tkgfha) (%) (kg/kha) %
1977 248 181 73 &7 27
1978 378 225 60 150 40
1979 450 275 57 193 43

Y¥rom the Provincial Burean of Agriculture.

With winter cereal crops now grown in the paddy fields, the opportunities
for winter green manure crops {such as milk veteh} and the propagation of
Azolla have been reduced. and N, fixation now playvs a lesser role in the
agricuiture of this region than in previous decades.

Table 1 aiso shows that the efficiency of N recovery varies from 61-69%%,
with a positive soil N halance of 3-70 kg N/ha per vear. In 2 long-term
experiment. from t974.1979, with barky and two rice crops planted each
year, and with pig manure supplied at 22.5 or 45 ton;ha and urea at 625
kg/ha. soll N was increased from 9.2-14.9%, even though 1784-1904 kg N was
removed with the crops.

There is now considerable evidence that organic N is used more efficiently
than fertibzer N. In an experiment where the same total amount of N was
applied. but the proportion of organic to inorganic material varied, the loss of
N increased with increasing chemical fertilizer. with yields reduced
appreciably {see Table 3},

THE INFLUENCE OF SOIL TYPE ON THE N BALANCE OF TRIPLE-
CROPPED PADDY FIELDS

Even where significant N inputs are made, an appreciable amount of the N
in a rice crop is stll derived from soil N (Koyama & App, 1978). Because of
this, experiments with triple cropping {two rice crops and barley taken each



The effects of the ratic of crganic manure and chemical fertilizer on aitrogen balance of the multiple cropping

TABLE 3.
system (1974~1979, Huangyan, China).

Symbot Treatments Total N applied N recovery M iosses Annual vield®

{organic N: {keg/ha)

chenical N) Soil accumulated Crop uptake

{kg/ha) (%) dkg/ha) (Z) (kgfha) (%) (i/ha)

Ny 64 2571 318 12.3 1865 72.5 gl 15.2 143
NM 4.5 2571 258 10.9 1859 72.3 454 17.7 15.8
Ny 2.8 2571 281 109 1785 68.4 532 20.7 14.G

Tu&vezaga OVer six yeass

865



TABLE 4: The effect of soil type on the N balance of various paddy fields multiple cropped during 1979-8(Q,

Site Topography Soil type Texture Total N N applied’ Sail Crop uptake Losses
(%) (kg/ha) accumulation

(kg/ha) (%) (kg/ha) €9 tkg/ha) (%)

Huangvan Coastal plain Bust mottled ciay loam 3.20 1125 79 7 723 643 323 2B
clayey soil

Jia Xing  River plain Bluigh gray  loamy clay (.15 1125 203 18 746 663 176 15.7
clayey soil

Qu Xian  Lowhill regions Red grume loamy clay (.13 1125 169 15 650 613 26 237
soll

Kaan Yo Valley plain Gray clay sandy clay (.13 1125 191 17 862 768 72 6.4

foamy soil loam

‘P&g manure, 45 t/ha, and (NHg)z 802, 16878 kg/ha, were applied annuslly in euch soil.

Hes
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year) have been carried out on a range of soll types. Though annual yields
reached 16.5 to 20.6 ton ha, there was an N accumulation in soil of 79 t0 203
kg/ha over the two years of the experiment. Losses of N were from only 6.4 to
28.79; (see Table 4}, Lowest N losses were in a sandy clay loam, where yields
were |.7 tons; ha more than in the other soils.

RELATIVE UPTAKE OF N FROM B8O0IL, FERTILIZER, AND
MANURE

In a cropping system with two rice and one barley or wheat crop each vear,
the two rice crops contribute over 756 to the final vield, and remove the most
N.

Field trials with "*N-labeled fertilizer have studied the relative contribution
of soii, fertilizer and manure N to the early and late rice crops. When 5622
kg/ha of (N¥H 1,80, was applied to each crop, early rice derived 32.3% of its
N from the fertilizer while late rice obtained only 23.7¢; of its N from this
source. When (NH,),50, was applied in association with 15 ton/ha pig
manure, the percentage of plant N derived from manure was greater in late
than in early rice (19.6 vs 11.2%;). For the early rice addition of pig manure
reduced fertilizer N uptake more than the absorption of s0il N, but in the late
crop the use of manure appeared to have a sparing action on soil N.
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PROPAGATION OF AN AZOLLA SP. AND ITS POTENTIAL
AS A GREEN MANURE FOR CORN IN MEXICO.

R. Ferrera-Cerrato and A. Miranda Romero!

Summary

Cultures of Azolle were collected in Tabasco, Mexico, and
maintained on synthetic medium  deveid of nitrogen (N}
Preliminasy studies using inundated soil trays showed that fresh
weight yields of 7.3 ta 14.2 timey that used as inoculum could be
obtained in only 30 dayvs. but that growth varied with N and
phosphoras (P} sousce,

When Azofla was incorporated into soil as a green manure for
maize af rates ol 1. 3and 53¢ husgrowth of the corn was enhanced,
hut the increase in dry maticr production was 1ot 4 great as that
achieved with the applhication of 69 kg N, ha,

INTRODUCTION

Azofla, an aguatic fern of the Salvinaceae, is capable of a symbiotic
relationship with the cvanobacterium Anabaena azollae, as a result of which
appreciable quantities of nitrogen (N,) can be fixed {(Food and Agriculture
Qrgamization (FAQO), 1977, Watanabe, 1977). Azolla has been used
extensively as a green manure in Asia, especially in rice production, but has
been littie used or studied in other areas of the world. Problems in its wider
adoption include (FAQ. 1978)

Development of strains more tolerant of temperature extremes;
Preservatiom;

Diseases and pests;

Vegetative propagation; and

Production, management, and transport.

Since Mexico has large areas with seemingly appropriate conditions for the
growth of Azofle. we have initlated research to determine methods of

U Beccion de Micrabiologia ¢+ Bisgjeimica, Centro de Edaloleghn, Colegio de Posgraduados,
Chapingo. Méxco



562

propagation and use appropriate to Mexico. This paper gives some early
results.

MATERIALS AND METHODS
Primary propagation

Samples of Azolla were collected from Tabasco State and cultured on
Jensen or Norrs medium, devoid of N. They were grown under continuous
light at 30°C without addmional aeration,

Secondary propagation

For fertilizer and growth studies, Azo#la was inoculated into 950 cm? plastic
trays containing | kg of a sandy clay loam soil and 3 | distilled water. An
inoculum of 2.5 g/ tray was used, and trays were maintained under controlled
greenhouse conditions with temperatares from 10-12°C by night and 25-30°C
by day.

Effect of nitrogen and phosphorus fertilization

Three sources of phosphorus (P} — simple superphosphate, triple
superphosphate and rock phosphate -— and two N sources — urea and
ammonium sulfate — applied alane, or as mixed N and P sources, were tested
for their effects on the growth of Azolly. A single rate equivalent to 40 kg/ha
of N and/or P was applied, the trays inoculated with 2.5 g of Azollg, then
incubated for 30 days in the glasshouse. The A4zolla was then harvested, and
#ts fresh and dry weight were determined.

When N application was shown to have little effect on growth of Azolla, a
second series of experiments with the three P sources, but applied at rates
equivalent to 20. 40, 80, 160, and 320 kg P/ha was undertaken. This
experiment was terminated after 15 days, by which time trays receiving the
heavier fertilizer dressings were completely covered with Azolla.

Productivity evalustion

A series of trays were inoculated with 2.5 g fresh weight of Azolle and
fertilized with simple superphosphate at a rate equivalent to 120 kg P/ha.
When Azelle covered the tray's surface, half the Azolla was harvested and
weighed; the remainder was allowed 1o reproduce, and, in turn was harvested.
Growth rates were determined as tons/ ha per day.

Azolia for corn fertilization

Plastic pots containing 3 kg soil were fertilized with 40 kg/ha triple
superphosphate; then 0, 1, 3, or 5 t/ha equivalent of 4zolla were added and
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incorporated. Pots were maintained at field capacity for 12 days, at which
time 4 corn seeds/ pot were planted. These were thinned to 2 seeds/ pot after
germination. Three replicates of each treatment were used, and controls
supplied 23 or 69 kg N/ ha included. Sixty days after germination the corn was
harvested. and its height, leal number, plant dry weight and root weight were
determined.

RESULTS AND DISCUSSION
Response to fertilization

Effect of different N and P sources on the growth of Azolla is shown in
Figure 1. As stated earlier, N fertilization did not enhance the growth of
Azolla, which obtained all the N it required through N, fixation by the
microsymbiont. Responses were obtained to P application, but were
somewhat variable (see Figures | & 2). Most consistent results were obtained
with the application of simple superphosphate. With 120 kg P/ha as simple
superphosphate. the rate of growth of the fern was linear and equivalent to
(.47 t/ha per day.
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Response of corn to fertilization with 4zolia

Parameters of corn supplied with different rates of Azolla as a green
manure are shown in Table 1. Corn responded to Azolla application, though
the increased dry matter production with 5 t/ha Azolla incorporated was not
as great as that achieved by applying 69 kg N/ha.
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TABLE 1: Effect of 4z0lla addition as fertilizer for com,
Dose of Corn growth paramsaters
Azoila
{t/ha) No.of Height Fresh Diry Root Root
leaves {em} weight weight weight volume
(g} {g} () (ml)
g 7.3 63.3 59 (3,90 0.70 6.6
i 7.5 68.% 8.6 1.25 .58 83
3 7.7 7540 10.0 1.46 0,71 5.9
K] 7.9 78.0 11.7 1.71 0.72 9.3
REFERENCES

Food and Agricullure Orgarizatson (FAO) (1977) Organic serap in agriculiure, Zm
Biofertitization. FAQ Soils Bulletin No. 0. FAQ, Rome, ltaly.

Food and Agriculture QOrganization {FAO) (1978) 4zolle propagation and small-seale
biogas technelogy . fm Propagation and agriculiural use of 4zofla. FAO Soiks
Bulletin No. 41, FAO, Rome, ltaly.

Watanabe, L {1977} The utibzation of the Azofla-Anabacna complex as a nitrogen
fertilizer for rice. 1RRI Research Bulletin No. 11, IRRI, Los Bafios, The
Philippines.



BNF Teehnology for Tropical Agriculture

THE USE OF AZOLLA IN WEST AFRICA

P.A. Reynaud!

The presence of Azolla pinnata var. africana has been reported in Benin,
Ghana (Ada). Guinea Bissao, Guinea Conakry, Gambia, lvory Coast (Dabou
Bouaké), Mali{Bamako), Senegal {Casamance} and Sierra Leone. Unti} 1977,
it was constdered a curiosity, and sometimes treated as 2 weed. Its effective use
as a green marure in Alriea s currently limited to Guinea Conakry where the
management procedures have been imported directly from China, and to
remote valleys of the Sine Saloum in Senegal. The northern clunatic limit of
its potential use in West Alrica would be the [5th parallel

This note reports some chservations on azolla in western Africa.

Light intensity: Near the 15th parallel, the high light intensity (100 kiux at
[300 h) limits the growth of 4zo#fa. In such situations it is essential to
grow Azofle inocula under cover, and to add them to rice paddies only when
the rice canopy can provide some protection

Tempergture: In the Sahelian region of west Africa the temperature range
from January to Aprilis 15-23°C, and the growth of Azolla is very slow. The
average doubling time s 20 days, when plants are protected from excessive
light, but only 42 days without a canopy (see Figure 1). In April when the
temperature increases the doubling time i3 markedly reduced.

Dryness: Desiceation reduces N, (C»H,) activity to zero within 24 h and
stops growth. The changes are not reversible {Reynaud, 19301 Addition of
alginate {0.05%) to the growth medium slows the effects of desiccation and
can be used in shipping inoculants,

Bivtic faciors: Competition from aquatic weeds such as Salvimia
nympheliula has been observed in Dabou (Ivory Coast) (V. Jacq. personal
cormmunication}. The small fish Lebisres reticulatus damages Azolla fronds
and roots, facilitating fungus attack (Reynaud & Paycheng, 1981). Insect
damage to Azofla in Africa has not been evaluated.

Yield of azoffa: Maximum azoila productivity obtained under our
laboratory conditions has been 128 g fresh weight/m? in 15 days.

' ORSTOM. BP 1386 Daker. Sensgul.
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Figure 1. Variations in the doubling time (fresh weight) of Azofle pinnata var.
africana, and maximury and minimum temperatures for Dakar (Senegal)
from January-June, 1980,

Experimental results with azolla: Two experiments have been conducted at
the ORSTOM Bel-Air station in Dakar. The first showed that dry azolla
incorporated at a rate of 50 kg N/ ha resulted in rice vields similar to those
achicved by applying 18 kg N as urca. When fresh azolla was applied at 200
g/ n?, yields were equivalent to applying 50 kg N/ ha as urea. In the second
experiment application of azolla to rice without N fertilization increased grain
yields 38-40%, similar to the application of 30 kg N/ha as urea, with best
yields obtained with two azoella inoculations, one before and one after
transplanting. The combination of azolia inoculation plus 30 kg N/ha asurea
increased grain yield more than applying 60 kg N/ ha as urea. Drving of azolla
before incorporation reduced the benefit obtained.

Other uses for azolln: lrrigated sweet potatoes (Jpomea batatas) are
economically important during the dry season, Sweet potatoes cultivated on
ridges have been successfully inoculated with A. agfricana applied in the
furrows, where fresh water at pH 5.7 to 6.3 flows continuously. In such
conditions the doubling time of the azolla surface area is four days.
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SOME EXPERIMENTS ON THE USE OF AZOLLA FOR RICE
PRODUCTION IN INDONESIA

S. Brotonegoro,! M. Sudjadi,’ S. Partchardjono.? H. Sukiman,!
T. Prihatini,? and V., Hendriks?

Sunpmary

Experiments have been carried out in the field to find the best
method for propagating Acella in siw and to determine the
response of rice plants (o the addition of Azo/s as a gresn manure
in wetland rice fields,

The results showed that an moculum density of 400 g of fresh
Azofla; m? was optimal tor the propagation of Azofle in the open
field in West Java. Indonesia. Application of P fertilizers, as either
deuble or triple superphosphate invariably improved the growth of
the water fern. At high rates of P application, splitting the
application into three or tour portions gave higher vield of Azolla
than a single apphication. The application of Mo n the form of 9.25
kg Na,MoQy, ha. did not improve the growth of Azolla. Shading
with covers made from palm leaves improved the appearance of the
fern but reduced its biamass considerably,

Rice vields benefited significantly from the use of Azoflaas a
green manure.

INTRODUCTION

Green manure, in the form of young leaves of various plants, but mostly of
Leguminosae {Seshania, Crodalaria, Tephrosia, etc), has been used by
Indonesian farmers for many vears to increase production in flooded rice
fields. The leaves are added to soil after the land has been prepared for the
next planting season, plowed in, and then irrigation water is run on fo the
land. A strong objection to green manuring is that to grow plants for this

Mationa! Research bnstusie Bogor, Indonesia,
! Hoil Research institute Bopor, Indonesia.
¥ Centre Research tnsttnte Bogor, Indonesia,
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purpose involves considerable labor and occupies land reguired for other
purposes. Because of this, green manuring has progressively beenabandoned
in favor of using nitrogen (N) fertilizers which are available now in Indonesia
at a relatively inexpensive, subsidized price. However, 1n some areas, where
the infrastructure for fertilizer sale and use has not vet developed, green
manuring is the only means (or soil amendment.

The choice of plants to be used as a green manure depends on local
conditions, but it is suggested that the plant should have the following
charactenstics:

Fasy propogation by rither seed or cutting,

Fast growth,

Production of abundant icaves with a relatively high N content,

Easy and rapid decomposition in soil, and

Lack of disease or pest harmful to the subsequent erops.
Azoila satisfies these criteria, doubling in weight i three to fourdays, having
a relatively high N content of 3-366 dry matter (0.15 - 0.25% of fresh weight),
and being easily decomposed in wet soils. 1t is not surprising, therefore, that
thiz plant has long been used by Vietnamese and Chinese farmers for
manuring their rice fields.

In Indonesia. the possibility of using 4 zella as a green manure in rice fields
was explored by Saubert before and during the Second World War (Saubert,
1949}, but this work was discontinued on his death. Since 1974, experiments
on growth and Ny fixation of Azofla pinnata have been conducted in the
greenhouse at Bogor {Brotonegoro & Abdulkadir, 1976, 1978}

Two years ago this work was extended to include field investigations. On
the one hand. these studies evalvated factors that could affect Azolla
reproduction. such as inoculum density, mineral nutrition, and light intensity;
on the other hand. they sought to confirm the value of 4zella as a green
manure under Indonesian conditions.

FACTORS AFFECTING THE FIELD PROPAGATION OF 4AZ0LLA
Inoculum density

The period usually allowed for the growth of Azofle is relatively short
{approximately 12 days). if insufficient inoculum is used, space and sunlight
are wasted, and insufficlent green manure is available for the adequate
development of the rice plant. With too heavy inoculants, both N, fixation
and growth rate will be reduced (Ashton, 1974).

Studies at Cimanglit and Cirtung, West Java, compared the effect of
inoculum density (in one trial 200 or 300 g fresh wt. of Azo/la/m?; ina second
trial 200, 400, or 660 g fresh wt. of inoculant/ m?) on yields of Azofla. Results
are shown in Table [. In the first trial no significant difference was found
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TABLE 1. Effect of inoculum density on the vield of Azolla grown in the

field.
Inocutum density Azollz yield'
(g fresh wt;’mz) (t fresh wi/ha}

Cimanglit, West Java, wei season 1979

200 1503 &
30 17.23 a

Cirtung, West Java, dry season 1979

206 17.15 a
400 2350 b
500 200 0b

THarvested afier 12 days. Any two numbers followed by the same letter are not significant-
Iy different at the 8.05 level

between inoculation at 200 and 300 g Azolla/ m2 In the later trial, in the 1979
dry season, maximum viclids were obtained using 400 g 4 zoflaf m?,

Mineral requiremnents

Deficiency of phosphorus (P} is observed frequently in Java and South
Sulawesi. With P deficiency 4zolle plants are reduced in size and reddish in
color. Experitnents were carried out to study the effect of rates and times of
applicatien of P fertiizer. In these experiments application of triple or double
superphosphate invariably improved the growth and vield of 4z0fla. At high
rates of P amendment. splitting the application into three or four applications
gave higher yields of Azofla than did a single, big application (Table 2).

By contrast. and while molybdenum deficiency is rather common in Java
(Newton & Anwar Said, 1957), application of Mo to Azofle did not improve
the growth or yieids of this water fern (Table 3).

Shading

During a survey conducted in South Sulawesi, it was noted that the growth
of Azolla in shaded areas was better, greener, and denser than in the field.
Tuan & Thuyet (1979} also report carlier studies in which shading witha gauze
cloth proved beneficial to Adzolls. Because of these observations an
experiment was undertaken at Cicurug, West Java, to determine the effects of
shading, produced by a cover of palm leaves, on the growth and appearance of
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TABLE 2; Effectof Pfertilizer on the growth of 4zolia under field conditions,

Rate of F, 0 Fresh wi
apphcation {kg/ha) {tfha}
A. Ciriung, West Java
¢ Control 2.9¢
6 Single appl. 4.22
6 Three appl. of 2 kg/ha 3.16
B, Cicurug, West Jave
4 Two appl. of 2 kg/ha 8.43
8 Four appl. of 2 kegfha $.28
16 Four appl. of 4 kg/ha 11.00
C. Cimanglit, West Jave
30 Single apol. 8.20
30 Two appl. of 15 kg/ha 12.45
30 Four appl. of 7.5 kegfha 27.73

TABLE 3: Response of Azeily to the addition of Mo to the soil; Cicurug,
West Java, wet season 19806-1981.

Treatment Azoliz biomass 7 of control
(t fresh wt/ha)

Control 6.88 160

0.25 ke 6.38 93

Na,MoO,.2H, 0/ha

Azolla grown with moderate amounts (9 kg P50,/ ha) of phosphate. From
Table 4. it is evident that shading improves the appearance of Azolia, but
reduces its biomass appreciably.

CROP RESPONSE TO AZOLLA

Field trials were carried oui to examine the benefit of Azella as a
supplement or substitute for N fertilizer in rice production under flooded
conditions. In the first of these trials, carried out in a randomized complete
block design having three replicates, rice plants received 60 kg N/ha in the
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TABLE 4: Effect of shading on the growth of Azallz in the open
field; Cicurug, West Java, wei season 1980-1%81.

Treatment Biormass Color
{t fresh wifha)

Full suniight; control 9.57 Reddish
Shaded £.63 Dark green

formn of Azolle fertilizer N, or a mixture of the two. All plats received 30
kg/ha P,05 as triple superphosphate, KC, and Furadan. One piot also
received Mo in the form of NasMoO,.2H,O at a rate of 4 kg/ha. The height
of rice plants. and the number of tillers they had, was determined one month
after transplanting. at the primordial stage, and at the beginning of flowering.
At harvest yield determunations were made in all plots.

While fertilizer treatments did not affect the height of the rice or the degree
of tillering, there was a sigmificant difference between treatments in final yield
{see Table 3). The application of Azolla alone, or of urea at a rate of 60 kg
N/ha raised rice yields substantially. When both Azofle and urea were
applied. in different proporttions, but at a combined rate of N fertilization of
60 kg Nyha. vields were higher than, but not significantly different from,
contral plot yields,

TABLE 5: Duncan’s Multiple Range Test for grain yield of rice
variety IR 36 grown on different sources of N; Cirtung,
West Java, dry season, 1979,

Grain yield Statistical
Treatment’ (kg/ha) significance?
Control 3008 a
Azolla 60 4+ Mo 4494 b
Azolla 60 4386 b
Urea 60 4079 b
Azolla 20 + Ures 40 3712 ab
Azollg 40 + Urea 20 38491 ab

"4zolle 60 = Azolla equivalent to 60 kg N/ha added.
Urea 60 = ursa equivalent o 60 kg N/ha added,

Any two numbers followed by the same letter are not sipnilicantly different
at the .05 level,
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In a second trial rice plants were fertilized with different sources {Azofla,
urea, or a cambination of hoth) and different levels (30, 60, 90 kg/ha) of N.

Azella were seeded and incorporated into the soll at two different times,
namely before and after transplanting rice seedlings. An inoculum density of
200 g fresh wt/m? was used in this trigl with incorporation of Azoflz carried
out after the fern fully covered the plots. In one treatment, Azoffe were not
incorporated into the soil. Yield data obtained from this trial is shown in
Table 6. In general plots fertilized with Azolla, either singly or incombination
with urea. gave greater yields than those that received urea alone, while plots
that received the inoculum after transplanting the rice seedlings gave higher
yields than <id plots which were inoculated before transplanting. There wasa
slight decling in yields when Azolfa was not incorporated, but the difference
was not significant. The highest grain yields in this trial, with a yield 40%
higher than that of the control, was obiained when plots were inoculated both
before and after transplanting. Yields in this plot were significantly better
than those achieved when 98 k N. ha as urea was applied.

TABLE 6: Duncan’s Multiple Range Test for grain yield of rice variety Cisa-
dane grown with various sources and levels of N; Muara, West Java,
drv season 1930,

Grain yield Statistical

No. Treatment {kg/ha) significance?

i Control 4993 a

2 Urea 30" 5209 ab

3 Urea 60 5995 bed

4 Ursa 90 6064 ¢d

5 Azolla; inoculated before transplanting® 5375 abe

6 Azollg; inoculated after transplanting 6185 de

7 Treatment No, 6; not incorperated £136 cde

8 Treatment No. 5 + Urea 30 6384 de

2 Treatment No. é + Urea 30 6565 de
10 Treatment No. 5 + No. 6 6275 &
11 Treatment No. § + Urea 64 6370 de

*Urea 30—urea equivalent to 30 kg N/ha added,
Any two numbers followed by the same letter are not sgniffcantly different at the .03
fevel,

3Azoﬂa; inoeulated before teansplanting —seeded with Azollz at an inoculum density of
200 g fresh wt,fm2 before transplanting; then incorporated into the soff when plots were
fully covered,
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From the resuits of the field trials reported above, it can be concluded that
Azolia can be used as # green manure in wetland rice fields substituting for N
fertilizer. In one of the locations used for the trials, Azolla could also be used
as a supplement applied in combination with urea.
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BN AS A TOOL IN BIOLOGICAL NITROGEN FIXATION
RESEARCH

P.B. Voue, A.P. Ruschel, R.L. Victoria, 3.M.T. Saito, and E. Matsui!

Summary

Nitrogen-13 prowides a means of quantifying nitrogen {N)
fixation in sitvations where estimates based on vield or total N
determinations are msstiiciontly specific. Use of Ne-gariched
atmospheres s the standard by which other methods must be
judged. and is the enitical method for confirming any new Ny-fixing
association. The use of "Neenriched cultare solntions is briefly
discussed. The extension of wotope dilution procedures to soil
gnviroaments 1s a major siep m quantifying Ny fixation in the field,
using P*N-labeled fertdizer und the yiation:

Po; atom excess SN (fixing erop)
N fixed = | ~ | x 100
L‘ atom cxeess BN fnon-fixing)

A major advantage of the neethod isthat one canisolate the effect
of fertihzer and soil N on N, fixation, and separate the effects of
agronomic practice that m;}‘ affert vield in ways other than
through N fixation. The A-level approach. though it has been
vaiable in doveloping thinking, 5 less suitgble, as it s vield
dependent and may be atiecied by logses of ferplizer N, The special
preblems of determinmg usiociative N, fixation, especially in long
segson and perennial crops are discussed. Problems inherent in the
determination of N; lixation by means of natural BN abundance
ratios { § SN %, ) are considered, and it is concluded that it could
become a usetul and nespensive technique, but that very careful
attention to analytical detasd arad better knowledge of plant isotope
discrhmination faciors are needed.

UNDP TAEA Project Centro de Lnergia Nuclear na Agricuitues, P 96, 13400 Piracicaba.
Sao Paulo. Brazil
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INTRODUCTION

There is no single “correct™ way of measuring nitrogen (N, } fixation— all
methods are complementary. In the past, the effectiveness of Rhizobium
strains: the specific ability of legume genotypes to support an effective Ny~
fixing system; or the etfect of agronomic practices on N fixation, has been
measured by the yield of harvested or total N in the crop. Both of these are
valuzble parameters. and from the practical point of view, seed yield is
obviously very umportant,

Total Kieldhal N s theoretically quite a good measure of increased N due
to fixation. but it cannot specifically distinguish soil N, nor is it very suitable
for use where N tertilization is a variable. Moreover, where soil or fertilizer N
inputs are relatively high. the propoertion of total N due to N fixation may be
low enough 10 be obscured by sampling, analytical, and other experimental
errors, This s a major problem in short-term experiments. The use of very N-
poor soil or ol massive soil applications of ineffective rhizobia 1o suppresg
more effective bacteria in the “zero” control are techniques that have been
used 1o enhance total-N data, which essentially rely on differences between
treatments. Neither can be regarded as a satisfactory solution.

Although there are stull sume problems of technique 1o be overcome, BN
motope dilution methoeds applied (o soil situations are now helping us obtain
better mformation on thederivation of plant N whether from fertilizer. soil, or
fixation. in & manne:. that 13 not possible when yield or total N are the only
determingtions. This paper briefly mentions the use of N.labeled
atmospheres and nutricnt solytions, but primarily concentrates on the use of
FN isotope didution methods with soils.

N, -LABELED ATMOSPHERES

The use of N, -labeled atmospheres to determine actual N, fixation js the
primary standard against which other methods are judged. It was first
emplioved soon alter "N became generally available (Burris & Miller, 1941)
and has subsequently been used to provide the vital evidence for N, fixationin
a succession of nonrhizobial associations, e.g., Alnus (Virtanen er al., 1955)
lichens (Bond & Scott. 1955} sugarcane (Ruschel er g/, 1975} and tropical
grasses (De-Polli er of., 1977, The earlier ¥N work has been reviewed by
Stewart (19606),

The principle is simple; the whoele plant, or at least the root, is exposed to
13N-enriched atmosphere in u chamber for an appropriate period of time,
followed by determination of the YN concentration in the plant. Either the
whole plant or its sepurate parts may be analyzed; then the percent total N in
the ptant sample that was fixed during the experimental period is obtained
frem the formula:
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sample atom ‘¢ BN gxcess
N hixed = — x (00
243 atom ‘¢ 1IN gxcess

Knowing the total amount of N present in the sample enables caleulation of
the actual amount fixed during the experimental period.

The methods have been adequately described (Burris & Wilson, 1957) and
have not changed significantly. The CENA technique for determining V"N
fixation in 2 small luminated chamber has been described by Ruschel er al.
(1978; 1979a). Similar approaches have been reported by Witty & Day (1978}
for determining asymbiotic N, fixation, and by Yoshida & Yoneyama (1980)
working with ficoded rice. Usually rather high ¥N atom excess material must
be used 1o overcome the large dilution effect. Such experiments require at
least 30-3027 **N atom excess, and for associative Ny fixation experimenisand
with short exposure times we prefer %% N atom excess.

The two major limitations on the use of “N-labeled atmospheres are the
difficuity of handling more than a few plants, and the problems of using the
technique in field situations. Suggested methods have included hifting small
plants, placing them entire with soil in a polyethene bag, and replacing the
whole bap in as “near natural” a situation as possible, With sugarcane, we
placed a steel container around a plant In sine in an ordinary sugarcane field,
and were able to demonstrate BN enrichment of the rhizosphere soil (Matsui
et al., 1981). The work and expense was justified for this critical experiment,
but it could certainly not be a routine. F.R. Warembourg (personal
communication) has developed a method for double labeling of plants with
HN; and “C0; under near-natural conditions in order to investigate carbon
behavior in relation to N, fixation.

BN-LABELED NUTRIENT SOLUTIONS

The use of nutrient solutions is commonplace in many N fixation studies
with both legume, RAizobiusm symbioses and other Na-fixing systems. Agthe
culture medium ts usually defined by both volume and congentration, the
total amount of N available 1o the plant 15 known; therefore, in many
experiments involving only one cultivar and variables other than N, the
amount of Ny fixed can be obtained readily by difference. If, however, the
amount of fixation is small, if cultivars are a vaniable, and especially if N level
is a variable and its effect is thus confounded with N, fixation, then the BN
label can be valuable in providing an exact measurement of N, fixed.

From isotope dilution principles, the proportion of N in any plant part
derived from the nutrient solution will be given as:
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CN L atom 0 N excess, plant part
sy ACTIVCE HEet

= — X 103
nutrient sofution

alomi T % gxcess. nutnent solution

the remainder being the proportion of N derived from fixation,

Anadvaniage of the method is that it is pessible to calculate the percentage
of N derived trom the nutrient solution or from fixation and, by reference to N
content data of the dilterent plant parts, provide anestimate of the derivation
and amount of nitrogen nevery plant part, and the wial, without reference to
the N content of the nutrent solution. This removes a petential major source
of error. and morcover, makes it possible to determine N, fixation by plants
grown in contimuous-tlow nutrient solutions, which is otherwise almost
impossible. except with non-nodulating comparison hines. Conversely, we
have used the '°N labelin 4 continuous-flow nutnent solution to confirm the
absence of N, fixation i an experiment to investigate the redistribution of
leaf N in Phaseolus (Vose et al, 1981). Even with a total loss system of
continous-flow, the cost of labeling the solution with 1.5% atom excess 15N for
a ten-week period was rather small,

MEASUREMENT OF N; FIXATION IN SOILS USING N ISOTOPE
PHLUTION

PN-labeled fertilizers are now used routinely to obtain a sensitive and direct
measure of the proportion of total N in the plant crop that has been derived
from the applied fertilizer ™ and the proportion that has come from the soil:

i

fe N exoess in plant material
OSSR — e % {0
o PN exeews 1n fertilizer

% Ndueto _
fertilizer

If the total amount of N in the plant or crop is known it is then very easy to
calculate the actual amounts of N in the plant due to fertilizer and soil-derived
N (Broeshart. i974; JAEA. 1976, Vose, 1980} In the case of Ny-{ixing plants,
although a perfectly valid determination of fertilizer-derived N is obtained,
the value obtainad for "soil N is in fact the sum of soil pool N and N; derived
from fixation. The problem. therefore, is 1o separate these two components.

All methods using isotope dilution in soil situations depend on the
comparison of N/ N ratios of Nj-fixing with nonfixing test plants. Vallis et
al., (1967} suggested the possibility of using the dilution of *N-enriched soil
nitrogen by atmospheric N, as a means of quantifying N; fixation, However,
development of the isotope dilution approach came through the A-level
approach (Broeshart, 1974), and the work of Legg & Sloger (1975)and Rennie
et al. (1976},
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Use of A value for determining N, fixation

The A value refers to theamount of an available nutrient in the soll in terms
of a standard (Fried & Dean. 1963). Broeshart (1974) and Fried & Broeshart
{1975} noted that for an N,-fixing plant there were, in effect, three A values
corresponding to the three sources of N: Afsoil), A(fertilizer), and
Alsymbiosis). A(soil} + A{symb) can readily be calculated for a N,-fixing
crop. If a nonfixing crop is confronted with the same source of soil N as the
fixing crop, the A(soil) can be indepengently estimated. It follows that
A{symb ) is equivalent to the difference A{soil + symb) - A(soil). The actual
amount of N fixed can be calculated as:

‘ total N yield in crop
N, fixed {kg ha) = Alsymb)

total N supply to crop

which becomes in practice:

CAvalue Avalue | 9N dif x total plant N (kgsha)
N; fixed (kg/ha)= | flxing -~ nonfixing | x - g 100
E spstemt system tertiizer N applied (kg ha)

fixing system

An advantage of the A-value method is that the fixing and nonfixing test
crop can receive different rates of fertilizer N (Rennie e al., 1978). However,
an overwhelming disadvantage of the procedure is that itis yield dependent,
and, thus, its precision can never be better than that of other vield dependent
methods. As Rennie (1979} has pointed out, legume N, fixation experiments
are carried out with low levels of applied fertilizer N, and it is under these
circumstances that A-values can be least precisely estimated. Additionally,
the A-value method includes a term for the rate of applied fertilizer N which
means that any loss of fertilizer N by denitrification or volatilization will
result in error. Such losses may be substantial {Gasser et af., 19673, Thisseems
to introduce a complication which is avoided by the vield-independent, direct
isotope dilution procedure, which shows insignificant isotope discrimination
in the gaseous loss process,

Therefore, while the use of A value to estimate N, fixation was a useful step
towards developing the more direct isotope dilution equation (Fried &
Mellado. 1977}, it 1s doubtful if we should now put much emphasis on it. The
concept is difficult for many nonspecialists, and can lead to arguments of
mterpretation that the more straightforward equation is able to avoid.
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Use of direct isotope dilution technique for determining N, fixation

Legg & Sloger (1975) enriched soil by adding 1*N-labeled fertilizer together
with a large amount of sucrose and powdered celiuiose, and waited until the
newly incorporated N was in organic form, before carrying out the
experunent with nodulated and non-noduiated soybeans, There have to be
doubts as to the admissitulity of adding such large amounts of carbohydrate
with ifs incvitable selective influence on the soil microflora; moreover the
method was restricted to pot experniments. The equation used was:

{ua-bj}
Nt = ]
{c-b}

where Ni = fraction of N3 fixed,

a @ atom Y% N in nodulating plants,
b & atom ¢ K in the atmosphere,

¢ = atem 77 YN non-nodulating plants,

The sotope dilution eguation more generally adopted is the same, in form,
if not in derivation to that above:

i T aton (¢ 3N in fixing crop
G Ny fixed = | | e e
L % atom % PN in nonfixing crop

x {00

The mathematical basis for the equation was provided by Fried & Mellado
{1977y and Fried & Middichoe (1977}, the latter authors demonstrating that
the equation can be obtained by reducing mathematically from the fifth
equation above. Nevertheless it should be appreciated that. in priaciple, the
direct isotope dilution procedure is both vield independent as regards
calculation of percent N derived from fixation, and assumes, at least
theoretically. unuform mixing of the BN fertilizer in the soil.

Experimental fechnique

A randomized block design with about six replications seerns convenient.
The nonfixing test crop should be situated as close as possible to the fixing
crop. The 5N label is applied to about | m2subplots; the remainder of the plot
being taken for yield data. For applications of about 20-25 kg N/ha, 5%atom
excess 'SN-enriched fertilizer should be used, but for applications of 100 kg
N/ha this enrichment can be reduced to about 1.5% atom excess PN, Care
must be taken not to contaminate the non-enriched plots either by irrigation
or through the transfer of soil en boots or implements. Contamination can
lead to large and probably variable natural abundance figures. This is
especially important if natural abundance is Lo be used to estimate N fixation
in the zero N plots.
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To sbiain good distribution the BN fertilizer is probably best apphied as a
liguid, but alternate practices should be contrasted to establish the best
procedure. Although it has been stated that itis not possible to use the isotope
dilution method to measure the N5 fixation of plants grown in soil becauase
of the impossibility of getting uniform spatial distribution of the N label,
absolutely uniform distribution does not seem essential. Surely in practice the
basic requirement 1s that roots of comparative treatments should have equal
access to the N label and other sources of N. Of course if there is good
distribution of the *N. then any difference between root systems is likely to be
minimized. Good N distribution is, thus, a highly desirable feature, bui not
critical providing the root systems exploit the same soil zone,

Evaluation of the isotope dilution technicque in soil situations

With nodulating and non-nodulating soybean isolines in a pot experiment
Ruschel ef of. {1979b) found that calculations based on total Ncontent or N
data gave variable resulty according to the growth period. At the 75-day
harvest and at maturity. both methods gave similar estimates for Nz fixation.
However. at the 35-dayv harvest the isotope dilution technigue showed that
20% or more of the plant N came from fertilizer uptake, while calculations
based on total N indicated that none of the N inthe top was from the feciilizer
applied.

In a second experiment in which total N and isotope methods were used to
calculate the proportion of Nderived from the fertilizer, soil, and N, fixation,
the total-N method showed more N derived from theapplied fertilizer and less
from the soil (see Table 1}. There was also a major discrepancy between
methods in assessing the percentage Nz fixed at the 50 kgN/ha fertilization
level. Thus, by the total-N method, 30% of the plant N was derived from
fixation, whereas, using isotope dilution, only 4.2% of plani N had been fixed.
Consideration of the "N data showed an increasing proportion of fertilizer-
derived Nwithincreasing fertilizer level, and also an increase in soil-derived N
due to greater root growth with fertilization, It is clear that this provided a
much more credible explanation of events than was given by the total-N data,

Our previous work {Ruschel er af, 1979b) with nodulating and non-
nodulating soybeans and that of Deibert ef af., (1979} in a field experiment
with 1the same crop. Renmie & Larson (19813 with wheat, and Rennie {1979)
with Phaseolus, have shown that the isotope dilution technique works well
where the nenfixing test plant (non-nedulating bean or normal nonfixing
wheat} is of the same species, The question anses as to the sources of error in
an experiment which uses as the nonfixing test plant an entirely differem
species, such asdwarf wheat in our 1979 experiment {Ruschel ez a/., 1981 ) with
Phaseolus.

In this experiment. we compared the N; fixation of different Phaseolus
varieties against nonfixing wheut, and found that the 1sotope dilution method
appeared to be capable of both determining Na fixation by legumes in the



TABLE 1: The proportivas of shoot N coming from fertilizer, soil, and biological fixation in sovbean at 75 days. Calculations

based on total N content, and also on %1 content of the shoots (Ruschel ef ., 1979b).

Treaiment Calculations based on total N Calculations based on "°N data
N from N from N, N from N from N,
fertilizer soil fixed fertilizer soil fixed
OkeN a.0 46 .46 53.54 0.0 $6.00 44 00"
25 kg N 37.79 32,17 29.44 10.31 562.32 27.37
50keg N 36.96 30.00 33.04 23.67 1209 4,24
823 3.29 7.687 FRRINS

Sig, diff. (P = (.05} 4.15

18.06

'8y catculation from 5ﬁfog values,

THY
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field, and of distinguishing differences between cultivars, When cultivars with
the 24 kg N/ha treatment were compared, it was apparent that ‘Carioca’
showed the highest and ‘Goiano Precoce’ the lowest rates of No fixation,
whether judged by seed yield. total N yield or as caleulated from SN isotope
dilution. However. the vield and total-N data alone did not provide a direct
measure of Ny fixation nor estimate the proportion of fixed to total N in the
crop or in plant parts, In this experiment the major potential source of error in
determining N, fixation by the isotope dilution method was that % N fixed
had to be calculated against a nonfixing crop of another species, having
different root patterns and depth, and potentially exploiting different
volumes of soil. In this experiment it seemed that the dwarl wheat and
Phaseolus roots were of reasonably similar extent. A second potential source
of error was that different species may vary in PN/ ¥N discrimination between
roots and shoots. While the available data is limited, Moore & Croswell
{1976) have reported shightly lower 3N values in wheat roots than in the tops,
and Shearer er o/ (1980} found a similar situation in a noa-nodulating
soybean isoline. We. too. have found differences in “Ticena-2" wheat, with the
tops having higher *N values than the roots, While this could mean that the
calculated N; fixation values for beans might be as much as 15% too high,
such differences do not affect comparative evaluations. The efficiency of
cultivars for Ny fixation could be ranked (Ruschel er af, 1981} from the
natural 2N data alone and this ranking was the same as that derived {rom seed
yield, total N yield. or N fertilizer dilution.

Some will see the parallel results achieved by the isotope dilution and
classical methods as justification for the Iatter. This is a reasonable viewpoint
for many practical situations. In the example given here we could rank
Phaseolus cultivars on their ability to fix N» using only seed yield or total N
yield. This. however. overlooks the major advantage of the isotope method. It
makes possible the determination of Ny (ixation, irrespective of other
experimental factors. Thus, one can isolate the effect of fertilizer or soil N on
Nj fixation and separate out the effects of particular agronomic practices that
might affect yield in ways other than through N, fixation. The diluticn
method can also provide mformation on the partitioning of the My fixed
between different plant parts.

The Iatter point deserves additional comment. In the development of new
grain legumes it is important to know to which plant part the fixed N, goes. If
protein-rich grain legumaes are sought, varieties that are capable of active
symbiosis with R&izebium, but that channel most of the N, fixed 1o leaves,
rather than to increased seed yield or percent of protein, will havelittle value.
There 15 a considerable difficulty in legumes in separating the factors
concerned with N-use efficiency, from the capacity per se to fix N, . Amaral
{1975) using over 100 varicties of Phaseolus in solution culture has already
shown differences in the efficiency of conversion of N into grain and leaves,
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Combining N isotope dilution with a comparison of nodulating and non-
nodulating sovbeans enabled us to demonstrate (Ruschel o al, 19795 that
with 25 kg N/ha. 6997 of the N in the pod was derived from fixation, while
with 50 kg N;ha applied only 414 was. Roots of nodulated plants did not
comtain any detectable N derived {rom fixation, whereas about 80%% of nodule
N was derived from fixation. N from N» {ixation only provided a significant
proportion of the totai N in the shoots a1 the last harvest. The data suggested
that the roots develap. grow and elaborate their structural N from soil and
fertilizer N. without any contribution from fixed N. Subsequently, the
nodules develop and commence to fix N, which is initially translocated to the
still developing shoots, but which later is preferentially translocated to the
developing pods. This provides a good experimental basis for the common
field practice of supplying a small yuantity of N fertilizer as a “starter” for the
crop to support initial growth before N, fixation can become significant (see
Table 2},

There is a problem in using this technigue to determine distribution
differences in cases when we do not have a non-nodulating isoline or rhizobia-
free soils. If one is making a comparison with a nonfixing test plant like wheat,
it 15 obviously not possible to made direct comparisons of root with root,
leaves with leaves. and pods with pods, as one can with nedulating and non-
nodulating soybean isolines. The alternative is to take the single deter-
minations for wheat top as a base figure, but there is of course a built-in error.
The figures obtained for tixed N in the plant parts will, therefore, be relative,
but nonetheless useful for comparison of fixed N distribution in different
geniotypes.

The loagterm solution is te develop, by mutation technigues, non-
nodulating isolines ol Phaseofus and other major legumes. This would make
truly quantitative studies of the assimilation and distribution of fixed N
possibie in other legumes. as is possible for sovhean using nodulating and
non-nodelating 1selines,

Measurement of associative N fixation

15N 5 has been used to confirm associative N, fixation in grasses (De-Polli er
al., 1977}, sugarcane seedlings (Ruschel ef al,, 1975, 1978}, and associated with
sugarcane rhizosphere soil in the field { Matsui ez al., 1981}, However, forany
extensive work the isotope dilution technique is essential. With an annual
crep such as wheat. there is no real problem. A neafixing genotype of similar
physiological growth pattern can be obtained quite easily, and the isotope
dilution technique applied successfully, both in the field (Rennie & Larson,
1981) and in pots {Rennie ¢t ¢f., 198]).

There are. however. some major problems with long-growing or perennial
grasses. In many cases i s difficult to obtain an adequate nonfixing control
genotype. Thus. we have been unable to do sotopedilution experiments with



'ABLE 2: The origin and distribution of N in plant parts of soybean, as determined from '°N data and comparisons with a
nen-nodulsting isoline (Ruschel ef ¢f., 1979b).

Treatments  Origin Shoots Roots Pods Nodules Total
of N
N N N N N N N N N

percent  comtent/  percent  contentf percent  content/  percent content/ contentf

olant plant plant plant plant

{mg) (mg) {mg) (mg) (mg}
OkgN Fixation 44.00" 92.13 ND? ND? ND# ND? ND? ND? 92.13
8oil 56.00 11728 100.00 3690 154.16
Fertilizer 0.00 (.00 0.00 0.00 0.00
Total 209.39 36.90 30.15 276.44
285 kg N Fixation 27.37 38.07 0.02 0.00 £9.00 18.29 81.30 28,18 13454
Soil 62.32 200.55 87,23 32.55 26.13 6.94 1629 5.65 245 .69
Fertilizer 10.31 33.17 12.75 4.76 4.87 1.29 241 0.83 40,05
Total 321.79 37.31 34,66 420.28
S0kg N Fixaticn 4,24 13.75 4.00 {.00 40.80 8.60 77.20 22.73 45.08
Soil 72.09 23376 76.73 40.13 44 93 9,48 17.50 5.16 188.53
Fertilizer 23.67 76.75 2327 12.16 14.25 3.00 5.30 1.56 93.47
Total 324.26 52.29 2108 1945 427.08

!By catculation from & %gg values.
{aloulations net possible,

£85
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sugarcane in the fieki because we have not found a crop plant with a
development that parallels the [4-month growing period of sugarcane in
Brazil. A second problem in handling grasses, which have a long growing
periad. is that they normally have suecessive harvests over a whole growing
season. Finding nonfixing tropical grass genotypes also seems very difficult.

In 1979 we carried out an gxperiment (o determine whether Sudan grass
{Sorghum sudanense) could support associative Ny fixation under field
conditions. 'We compared Sudan grass against ‘ Ficena-2" dwarf wheat, a crop
that we have checked using both the acetylene reduction and 5N technigues
{Rennie er ¢f . 1981) and that we know is incapable of supporting associative
N; fixation. The results summarized in Table 3 clearly show isotope dilution
in Sudan grass. implying that there has been associative Ny fixation. Data for
SN excess show wheat »Sudan grass = beans. The same order is found for
natural *N content of the Ny treatments: wheat (0.386), Sudan grass (0.371},
beans {0.366-0.370). Rates of N, fixation in Sudan grass would thus range
from 14.6 1o 19.2 kg N ha; not an outstanding amount, but a significant
proportion of plant N (about one-third). Although this work Is possibly the
first to evaluate Ny tination by grass in the hield using the PN sotope dilution

TABLE 3. Putative N» fixation in Sudan grass (Sorghum sdanense), at the
first harvest, as compared with Phaseoius under the same condi.

tions,
Treaiment Content of straw N due to
N, fixation
€% °N) (% ™Nexcess) (kg/ha) ( %4 )
Phaseolus vulgaris Ng 0.36% —
cy. Carioca Precoce N 0.666 2.308 416 57.0
Niop (.757 .387 31.0 330
Sarghum sudanense Hg 0371 e
Nog 0.843 3.472 9.2 35.0
Niga 0814 0.4460 14.6 24.0
Triticum aestivum Ne 0,386 -
{non N,-fixing test Nag 1.148 3.766
plant) Ngm} 0.969 0.588

Sig. di, (P = 0.05), 0319 0.1%0
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technigue, we have not hitherio published it because we could not be entirely
certain that deep roots. common in tropical grasses, have not taken up a
disproportionate amount of BN from lower in the soil. However, as the BN
content of the Ny treatment shows the same pattern as the "N fertilizer
treatments, we are inclined to believe it to be a true representation of
associative N, fixation.

‘The technical problem remains that grasses and clovers have indeterminate
growth and will ke cut (or grazed) several times during a season, Therefore,
the amount of {ixation as determined in the above experiment is probably
only a part of the total for a year’s growth. We need to develop methods
appropriate to the problem of ¢raps that have successive harvests during the
season; and subsequent regrowth, Haystead and Lowe (1977) tried to
determine the fixation capacity of white clover { Trifofium repensy in Briush
hill pasture over a six-week period, giving 909 atom excess !N at the rate of 2
kg N/ha to micraplots. They caleulated Nj fixation according to Vallis er al
{1967), and then estimated the annual rate of fixation by using the PN datain
conjunction with seasonal data from intactcore acetylene reduction
technigue. [t should be possible to develop a purely isotope dilution technique
in which N is given to [resh plots following each defoliation throughout the
season, m order to obiain an integrated value for seasonal fixation.

USE OF NATURAL ISOTOPE ABUNDANCE RATIOS

Delwiche & Steyn (1970} noted that legumes that do not fix N, and
nonlegumes have N values similar to the soil, while legumes that have fixed
Ny have *N/ N ratios modified by the N of the atmosphere. 1t followed that
the application of isotope dilution principles to natural N isotope abundance
determinations may provide an estimate of plant N» fixation under some
circumsiances {Rennie ¢7 el 1976; Bardin e7 2/, 1977). The method has now
been tentatively applied to investigate N, fixation in Lupinus fiieus (Amarger
et af. 1977), sugarcane (Ruschel & Vose, 1978; Vose eral,, 1977}, and sovbean
{Amarger ef «f.. 1979, Ruschel ¢ af., 1979; Kohl ¢7 @/, 1930).

The N of the atmosphere has a constant isotopic content over variations in
location and altitude. In the case of soil, denitrification tends te produce Ny
gas depleted in N with the residual nitrate slightly enriched, while
nitrification leads to nitrite and nitrate depleted 1o N with the residual
ammonium enriched in N (Delwiche & Steyn, 1970; Wellman ef al., 1968).
However. 1t has now been generally established that the effect of the various
soll microbiological reactions that affect the fractionation process of N
isotopes in sotls 1s (0 give an increase in the PN abundance of soil N compared
with atmospheric N { Hauck & Bremner, 1%76). Plant N ¢oming from the soil
should, therefore, have a higher abundance of YN than N» fixed directly from
the atmosphere.
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For expressing the level of natural 3N levels it 15 now usual to use the more
sensitive expression 8N ©. 0 where

H

PNOBN sampie |
e = § g x HOG
DN MN standard _l

if plants actively fixing N3 are grown on a medium which has a higher SN
value than the atmosphere, then it should be possible to calculate the N
fraction in the plant derived from N; fixation. If this is N{fix), then following
isotope dilution principles:

™

N moplant leaves - BN 9 atmosphere” ]

% N fixed = S — —| x 100

PN E L watluble soll N = BN B aimesphere!
- {test plant}

BN values of available soil N should be determined on the Ntakenup by a
nonfixing test crop.

At present this method is expenimental, and due in some circumstances 1o
low soil SIIN® 40 valuesorto extreme variability of valuesin field situations,
it is clear that it will not be universally applicable. Nevertheless. for some
special problems such as determimng associative N5 {ixation in sugarcane,
which has a Jong growing season and is very large plant for experimentation,
bath from the point of view of dilution of BN in tracer experiments and of
general handling and culture, it probably bas a valuable role to play. Similarly
it should be usetul for integrated N» fixation estimates for natural vegetation,
and pasture plants that are grown and harvested over a period. We have used
it for determining Nz fixation in the zero-N control of a soybean experiment
that was otherwise given "Neenriched fertilizer (Ruschel e af., 1979b). A
deficiency of the method is that only a small variation in SN 0/g
corresponds to a comparatively large ditference in N, fixation.

Some of the present difficulties concern our lack of knowiedge of
fractionation factors for the uptake of N isotopes by plants, and particularly
the differences inherent in assimilation and transport between plant parts.
This is despite the work of Amarger ez af. (1977; 1979) and of Kohl & Shearer
{1980). Further work along these lines is necessary, because a small difference
in the fractionation factor of experimental and test plants could substantially
affect the accuracy of estimates of Ny fixation,

In field experimentation using this method, it 1s obviously essential that the
experimental soil has a reasonably high initial §15N value, so that a value
essentially obtained by dilution can be obtained. Secondly, in the field
experiments there should be ne gradient in 83N within the profile of the
active rooting rone. Although &N values tend to increase down the profile
{Feign e al.. 1974; Rennic & Paul, 1974; Black & Waring, 1977), these
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variations are targely in the profile beyond the rooting zone and are not
relevant. Relatively small differences due to depth seem likely to be
sncountered in the normal rooting zone {Kohl er @/, 1973; Black & Waring,
1977). Broadbent & Carlion (1978) found spatial variability in soil to be
sufficiently low that calculations based on uptake of SN-depleted fertilizer
were not affected.

Since we need to know the $13N values of the plant-available soil N, we
must either grow a nonfixing test crop beside the experimental crop, or
undertake very careful soil sampling for available N from the active rooting
depth from scil which has received all the treatments of the planted area, but
which itself is free from plants and crop roots. Such areas can be found at the
side of the planted arcas or from “blank™ areas that can 6ften be found in row
crops. As regards the N,-fixing plant, the extensive plant root system is an
extremely effective averaging device for the small variations likely in
substrate, though in pot experiments this problem hardly arises. Either the
whole plant can be taken for analysis, or a generally accepted sampling
portion {e.g.. in sugarcane. the center of thelamina of the fourth last-emerged
leaf).

Probably the analvtical determination of &N is the smallest of the
problems inherent in the method. though discrimination effects can arise
duning sample processing, and very great attention to detail is required.
However, we can agree with Turner & Bergersen's recent {1980} view that with
attention to sources of error N methods may be a convenient method for
ficld measurement ot N, tixation.
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A WHOLE-SYSTEM APPROACH TO QUANTIFYING
BIOLOGICAL NITROGEN FIXATION BY LEGUMES AND
ASSOCIATED GAINS AND LOSSES OF NITROGEN IN
AGRICULTURAL SYSTEMS

D.F. Herridge!

Summary

Although a lot of eHort has gone into ¢stimating nitrogen (N}
fixation by legumes in agricultural svstems during the past 30 years,
fittle emphasis has been piven to placing these estimates in
perspective refatise to the overall N cconomy of the system.
Poteniial losses of N are of at feast the same magnitade as gains, A
whole-system approach to the study of legumes in agricultural
systems is proposed. where messurements of a aumber of
components are made and moificencies identified. These may
include suppression ol Ns fxatron by soil mtrate. losses of N
through various pathways. metlicient coaversion of total crop
protein to harvested protein, and so o Details of methods to
measure the varicus components are presented and evaluated in
terms of precision. case of use. cost, and availability,

INTRODUCTION

The value of legumes is two-told. They produce vegetation and grain of
high protein content and guality. They alse fix atmospheric nitrogen (N;) in
assogiation with appropriate strains of RAfzobiwm. Fixation may not only
provide N for the legume itself, but in some cases will also build up the soil N,
permiting more vigorous growth of companion species and of suceeeding
crops and pastures, However, the high rates of N, fixation required toachieve
these desired effects are produced with only varying degrees of success.

Agronomic studies where cropping svstems involving legumes and non-
tegumes grown together or in sequence and evaluated purely in ferms of

! New South Wales Dept of Agrculture, Agriculiural Hesearch Centre, R M. B, 944,
Tamworth, NSW. Austraha
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production have proved usetul in extending the much-researched principles of
biological N» fixavon into agricultural production. The publications
detailing research done during the 19530°s and [960s by scientists of the
Commonwealth Scientitic and Industrial Kesearch Organization (CSIRO) at
Katherine. Northernlerritory. areanexcellent example. In a four-year study,
previous cropping had a sigmificant effect on yield of peanutin one yearout of
three. when vield was highest after peanut and lowest after cotton; yield of
sorghum was considerably lower following sorghum than following peanut or
cotton in three of the four seasons, but there was no effect of previous cropon
cotton yields (Phillips. 1959). In further studies (Phillips & Norman, {961)
grain yields of sorghum were 7702 higher when grown after peantt than when
preceded by sorghum.

When such empirical measurements are supported by additional data on
the N econamy of the cropping sysiem under study, inefficlencies in the
system can be identified. By estimating rates of N, fixation, the cost of
production of legumie protein and the possible benefits of a legume crop to
succeeding crops can be predicted. Measurement of the losses of N from the
system can also be critical. Losses of up to 540 kg N/ ha have beenreportedin
some tropical cropping svsiems {Bartholomew, 1977), and this could nullify
potential gains from N~ tixation. It would, obviously, be foolish to deploy all
resourees to improving rates of N2 fixation when reducing the loss of N from
the system could be achieved more readily.

If the various components of gains, transfers, and losses of N are compiled,
a balance sheet. or budget of N, can he made (Henzell & Vallis, 1977; Heal,
1979}, Briefly:

aN=FI +§”'F+ M+DR+A-C-L-V-E

where: N =change in the soil N over time,
F{ =the rate of symbiotic N, fixation.
Fp =the rate of nonsymbiotic N, fixation.
M =N added in fertilizers, seed, or manures.
DR =N added in dust and rainfall.
A =N added via ammonia (NH,) fixation by plants.
C  =harvested N (grain and vegetation),
L. =N lost through leaching.
¥ =gaseous losses of N through denitrification, burning, ammonia
volatilization.
E =N lost through erosion.

(from Greenland, 1977)

Not all these components will have equal importance in a particular
agricultural system, The succeeding sections examine methodologies for the
establishment of N balance sheets, and consider particularly their precision,
ease of use. and cost. The ermphasis will be toward the measurement of gains in
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soil N. and on cropping rather than grazing systems, An effort will be made,
however. to put potential gains in perspective by discussing the fate of fixed,
unharvested M and concomitant losses from the system.

MEASUREMENT OF GAINS, TRANSFERS, AND LOSSES OF N
N gains

N fization accounts for a large percentage of the N gained in cropping
systems that include legumes, with rates of up to 450 kg N/ha per vear
recorded (Williams & Cooke, 1972}, Inputs associated with rain and dust are
small and rarely exceed 15 kg N:ha per year (Jenkinson, 1971; Greenland,
1977}, Inputs resulting from nonsymbiotic fixation are also likely to be small
with values under most situations not exceeding 10 kg Njha per year
{Greentand. 1977} Upward mobility of subsoil N is a further source of N that
may be significant i the shkort term. Bartholomew (1977) argued that deep
rooted perennial plants will return substantial amounts of subsoil N to the
surface of tropical agricultural systems previously leached during the
cropping phase. Over an exiended period of time, however, any net gainof N
from the subsoil has to be negligible, since this N must be derived from the
surface in the first mstance, la dealing with N gains we shall only consider
methods 1o quantify N» fixation indetail. For details of techniques associated
with N gains via other pathways the reader should refer to Greenland (19773,
The methods of measuring Ny fixation reviewed here include N balance
sheets. comparative uptake of N by the test legume and a nonlegume or non-
nodulated Jegume of the same genotype, and the acetylene reduction assay.
The recentiy published ureide technique and methods using SN are discussed
slsewhere in this volume (McNeil, p. 60%; Vose et 4l, p. 575},

N balance sheets

This approach involves measuring increments of N in the soil/ plant system
over a period of time {usualiy a number of years) and estimating losses of N
during the same period. N5 fixation can then be estimated as the sum of both
of these components {Greenland, 1977} Measurernents of N in soil (as organic
N and nuneral N) ramwater, and plant material established that guar
(Cyamopsis tetragonolobay fixed 220 kg NJha, peanut {Arachis hypogaea)
123 kg N/ ha, cowpea { Vigna unguiculata) 269 kg N/ ha, and Townsville stylo
(Stylosanthes humilis) 220 kg/ha over a three-year period at Katherine,
Northern Territory (Wetselaar, 1967). Associated work suggested that losses
due to denitrification were negligible, as were gains associated with N
dissolved in rainwater (Wetselaar & Hutton, 1963).

Fundamental to this method is the need to measure accurately the different
components, especially soll organic N, which accounts for approximately
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909 of total system N (Date, 1973). Errors arise from inadequate sampling
technigues, faulty determination of N contents, and insufficient atiention to
sampling exactly the same mass {not volume) on each occasion (Greenland,
1977). Any errors associated with the organic component will be magnified
when estimating amounts of N, fixed. For instance, an error of 5% in the
Wetselaar study was equivalent to 80 kg N/ ha or approximately two-ihirds of
the estimated N fixed by peanut (see alse Kobl, Shearer & Vithayanuil,
1978). In some soils, N in the organic soil fraction Is much greater {up to
15,000 kg/ha {Heal, 1979} making the potential error astronomic.

It 15 alse imporiant to cstimate {osses of N from the system. In the Wetselaar
study sodium nitrate was applied 1o bare soil and {osses estimated over g five-
vear period. In this case virtually all of the fertilizer N was recorded, albeit
deep in the soil profile. Intropical systems especially, sampling for minerat N
should be to a depth of two to three meters to allow for leaching caused by
heavy rains {Bartholomew. 1977).

In summary. estimates of Na {ixation by the N balance method are as good
as the estimates of N in all of the components,

Comparstive uptake of X by legume and nonlegume or non-nedulsted
tegume

The major assumption of this technique is that the test legume and reference
crop (or legume) remove dentical amounts of N {rom the soil. This in turn
depends upon the suceess of the operator to match growth rates and to ensure
that insects. diseases. and other factors kaown 1o affect plant growth are
similar in both crops. This may be difficult to achieve.

Uptake of N by a legume and ¢ nonlegume

Rell & Nutman (1971) estimated N, fixation by effectively nodulated
lucerne by relating uptake of N by the lucerne to amounts assimilated by
ryegrass at five sites over a four-vear period. Estimates of fixation in fertilized
(lime + P+ K) plots ranged from 40-343 kg N/ ha and inthe unfertilized plots,
34-225 kg N/ha. The mean amouats of N; fixed over the five locations and
four years of the trials were 152 and 103 kg/ ha in the fertilized and unfertilized
plots, respectively.

Uptake of N by g nodulated and a non-nodulated legume

Most reports of this technique refer to soybeans where non-nedulating
isolines are used as the reference plant. Originally these isolines were used to
examine various aspects of nodulation (Saers & Lynch, 1951, Williams &
Lynch, 19534, Clark, 1957} In 1966, Weber compared the uptake of N by two
isolings, one of which was non-nodulating, as a measure of Ny fixation.
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Subsequent reports {see Table 1) established that this fechnique gave
reasonable estimates of fixation. The N contents of the non-nodulating
isolines shown in Table | range from 70-197 kg N/ha, and are ¢guivalent to
the soil N available to the nodulating isoline. Nafixation in these lines
ranged from 14-320kg N ha and represented between 4% and 80% of total N
in the nodulated crop. Unfortunately, widespread application of this
extremely useful technique is limited to those species for which non-
nodulating curtivars have been reported.

Uptake of N by a legume can also be compared with uptake by an
uninoculated {and non-nodulated) legume of the same genotype (see Table 2,
Ratner et af., 1979). This is only possible in soils devoid of rhizobia able to
nodulate the host legume, and care must be taken to ensure that cross-
contamination does not occur,

Matching growth rates and total uptake of N remains the major
disadvantage of this technique. The potential for N assimilation by most
nonlegumes is not as high as for legumes (Date, 1973), resulting in an over-
estimation of N3 fixation. Even if non-nodulated legumes are used as the
reference crop, there are three possibilities:

Identical amounts of N will be assimilated by host and reference crops;

There will be a synergistic effect (Ruschel er af, 1979), where the
nodulated crop will explore a greater volume of soil, taking up
more mineral N with an overestimation of fixation; or

The non-nodulated crop will assimilate more soil N than the nodulated
because of a competition advantage of the test plant’s symbiotic
system (Amarger ef af,, 1979), resuiting in an underestimation
of fixation.

Acetvlene (C,H,) reduction assay

The acetyiene reduction assay arose from the observation that the enzyme,
nitrogenase, reduced acetylene to ethylene (Dilworth, 1966; Shollhorn &
Burris, [966). Since that time the reliability of acetylene reduction as an
indicator of nitrogenase (N;-fixing) activity has been established for a wide
range of bological systems, and the technique has assumed a vital role in
studies of N, fixation (Hardy es al., 1968; 1971; Hardy. Burns & Holsten,
1973). In this method, nodules, soil containing nodules, or whole plant/soil
systems are enclosed in gas-tight containers and exposed to an atmopsphere
contaiping acetylene. The atmosphere 1s sampled after a suitable incubation
period (0.5 to 24 hours. depending on the system) and analyzed for ethylene
using gas-liquid chromatography with a flame ionization detector.

Technigues for field assays include excavating the nodulated root minus
soil and mcubating in a gas-tight vessel of the appropriate size (Sprent &
Bradford, 1977 Nelson & Weaver, 1980}, excavation of the nodulated root in
a soll core and mcuhating (Hardy e af, 1968) or assaying in sine (Sinclair,



TABLE 1: Use of comparative uptakes of N by nodulated and non-nodulated legumes to estimate seasonal N, fixation by
field-grown legumes,
Crop Sail NO3-N Total crop N, fixed % of fofal References
status at N (kgtha) N, fixed
sowing (kg/ha}
Soybean Medium/high nod 160 i4 14 Weber (1966)
nonqind 86
nod 187 75 4G
non-nod 112
Soybean nod 2538 130 51 Bhangoo &
nonnod 125 Albritton {1976)
nod 252 16l 64
non-<aod 91
nod 253 26 22
nonnod 197
Soybean Medium nod 178 108 61 Deibert, Bijeriego
non-nod M} & Oison (1979}
Sovbean nod 260 185 Tl Nelson & Weaver
non-nod 75 (19803
nod 400 320 86
non-nod 74
Peanut High nod 382 223 58 Ratner et al.
uninoe 159 {1979}
nod 236 93 38
uninoc 143

Ei}zﬁsignawd low, medium or high based on reported levels of soil nitrate or soil descriptions.

!Nz fixation calculated by difference. Assumes thaf nodulated and non-nodulated plants deplete the sofl of equal amounis ef N,
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TABLE 2: Comparisons of different methods of estimating N, fixation by
field-grown legumes,

{rop Total crop N’2 fixed (kg/ha) estimated by References
N
{kg/hal) W' nod/non- C,H, redn
nod?
Sovbean 168 283 {35 Bezdicek ef i,
{1978)
Soybean 22245 4- 46 7- 55 10- 35 Ham (1977}
Soybean 199.335 27135  21-146G 15-114  Ham (1978}
Broad bean 286 197 181 Fried & Broeshart
Subterranean
clover 23-208 21-183 38- 89  Phillips &

Bennett (1978)

*Estimated using the A-value technigue {Fried & Broeshart, 1975),
*Estimated by difference of folal N upiakes By fest {(nodulated legume) and reference
(non-nodulating legume or cereal} crops,

1973). An excellent review and companson of the three methods is given by
Hardy, Crisweli & Havelka (1977).

[he acetylene reduction assay has been used more for biochemical and
physiological studies on N, fixation than as a guantitative assay, but
procedures for the latter have been detailed in several reviews (Hardy er ai,,
1968; Dart. Day & Harris, 1971). Where seasonal profiles of CoH, reduction
have been integrated 1o estimate Ny fixation, rates of from 1710 76 kg N/ ha,
representing 13-339% of total crop N (Criswell, Hume & Tanner, 1976;
Hardy & Havelka, 1976: Mahier, Bezdicek & Witter., 1979), have been
obtained. These values are lower than those presented in Table |, perhaps
reflecting the high N status of the soils in which the crops were grown.
Seasonal profiles of C5H, activity have also been published to detail
agronomic treatments {Farrington et al, 1977, Witty, Roughley & Day, 1980)
and environmental effects (Farnington ef of, 1977 Ratner er al., 1979).

Recovery of all nodular tssue for assay remains one of the major sources of
error with the technique, and is the same whether the nodulated roots are
excavated or contained in soil cores. In data from our laboratory the C H,
assay underestimated fixation by soybeans compared with other techniques,
e.g., 50 kg N/ha (CyHy) vs. 211 kg N/ ha using the ureide technique (DLF.
Herridge. unpublished; see Table 2). This problem is worse with species such
as soybean and fababean, than with lupin, and would be exacerbated by
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delayed nodulation leading to location of nodules on lateral roots rather than
in the crown region of the plant. Poor recovery of nodules during
reproductive growth may explain the puzzliag resulis reported by Sprent &
Bradford (1977) where the C,H, assay underestimated N accumulation
during pod-fill. Rates of N, fixation estimated from other published profiles
{Dean & Clark, 1977, Wahua & Miller, 1978) are also low compared to
estimates hased on other techniques (Nelson & Weaver, 1980).

A conversion ratio of 3:1 is used commonly to relate € H reductionto N
fixation. This is based on the fact that two electrons are needed to reduce
CLH, te CoHy. while six are required to reduce N; to ammonia. Good
agreement with the theoretical 3:1 value has been obtained in some studies
{Hardy e7 #/.. 1971}, but in other studies with soybean the actual conversion
ratios have ranged from 1.2-4.1:1 {(Hardy er o, 1973 Ham, 1978; D.F.
Herndge. unpublished data). No doubt these differences for the same species
refiect hifferent assay conditions and perhaps different efficiencies of the
strains of RAizobium involved with regard to hydrogen evolution {(Schubert &
Evans, 19763, It is. therefore, of the utmost importance to establish a
guantitative relationship between C,H, reduced and N, fixed for the
particular host/ Rhizobium association under study, using carefully standard-
ized procedures. Unfortunately, this has been done in very few cases
{Rennie, Rennie & Fried, 1978). Even so, stress conditions {e.g., moisture)
have been shown to affect the ratio (Sinclair er af., 1978). Rates of CaH,
reduction are also subject to divenal variation, and such variation must be
considered when extrapolating from short-term {8.5-1 hour} assays to a full
24-hour period. Our experiences with glasshouse and field-grown plants of
sovbean and lupin suggest farger diurnal fluctuations in activities of field-
grown plants,

In summary. there are a number of techniques available for the
measurement of N fixation, Under carefully controlled conditions, each will
give reasonable estimates of N fixation (see Table 2; Ham 1977, 1978). The
acetylene reductuon assay i3 perhaps the most susceptible to error. Thus,
Phillips & Bennet {1978) found a compiete lack of precision in data derived
from C,H reduction assays. Similarly, CoH, reduction underestimated N,
fixation when compared to estimates using nodulating and won-nodulating
isolines of soybean in a study by Bezdicek er al. (1978) (see Table 2}. Goh,
Edmeades & Robinson (1978) also found this technique unsuitable in their
long-term measurements of fixation by pasture legumes, In our laboratory the
acetylene reduction assay has proved unsuitable for measuring Nj fixation by
soybeans but suitable to estimate fixation by lupins. Differences relate to
nodule recovery. /n site CaHy reduction measurements {Balandrasu &
Ducerf, 1978) appear to be the most accurate, but though suitable for smaller
pasture legumes such as white clover, may not be as manageable with larger
crop legumes such as pigeonpea and soybean.
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By contrast the A-value techmigue, while not reviewed in detail here,
requires minimum sampling and appears to give accurate and consistent
estimates of fixation. Analytical costs are the major drawback to this
technique. Basically the methods used by different laboratories will be
governed by the funds available, the species studied, and general facilities such
as the availability of a gas-liquid chromatograph to measure ethylene. When
possible at least two methods shouid be used and soil nitrate data collected,
Estimates of fixation can then be compared for consistency and related to
predicted rates of fixation.

N transfer {mineralization and subsequent uptake)

N is harvested from legume crops as sced and vegetative protein. The
residual plant material is then subject to microbial degradation (mineraliza-
tion}. The degree to which an agricultural system really benefits from a legume
crop depends upon the propertion of legume N remaining in residues and
utitization of these residues by other crops, as well as on amounts of N, fixed.

During mineralization. organic N is first converted inlo amino compounds
and ammonmnia. the latier acting as substrate for the final transformation teo
nitrate. The end product is the form of N most readily available and used for
plant growth. Not all of the legume residues will be mineralized immediately
{ollowing plant harvest. 1n a study of medic (Medicago spp.) decomposition
in South Australian wheat soils, A J. Ladd and co-workers (personal
communication} found that only {1-174 of the #N-labeled medic residues
added to the soil was utilized by a succeding wheat crop, while 72-78%
remained in the soil organic pool. These values reflect a Mediterranean-type
environment. and higher rates of mineralization would be expected in humid
tropical soils with stimulation of microbial activity provided by higher
maoisture and temperature regimes, Henzell & Vallis (1977} reported that as
much as 309 of tropical legume residues were mineralized and takenup bv a
tropical grass after 24 weeks. The rate of mineralization appeared to be
directly affected by N content of the residue.

Although N in the nitrate form is most suitable for plant growthitisalso the
maost lahile form of N and can casily be lost from the system through leaching
and volatilization. It is. therefore, of the utmost importance that rates of
mineralization and plant uptake are matched, thereby regulating levels of
nitrate 1n the soil. This i one advantage of no-till agriculture, in which
nitrification 1s not stumulated by cultivation. Another way to reduce nitrate
losses is to “tie up” nitrate with plant material containing 4 high C:N ratio.
Fresh plant material mingralizes at a faster rate than dried matenal {van
Schreven, 1968) and buried residucs decay at a faster rate than do residues
remaining on the soil surface (Moore, {974}
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Losses of N
Harvesied plant marerial

The N harvested as vegetative or grain protein represents, in most cases the
largest single loss of N from the system (Henzell & Valiis, 1977). In a grain
crop, the proportion of N removed in seeds will obviously depend on the
efficiency of the legume crop as a grain producer, For instance, the harves:
indices (seed N as a proportion of maximum crop NY of eight commercial
soybean crops range from 0.30.0.76 with a mean of 0.57 (D.F. Herridge,
unpublished data). while in lupins, harvest indices for N ranged from .33~
.44 with a mean of 0.40. Absclute amounts of Nin the grain ranged from 126-
254 kg N/ ha in soybean and from 54-86 kg N/ha in lupin,

Legching

Leaching and surface run-off of N (as nitrate) account for small losses in
most systems  less than 20 kg N ha per vear (Greealand, 1977; Heal, 19793,
The value may be higher n areas of extremely heavy rainfall and in some
irrigation systems. Bilal Henderson & Tangi (1979) recorded loss of up 10 36
kg N/ha per vear in irrigated rice. Lysimeters are used to measure both
teaching and run-off, methods are detailed by Burford (1977).

Gaseous N

N is also lostin the gaseous phase as Ny and N, O {nitrous oxide} fellowing
denitrification: as volatile oxides of Ndue to burning; and asammona (NH 3
through ammonia velatiizaton. Small losses of N are also associated with
aerghbic mitrification (Denmead, Freney & Simpson, 1979 Denitrification is
the most important of these pathways of loss and represents the anaerobic
conversion of nitrate to N5 and N> Q. Under field conditions rates of reaction
are closely dependent upon the presence of nitrate, organic matter, and low
redox potential. Estimatces of losses vary considerably, mainly because of the
problems of measurement. Allison {19535) showed that between {0 and 30% of
the N in a large number of lysimeter studies could not be accounted for when
mass balance sheets were constructed. He proposed that these losses were due
to denitrification. Greenland (1962} reported losses of 50 kg N/ ha in flooded
soils in a few days. while Burns & Hardy (1975) estimated that the giobal fiux
of denitrified N was in excess of the flux of biologically fixed N. In other
studies. losses due to denitrification were negligible (Wetselaar, Jakobsen &
Chaplin, 1973),

An exhaustive review of techniques for estimating denitrification is
provided by Focht (1978) and includes analyses (measurements of bacterial
numbers. available substrate, redox potential), disappearance of nitrate, use
of 5N and PN tracers. and direct measurements of N2 and Ny O, This latter
technigue has been greatly simplified by the observation of Federova,
Milekhina & Wyukhina (1973} that acetylene inhibits the reduction of N, Grio
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N, Measurement of Ny O is @ simple procedure using gas chromatography,
Smith. Firestone & Tiedje {1978) and Ryden, Lund & Focht (19794} later
showed that low concentrations of acetylene had no effect on the rate of
denitrification. but that the reduction of N,O to N; was guantitatively
inhibited by acetylene concentrations as low as .19 (v/ v}, Data of Ryden ¢
al., {(1979a) suggested that a concentration of [% provided the most suutable
level for all soils and incubation conditions and could be easily maintained in
the atmosphere on a ticld soil. Details of field assays using this method are
given by Ryden e af. {1979b).

Various studies of deminfication have been made and the differemt
methods compared (eg.. Smith et @f. [978; Rolston, Broadbent &
Goldhamer, 1979). The acetylene inhibition method and subsequent
measurement of nitrous oxide looks very promising and has a considerable
cost advantage orver tracer N methods (Smith er gl 1978; Rvden eral., 19793),

Losses of ammoma are not accurately quantified, and much of what is
released from the soil surface may be re-absorbed by vegetation. Denmead, er
al, {1978} showed & closed ammonia cycle within an ungrazed pasture, which
when grazed, released much larger amounts. Volatilization of ammonia from
a unfertihred legumt crop would be ¢xpected to be minor, although losses
from the standing crop rather than soil may be significant (Henzell & Vallis,
1977}, Stutte. Weiland & Blem (1979) estimated a loss of 45 kg N/ha in a
soybean crop. with rates of loss being highly correlated with elevated
temperatures and stress conditions,

Losses of N by burmng of plant residues is easily estimated as
approximately 90 of plant N will be lost if dry residues are burnt (Henzell &
Vallis, 1979).

Erozion

Water and soil erosion can result in considerabis losses of N, especially
orgamc N, Barrows & Kilmer 11963) reported losses of approximately 100 kg
N/ha per year, 944 of which was organic N. Losses of N through erosion
will obvieusly be more of a problem on sloped, eultivated land.

N BUDGETING IN AKX AGRICULTURAL SYSTEM: AN EXAMPLE

Kaohl er al. (1978} suggested that the essence of N balance studies is a model
often represented by a flow diagram containing pools and showing transfer.
Values are assigned where possibile and unknown values are estimated, fall
components of the pool are measured or estimated, then decisions can be
made regarding the functioning of the system. Research in our laboratory
aims 1o promote the use of No-lixing grain legumes in the cereals-dominated
agricultare on the region. and so we have sought quantitative data on the N
econamy of cropping systems incorporating legumes. A whole-system
approach has been adopted and various iegumes compared. Figure | shows
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Figure 1. N budget of asingle irrigated sovbean crop in kg N, ha) Data from D.F.
Herrdge, unpublished.

resuits with a single. irnigated sovbean crop. Organicand inorganiclevelsof N
i 501l were measured at sowing and near plant maturity. Fization of N was
estimated throughout growth of the crop using the ureide technigue for stem
tissues (Herridge, 1981). N contents of sown seed, above and belowground
plant parts. and harested seed were also measured. Nitrate uptake by the
erop was estimated by difference, as were crop residue N and nonaccountable
N. There 1s a question mark ngxt 10 current mingralization —this was not
measured in this particudar study, but data of Stanford er al. {1977) suggest
values well inexcess of 100 kg N ha per growing season for a similar cropping
systern. N losses are inflated accordingly if this component is included in the
budget. Estimates of seasonal nitrification and denitrification would further
add to the budget.

Two inefficiencies of our cropping system are obvious, First, a substantial
amount of N 1s unaccounted for and probably lost from the system. We
suspect denitrification. because the soil is a heavy clay and frequently
irrigated. Second. only 34%) of crop N came from N, fixation. Clearly, there is
litle point in enhancing (ixation in this system if the saved nitrate will
probably be lost through denitrification. In this case, better management
could reduce N losses.and this coupled with N fixation could substantially

improve the productivity of the system.
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QUANTIFICATION OF SYMBIOTIC NITROGEN FIXATION
USING UREIDES: A REVIEW

D.L. McNeil!

Summary

This paper considers the genera of legumes known to produce
ureides; the tissues on which ureide analysis can be made; and the
advantages and disadvantages of ureide analysis as a means of
estimating symbiotic nitrogen fixation.

INTRODUCTION

Ureide compounds in plants have been extensively studied, with numerous
reviews on their biochemistry (Tracey, 1955, Bollard, 1959; Reinbothe &
Mothes, 1962; Van der Drift, & Vogels, 1966) and production in legume
nodules {Atkins, Rainbird & Pate, 1980; Woo, Atkins & Pate, 1980) already
published.

In legumes. allantoin and allanteic acid are the principal ureides. These
substances can be regarded as the ultimate product of nitrogen (N, ) fixation
for a range of legume species (Matsumoto, Yatazawa & Yamamoto, 1977a)
and are transported in the xylary sap to support plant growth (Israel &
McClure, 1979). Both have a low C:N ratio, and so are conservative of carbon
(C) relative to N when used in N storage or transport.

Measurement of the ureides found in nodulated legumes has attracted
considerable interest in recent years, both as a means of estimating total N,
fixation and for determination of the amount of N3 fixed, relative to other
sources of N. This approach assumes that the rate of xylary ureide outputisa
direct measure of N7 fixation (McClure, Israel & Volk, 1980) whereas other
sources of N for the plant are present as other compounds in the xylary sap
{(McClure & Israel, 1979). Measurement of ureide and non-ureide N would,
thus, permit determination of the relative contribution of fixed and absorbed
N to plant development.

' NifTAL Project, Dept. Agronomy & Soil Science. Univ. of Hawaii, P.O Box O, Paia. Hawau,
96779, USA.
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This 18 a greal oversimplification. In this presentation 1 will consider
technical problems associated with ureide measurement, as well as some
strengths and fimitations,

THE DISTRIBUTION OF UREIDE PRODUCTION AMONG
SYMBIOTIC N,;-FIXING SPECIES

Ureides are not the sole form in which fixed N is exported from legume
nodules. Many temperate legumes including Lupinus albus (Pate er gl
V9790, Pisum sarivam (Lewis & Pate, 1973), Trifolium repens (Copeland &
Pate, 19700, and Vicia faba(Pate, Gunning & Briarty, 1969 export reduced N
from the roots predominantly as amides (@sparagine and ghitamine), The
reduced N in the xylary sap of these species is apparently independent of the
form of N supplied {Pate, Sharkey & Lewis. 1975; Sharkey & Pate, 1975).
Several nonlegume No-fixing systems including Almis spp. (Leaf, Gardner &
Bond. 1958) export citrulbine. a compound also found in the xylary sap of the
legume Athizzia lophantha (Bollard, 1957), There are, however, a range of
fegumes, including many tropical species, for which ureides are the dominant
form of xylary N. These include Glycine max (Stwreeter, 1979), Cajanus cajan
{kumar Rao et af,, [980), Phaseolus vudgaris (Cookson, Hughes & Coombs,
19807 and several species of Vigna (Pate et al, 1980).

From the above comments it Tollows that absence of ureides in a legume
does not pecessarily mean that the legume is not hixing N5, Conversely, it will
he demonstrated in the following sections that the presence of ureides in
nonlegumes (Mothes. 1961} and legumes is not necessarily indicative of N,
fixation.

SAMPLING SITES FOR UREIDE DETERMINATIONS

The analysis of xylary sap composition is the most direct measure of N,
fixation that ¢an be performed on the aboveground portion of a plant;
therefore, it has frequently been used for this purpose (Israel & MeClure,
1979; McClure & Israel. 1979 McClure er af., 1980; D. L. McNeil & T. A,
LaRue, unpublished dataj. The linkage between xylary constituents and
fixation is extremely tight. For Lupinus albus in both late vegetative and early
flowering stages Pate. Layzell & McNeil (1979b) have shown that more than
B0% of the Ny fixed proceeds to the tops in the xylary stream, and less than
108 of the N in the stream arose elsewhere. Presumably values for other
legumes are similar. Direct measurement of the sap at the nodule surface
{(Herridge er of. 1978, Pate o1 al, 1979b) gives higher concentrations of
nitrogenous solutes; often with some specific enrichment of ureides or amides,
but there are tew other differences from measurements made using bleeding
sap. A typical result for xvlary sap from 40- to 75-day-old greenhouse-grown
soybeans shows 870 of the M as ureides when the soybeans were dependent on
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fixation alone. as contrasted with 1865 when they were grown on nitrate and
286 when the N source was ammonia {ID.L. MeNeil & T.A. LaRue,
unpublished data).

Short-term changes in xylary sap composition have also been found to
correlate well with rapid changes in N2 fixation {McNeil, 1979; McClure o
al, 1980) and xvlary sap collections have, therefore, been used to determine
the early products of TN, fixation {(Herridge er ai., 1978).

Exudation rates can also fluctuate widely (McNeil, 1979; McClure er ai,,
1980} decreasing at night or as a result of a variety of stresses. This reduced
exudation can lead io compensatory increases in xylary N concentration,
necessitating measurement of both xylary components and exudation rate to
gain accurate information on N, fixation.

Collections are usually taken for periods of less than an hour, during which
time soybeans show little variation in concentration of xylary sap {Israel &
McClure, 1979). though concentrations are usually higher than for
comparable tracheal sap (Pate ef o/, 1979h). Passage through the stem may
also alter xylary sap composition (McNeil, Atkins & Pate, 1979); thus
¢ollections are usually made at the base of the plant,

Some difficulties with xykary sap ureide measurement have led to attempts
to measure tissue levels of urzides (Herridge, 1980} and to correlate them with
N; fixation (Fujhara & Yamaguchi, [978; Matsumoto, Yatazawa &
Yamamoto, [978); this isin spite of the fact that ureide storage is a step further
removed from the site of fixation. For tissue analyses of ureides to be useful,
the form of storage of N in the plant must be at least partially dependent on the
transport form. This need not. however, be the case as the level in the tissues
will also depend on the rates of export and metabolism and how these are
affected by changes in the concentration of the ureides. In mature soybean
leaflets, urcide levels remain gquite low { Matsumoto, Yatazawa & Yamamoto,
19770}, often less than 10-15¢% of the total soluble N{D. L. McNal & T. A,
LaRue, unpubhshed data) irrespective of the amount of ureides in the xylary
stream. This is not surprising, as virtually all (929) of the ureides entering the
shoots of cowpea ( Vigra unguiculara) are metabolized there (Herridge er /.,
197%). Enzymatic determuinations also suggest rapid metabolism of ureidesin
the leaflets due to high allantoicase levels (Tajima, Yatazawa & Yamamoto,
1977)., Export of ureide N from leaficts must also be large. The C:N ratio
{between 5:] and 40:1} of soybean phloemsap{(D. L. McNeil & T.A. LaRue,
unpublished data} 15 lower than that of Lupinus afhus petiole phloem sap,
which cycles up 1o 99% of the mcoming N back out of mature leaflets (MeNeil,
1979; Pate er of., 1979h). Anadditional factor hindering leaflet analyses is the
high level of interfering background substances that are present (D.L.
McNeil & T.A. LaRue, unpublished data).

Stem analysis, however, offers an alluring possibifity. Enzyme levels for
some of the steps involved in allantoin metabolism do not vary between fixing
and nonfixing soybeans (Tajima er al., 1977}, but products of N, fixation are
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preferentially absorbed by stems. Thus, D.L. McNeil and T.A. La Rue
{unpublished data) found that 64-day-old soybeans fed N, or ¥NO7
absorbed into the stem 5485 and 1505, respectively, of the 5N reaching the tops
in the first 114 hours after feeding. Streeter (1979) also reports high stem
ureide levels. Ny -fixing and nonfixing soybeans, therefore, differ strikingly in
stem ureide content (Matsumoto et ¢/, 1977b). Herridge (1980) also shows
large differences in stem ureides between soybeans having different
proportions of their N derived from N, fixation. Unfortunately, 15-fold
differences in ureide levels at different sites in the stem (Kumar Rao e af,,
1980} and in stems of different ages (Streeter, 1979) necessitate that samples be
chosen extremely carefully.

ADVANTAGES AND DISADVANTAGES OF USING UREIDES FOR
THE ESTIMATION OF N; FIXATION

As an estimate of N, fixation the analysis of ureides has three principal
advantages:

Ureides can be readily separated and analyzed (Young & Conway,
1942: Atkins & Canvin, 1971; Nirmala & Sastry, 1972; Herridge
& Pate, 1977, Urbaski, Grujic-Injac & Gajic, 1978; Borders,
1979} using methods which are readily automated. Even for
tissue analysis. where extraction of ureides would be an
additional, restrictive sicp, personal observation has shown
that leakage of ureides into buffered alcohol solutions extracis
a high proportion of the ureides without the need to grind and
separate.

Ureide analysis can be used to distinguish between N sources and so
can distinguish improved N utilization and/or uptake from
enhanced N» fixation.

One can measure an aboveground part of the plant and thereby gain
mformation on the conditions below soil level, It is often
assumed that a legume must be dug from the soil to give an
accurate measure of N3 fixation.

The advantages and disadvantages of the acetylene reduction fechnigue are
discussed on p. 597. Herridge (1980) has obtained better estimates of fixation
in soybeans using ureide tissue analysis than with nodule mass, Problems in
nedule recovery and ditferences in nodule activity at different stages of
development are well documented. The use of xylary sap or tissue ureide levels
greatly simplifies analysis (Kumar Rao ef al., 1980).

At the same time the method is not without problems — some of them
serious, The use of ureide content for interspecific comparisons of N, fixation
has already been ruled out. Even tn known ureide-exporting legurme species
relying entirely on N; fixation, the percentage of ureides in the xylary sap mav
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range from less than 25% (Pate, Walker & Wallace, 1963; Pate er al.,, 1930)
through 60-80% (Kumar Rac et al, 1980} to more than 80% (McClure er al.,
1980). Interculiivar variations are also possible; Israel & MceClure (1979)
have shown a range of from 73-89% ureides in the xylary sap of three soybean
cultivars when inoculated with two different Rhizobium strains, The less
effective strain consistently gave the highest percentage of ureides in the sap.
This incongruity disappeared if the total rate of ureide export, rather than the
concentration relative to other nitrogenous solutes of the sap, was measured,
For determination of stem ureides the variation reported above may mitigate
against the comparison of stem ureides in varieties of different growth habits
or maturity characteristics.

Problems can arise even in soybgan, a crop in which consistently close
relationships between ureides and No fixation have been obtained. Thus
D.L. McNeil & T.A. LaRue (unpublished data) have shown that under N
stress non-nodulated sovbeans can export more than 30% of the xylary N as
ureides {see Table 1). Further, this percentage will vary according to whether
nitrate or ammonia is the N source. Similar results have been obtained for 2.
vidgaris (Thomas er al, 1979, Cookson er al,, 1980) and Vigna (Pate, o1 al.,
1980}. Sovbean seedlings also show anomolously high ureide concentrations
long before N9 fixation commences. This is due to the conversion and export
of stored N from the cowvledons as ureides (Matsumote er af, 1977b). The
presence of ureides in nonfixing plants should not be surprising. All the
reactions for the incorporation of ammonium into ureides takes place in the
tissue of the nodule {Woo et ¢f,, 1980) without recourse to the Rhizobium. In
fact, Patz ¢t o/. (1980) showed that each of the nine legumes they tested, which
had significant xylary ureide levels when dependent on N, fixation, also
produced some ureides when grown on nitrate and non-nodulated.

Other stress conditions have equally disturbing effects on the simple
relationship between fixation and ureides. At high temperatures and under
restricted carbon regimes Phaseolus coccineus has high levels of ureides in
both tissues and xylary sap (Mothes, 1956; Mothes & Engelbrecht, 1958).

Finally, #t 15 often difficult to make xylary sap measurements under field
conditions, Problems include the {ailure of many plants to exude, orthe nced
for soil wetling to encourage exudation. The method is also inapplicable to
single plants because of the small guantities of material obtained, the possible
failure to exude. and the need to destroy the plant.

CONCLUSIONS

The physiclogy. biochemistry and eytology of ureide production in legumes
1s becoming well documented. However, there 1s no obligate linkage between
N fixation and ureide production. Even in the “ureide exporters”
measurements of tissue or xylary ureide levels are insufficient by themselves,
to determine Ny fixation. A thorough physiological study is an essential
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TABLE 1. The relationship between N, fixation and xylary ureide level in
nodulating and non-nedulating isolines of Glyeine max cv, Harosoy
at different levels of N a;:r;:rlicatit.arlfZ

Nodule Nitrate applied Xylary Nas ureides’ Nitrogenase activity
status {kgfha) (% oftotal N)  umol C,H, /plant-min )

Week 1 Week B Week 6 Week 11 Week 6 Week |1

Nodulating 4] 0 79 0,33
77 0.14
¢ 160 34 .22
100 & 69 (.43
37 0.04
100 1060 34 .14
Non-nodulating 4] 0 34 H
35 0
1] 160 1a 0
100 0 41 0
7 G
100 100 13 g

1Dat& of B0, McNeil & T.A. LaRue (unpublished),
Mean standard errors were £ 6 % for ureides in the xylary sap. Sizndards errors for Nz-ase

activity ranged from £ 0,01 to £ 0.1 Lumel CsHy produced/slant per min.

prerequisite to interpret the values obtained. If this is done {(as it was for
soybeans by Herndge. 1980) the standard curves produced under controlled
conditions may be applied to the field to determine fixation by an entire crop.
It must be remembered. however, that several stress situations can increase
the prominence of the ureides without any relationship to fixation,

Evidence suggests that the amount of ureides in the xylary sap and tissues
depends on species. cultivar, and bacterial strain; as a result some intercultivar
comparisons have shown large discrepancies between metheds of measuring
N, fixation, whereas others have shown good agreement (Kumar Rao er al,,
1980).

Of most promise is the concept of combining ureide analyses with some
other analysis of the nitrogenous components of a plant {e.g., amides or
mitrate). This. however. greatly reduces the number of analyses possible and
may eliminate the possibility of use on single plants in a breeding program.
Looking at the nodules s a simpler method for determining presence or



615

absence of No fixation under these conditions (E.L. Pulver, persomal
communication), though this is difficult insome soil types where nodulation is
deep. The domain of the method is, therefore, with physiological studies and
intercultivar comparsons rather than with single plant selection.

in the field both xylary sap and tissue analyses are possible. Xylary sap
determinations are probably more accurate, though more subject to the
caprices of the environment and to short-term changes in fixation. Analyses
of ureides in plant stems. or uppermost, but not mature, leaflets, though
distant from the site of fixation are restricted only by the great changes that
take place as the plant matures and between different regions of the same
plant. H careful selection and maiching of the areas to be analyzed is
emploved, this meihod has great promise.
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GENETIC FINGERPRINTING AS A TOOL IN RESEARCH ON
BIOLOGICAL NITROGEN FIXATION

J.E, Beringer!

Summary

Genetic fingerprinting s 3 lechnique for characterizing strains of
micro-organisms based on the behasvior of the strains ina number
of tests. The most common tests are those that determine the
resistance of an organism to antibiotics or phages and those that use
serology 1o determine antigenic differences.

Resistance can be tested with low levels of aatibiotics to
determine intrinsic resistance. or at hgher levels when resistant
mutants are used. The cencentrution of antibictic used depends
very much on the species and can van many fold. Mutants resistant
to high levels of antibioticy are comoenient to handle and have been
used quite extensinely i ceological studies of  Rhizobiwm,
However. they hive the disadvantuge that the mutant has to be
selected in the laboratany, and many drug-resistant mutants have
been shown o have altered sy mbotic properties.

Resistance 1o phages and low levels of antibiotics are properties
of whid-type micro-organisms that can be tested without having
previously isolated the organisms. [herefore, fingerprinting based
on these propertics is particuelacy useful for ecological studies
where knowledge of existimg organisms is al least as important as
the ability to foliow the fate of mtroduced ones.

The relative ments of Gngerprinting strains on the basis of
intrinsic properties or selected mutations is discussed in relation to
the type of work tor which strain recognition is required.

Straan recognition is an impaortant prereguisite to studies of ecology,
competitton and the survival, success, and persistence of inoculated
orpanisms. The aim of this brief report is to describe some of the technigues
that are available and to comment on their use.

! 8ol Microbiology Department. Rothimsted Expenimental Station, Harpenden, Herrs, ALS
21, England,
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GENETIC VARIATION

The differences observed between organisms are dus to differences in the
functioning of genes. The more ¢closely interrelated organisms are, the fewer
gene differences they will have. Thus, it is uvsually relatively simple to
characterize genera, but more difficult to distinguish strains. The uitimate
example 18 two sirains that differ only in the functioning of & single gene. If
that gene has an easily recognizable function, the two can be distinguished.
However, if the function is not known they will be grouped together as the
same strain. Therefore. the problem in finding techniques for strain
recognition is in observing differences between micro-organisms that can be
measured and tested without difficulty,

Because all differences are basically genetic, all systems of classification are
“genetic fingerprinting.” For the purposes of this report, genetic fingerprin-
ting will be discussed in respect to differences in the resistance of strains to
antibiotics, phages. and bacteniocins, Serology, which is very important as a
method for characterizing strains, will not be considered because it will be
discussed elsewhere. The ability of organismas to utilize different substances as
carbon and nitrogen sources can alse be used for strain characterization
{Graham, 1964). However, a real problem with many soil micro-organisms is
that they are very efficient at scavenging small amounts of nutrients and will
grow on standard agar in petri dishes without added carbon or nitrogen
sources,

THE USE OF MUTANT STRAINS

The simplest strains to handle for ecological studies are those that have
been seiccted in the laboratory, either after mutagenesis or following
spontaneous mutation. Usually these are strains that have been selected for
thefr resistance to high levels of antibiotics;, though mutants with specific
requirements for amine acids or nucieotides {auxotrophic mutants} can be
used. Especially when more than one characteristic is altered, these strains are
very easy to recognize, and the chance of finding similar strains in the soilare
remote, Drug-resistant mutants also have the advantage that they can be
isolated from muxed populations of bacteria on the basis of their drug
resistance. This is particularly useful when looking at mixed inoculations and
assessing the competition that oceurs between strains. The antibiotics most
commonly used for this purpose are streptomycin, spectinomycin, and
rifampicin {Schwinghamer & Dudman, 1973, Johnston & Beringer, 1976b;
Bromfield & Gareth Jones, 1979).

The most important problem with the use of mutants iz that the bacteria are
different from the parent. Whether or not the mutation affects either the
competitiveness or the nitrogen-Hixing properties of the strain must be tested
before mutant strains can be used in comparative studies. From the data



available {Schwinghamer. 1967, Levin & Montgomery, 1974; Pankhurst,
1977; Pain. 1979: Bromfield & Gareth Jones, 1979}, it would appear that there
is no simple correlation between the type of drug used to obtain mutants and
its effects on the agriculturally important propertics of a strain. A further
problem is that the same mutation may already exist in the field in which the
marked strain is to be used. Unless more than one characteristic is available
for recogriition purposes it is not possible to confirm the identify of strains.
This difficulty is compounded by the limited choice of drugs that can be used
for some species. For example, with fast-growing strains of Rhizobium only
three or four antibiotic resistances have been found to be suitable fot
ecological studies,

THE USE OF FINGERPRINTING BY INTRINSIC RESISTANCE

The main disadvantage of the use of mutants for ecological studies is that
the mutant strains must be produced in the laboratory and then introduced
into the soil. Therefore. it is not a technique that can be used for examining
existing populations of micro-organisms. Intrinsic resistance to drugs,
phages, or bacteriocins can be tested for any orgamsm without previous
knowledge of that organism’s properties. All that is generally required is a
knowledge of the species and data from tests with laboratory cultures of
strains that belong to this species. These laboratory tests will have defined
optirnal concentrations of antiblotics for known strains, and those strains will
have been used for the isolation of phages and suitable bacteriocinogenic
strains. Thereafter, new isolates can be tested against the previously isolated
phages,

How many different phages, bacteriocin producers or antibiotics are used
for fingerprinting is determined by the degree of precision required and the
physical and economie constraints of doing the tests. An advantage of using
these charactenistics is that the potential number of tests that can be carried
out ts enormous. Therefore, it should always be possible o differentiate
strains. It should also be remembered that other characteristics such as
enzyme activities. restriction enzyme digesis of DN A, and growth on different
nutrients can also be included in the range of tests used for a fingerprint
(Graham, 1964; Graham & Parker, 1965},

The main disadvantage ol fingerprinting is the property that makes it so
valuable: the number of ditferent tests required. The amount of work involved
can be reduced by using a muitipie inoculator such as described by Josey eraf,
{1979) that is capable of transferring 25 samples at a time to different test
media. A further problem is that when intrinsic resistance to drugs is being
determined, one is looking at very small differences in the concentration of
that drug to distinguish sensitive and resistant strains {¢.g.. 2.5 and 5 mg/1).
Media must, therefore. be prepared very carefully and used uniformily, but
even then there will always be strains that give variable results. Until more
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data are available on the yse of intrinsic drug resistance in ecological studies
the significance of such variability cannot be determined.

Resistance to phages and bacteriocins is usually fairly simple to determine,
and both are used routinely for characterizing hospital isolates of bacteria
(Darrell & Wahba. 1964). [t is most important that great care is taken to
ensure that standard preparations of phages and bacteriocin producers are
used. These are not chemieal reagents, which can be purchased and are of
guaranteed purity. If cultures become contaminated or mixed up, or the
wrong host is used to propagate the typing phages, test results will be of little
value. Phages used for typing have two levels of host specificity: one
determined by phage genes and the other determined by the modification of
the phage in its previous host. Modification is the enzymic alteration of bases
in DNA so that enzymes recognizing specific DNA sequences, and cutting
them at these points (1.e., restriction enzymes), cannot function. Because there
is a range of different modification and restriction enzymes the host range of
phages is influenced by the last host on which the phages were propagated.
Different hosts can be used to propagate phages to provide a degree of “fine-
tuning” of phage-resistance patterns. While there have been a number of
reports of phages {Bruch & Allen, 1957; Jones & Sneath, 1970, Staniewski,
1970a; 1970b) and bacteriocins (Roslycky, 1967; Schwinghamer, 1971;
Hirsch, 1979) active against N;-fixing micro-organisms, they have not been
widely used for ecological studies.

THE CHOICE OF FINGERPRINTING TECHNIQUE

The choice of technigue must depend upon the type of experiment that is
planned. the facilities available, and personal prejudice. For carefuily
controlled in virro experiments, when accurate estimates of relative numbers
of different strains are required, mutants are particularly useful. Indeed,
studies of mixed infections with Rhizobium have become much easier to
undertake because of the availahlity of suitable mutant strains (Johnston &
Beringer, 1976a; Bromfield & Gareth Jones, 1980), Mutant strains should
always be used when genetic studies are beging conducted. Far too many
reports of the “genetic effects” of a range of treatments on Rhizobium have
appeared in which it was not possible to determine whether the “modified
strains” were truly modidied or were contaminants.

When the fate of an inoculant is to be studied, serology, fingerprinting, or
the use of mutant strains can all be useful (Read, 1953; Schwinghamer &
Dudman. 1973 Pinto. Yap & Vincent, 1974; Kishinevsky & Bar-Joseph,
1978; Beynon & Josey, 1980, Bromfield & Gareth Jones, 1980). Because it is
relatively simple to screen for the high-evel resistance of mutants, many more
samples can be taken compared to the number that can be handled when
fingerprinting is used. This may be a decisive factor in making a choice.
However., i possible adverse effects on a strain’s performance are to be
avoided, fingerprinting or serology must be used,
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When sampling of indigenous populations s being attempted in order to
gain some insight into the range and relative importance of different sirains,
fingerprinting is essential. An example of the type of project with this
requiremnent is the isolation of strains of Rhizobuwm for inoculation purposes.
Selection of the most suitable strain is often based on the isolation ¢f a limited
number of rhizobia {rom nodules that were selected because of their size or
other characteristics. A maore rational approach 1s to isolate from many
nodules. and determine how many strains are present, the relative proportions
of each strain. and. thus. how competitive the rhizobia are. Thereafter, tests of
symbiotic proficicncy can be performed with strains that can be recognized
and have kpown competitive ablities.

CONCLUSIONS

Micro-organisms can be characierized on the basis of “genetic” differences
that are intrinsic or have resulted from directed mutation. Mutant strains are
relatively easy to handle and can be used to obtain fairly accurate values for
the proportions of ditferent strains. They suffer from the disadvantage that
they are difierent from the wild-type parent and that the difference may also
affect their ecological characteristics. For example, Débereiner & Baldani
{1979} have shown that in a particular environment maize rools were
selectively infected by streptomycin-resistant derivatives of Azaspirilium
fipaferum. The problem of altering a strain is avoided by using intrinsic
differences for characterization purposes. Many different characteristics can
be screened making this technigue suitable for handling many strains,
Probably the main drawback s the care that must be taken 1o ensure that test
conditions are standardized.

With all procedures for strain recognition, a problem that has hardly been
considered is the micro-organism’s potential for mutation. Very large
populations of micro-organisms can occur in soil or water, so that
spontancous mutants are going to be formed continually. Such mutants will
be of no consequence 11 they are not better adapted than the wild-type parent.
However. if the moculant strain is not weil adapted, for example auxotrophic
and some rifampicin-resistant mutants of RAfzobium, mutaats that are no
longer auxotrophic or drug-resistant will be selgcted and become dominant
{Pair. 1979, Beringer. Brewin & Johnston, 1980}, Whether or notselection of
this nature occursin strains being used for inoculation purposes 1s not clear, A
number of quite didferent methods for characterizing strains will need to be
used and the results compared. If discrepancies in typing do occur, a
reassessment of technmiques and of what may be happening to strains in nature
will be required.
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APPLICATION OF INHERENT ANTIBIOTIC RESISTANCETO
ECOLOGICAL STUDIES OF RHIZOBIA

Q.P. Rupela,! D.P. Josey,! B. Toomsan,! 8. Miital,? P.J. Dart!
and J.A, Thompson!

Summary

The inherent antibiotio resistance technique shows promise for
use in ecological studies. The techmgue involves the use of readily
available chemicals tor growing rhizobly. antibiotics and a simple.
casily manufactured multi-mocubstor. The main requirement of
the method is precise mamivnanee of conditions throughout the
experiment for zlf varahies and laboratory processes. These
precautions arc discussed

I o study of 473 field olates from a trial lnoculated with 4
streptomyein {sir 200} marked mutunt. the use of 30 characteristics
(10 antibiotics x 2-4 concentrations) classitied the strains into 203
groups when all characieristics hud to mateh perfeetly. and into 119
groups when one mismatching characteristic was allowed. The 32
isalates having str 200 resistance were placed in three groups with
no mismatches, and e two groups with one mismatching
character gHowed

INTRODUCTION

The success of introduced Rhizobiim strains in field tials has been
monitored using both serology and strains marked with antibiotic resistance
{Read. 1953; Dudman & Brockwell, 1968; Schwinghamer & Dudman, 1973).
Neither of these technigues, however, gives much information concerning the
composition of the indigenous population of Rhizebium. Using the inherent
antibiotic resistance technigue described by Josey er ¢f (1979), the indigenous
soil population of Riuzehiun has been shown to be heterogencous {Beynon &
Josey. 1980). This technique could be used in examining some current

L CP No. 43, ICRISAT, Patancheru PO, Andra Pradesh 302-324, India.
¢ John Innes Institute, Coiney Lane. Norwich NR4 74H, Engiand.
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problems in field inoculation trials: the heterogeneity of indigenous
populations. changes in the population over cropping season and with
particular agricultural practices. and, in some cases, the reason for the success
of particular inoculant strains. This paper discusses precautions to be
observed in adapting the technique to local conditions, and reports on
application of the technique to study rhizobia nodulating chickpea (Cicer
ariefinum L.} at TCRISAT.

SOURCES OF ERROR IN THE INHERENT ANTIBIOTIC
RESISTANCE METHOD

Every effort must be made to maintain rigid control of the experimental
conditions. H the test conditions are not completely standardized, it will be
very difficult to draw any conciusions about the relationship between strains
examined in different test senes. Potential sources of error using this
technigue are:

Medium compuosition: The concentration of all constituents of the growth
medium must be constant, and media should always be prepared using the
same grade and brand of reagents, The number of tons available in one make
of veast extract may be widely different from those in another brand, and this
can affect strain growih and antibiotic resistance differentiaily.

Medium sterdizarion and melting: Growth medium should always be
sterilized and melied in the same way. If the medium is heated for different
periads of time or at different temperatures, its composition may also vary.
and hence alfect growth.

Antibiotics: The same suppher should be used, as the strength and
formulation of antibiotics can vary between manufacturers, The potency of
nearly all antibiotics will decrease with age, particularly when made up into
stock solution. so large amounts of stock solution should not be prepared.
Repeated freezing and thawing of antibiotics should also be avoided as much
as possible.

Mixing of antibiotics in mediz: When mixing the antibiotic with agar
medium the temperature should be keptat 60° in a water bath. Once the plates
are poured some antibiotics also will start to lose activity; thus, plates should
be inoculated as soon as the whole set of plates is ready. Il the agar is cool
during mixing {¢. 45°C). an even distribution of antibiotic throughout the
medium may not be achieved, and strict comparisons between plates will not
be possible. It is very unportant that the antibiotic concentrations in the
medium are accurately reproduced on each occasion,

Inocuum condition: Sensttivity 1o some antibiotics {such as penicillin) may
depend on cell growth phase. and it is very desirable 0 use inocula of a
reasonably uniform stage of growth. Cells in the stationary phase may survive
exposure 1o an antibiotic to which they are normally considered sensitive and
then commence to grow again after concentration of antibiotic in the medium
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has decreased below the threshold value for activity against that particular
strain.

Thickness of plate: If the thickness of medium in the plates varies, then the
colony morphology will be influenced; ¢.g., slime may only be produced by
large colonies making it ditficult to assess the difference between control and
antibiotic plates. if they are of different thickness. Plates with bubbles should
also be discarded because of lack of homogeneity.

Dryving of plares: As plaies should be used immediately, drying may not be
practical unless a larminar fiow sterile hood is available. if plates are dried the
same procecure must be used on every oceasion

Confamination: Contaminaied plates should be discarded, as waste
products from the contaminants may be synergistic with, or destroy, the
antibiotics. and these effects may permeate the whole plate; not just the region
where the contaminant s growing. For similar reasons, fast- and slow-
growing strains of Rhizohivm should not be tested on the same plate.

AN APPLICATION OF THE TECHNIQUE TO RHIZOBIA
NODULATING CHICKPEA AT ICRISAT

In an experiment with chickpea at ICRISAT, in which the mutant strain
9036, resistant to 200ug; mi streptomyein was ased, 473 nodule isolates were
obtained that lacked this resistance, and 22 were found with resistance to
streptomycin. Inherent antibiotic reststance studies were undertaken to
characterize these strains,

The technique used was as follows: Yeast exiract mannitol agar {YMA),
was made up accurately, sterilized, and kept at 60-65°C ready for use. Just
before pouring the plates. the reguired volume of antibiotic stock selution (see
Table 1) was added to the known valume of medium in the flask and swirl-
mixed to ensure its proper distribution in the medium,

The same volume of medium was added to each petri dish, using eithera
sterile measuring cvlinder or a sterile graduated beaker; for 9 cm diameter
glass petri dishes. 30 ml was used. The plates were then poured on a flat
surface to achieve uniform thickness.

Rhizobhem strains used for strain typing were grown on ¥ MA slopes in
McCartney bottles, and as soon as growth was seen (usually four to five days
with Cicer rhizobia) the cells were suspended in sterile, 209 (v/¥) glvcerol,
dispensed in small quantities suitable for one day’s testing, and stored in a
deep freeze at -10°C,

The antibiotic test plates and controls were inoculated with a pronged,
multiple inoculator {Josey er af,, 1979}, Glycerol-stored cultures were diluted
with sterile distilled water to give approximately 105 cells/ mland placed inthe
wells of the pin inoculator. At thisconcentration each prong of the inoculator
transferred aproximately 107 rhizobia to the test plates. After incubation at
about 28°C for 7 dayvs the growth on antibiotic medium was compared with
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TABLE 1: List of antibiotics and their concentrations.

Antibiotics

Concentrations (mg/1}

Carbenicillin 10, 25, 50
Erythromycin 1.25, 2.5, 1O
Kanamycin 2.5, 10, 26
Nalidixic acid 2.5, 10, 15
Neomycin 2.5, 10, 15
Polymyxin 5, 10, 20
Rifampicin 0.25, 0.5, 2.5
Streptomycin 2.5, 10, 20, 200
Tetracycline 0.5, 0.5
Vancomycin 1.25, 2.5, 10

1All antibiotics are from Sigma except carbenicillin which is fiom ‘Pyopen’,
Beecham.
Antibiotic solutions were made in sterile dejonized water, except eryihromy-
cin {in sthanol} and nalidixic acid (s 1 M NaOH).

that on control plates, Colony growth was scored numerically {{; no growth;
2: weak growth: 3 good growth) so that the results were amenable to
computer analysis.

When the 473 isolates were scored on the basis of resistance to 10 antibiotics
at 24 concentrations. 203 distinct groups were found. When one mismatch in
the array of tests was permitted, IS groups were distinguished. Samples of
strain 9036 (reference culture) could be separated into two groups by inherent
antibiotic resistance, while streptomycin-resistant field isolates fell into these
two groups, plus one other.

When one mismatch was allowed, all reference cultures fell intc one group
as did 21 of the 22 streptomycin resistant field isolates,

The results demonstrated again the heterogeneity of soil populations.
Characterization of the properties of the different groups of isolates, and of

their frequency in soil, could help explain the basis for their competition with
inoculant rhizobia.
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THE NITROGEN RELATIONSHIPS OF MAIZE/BEAN
ASSOCIATIONS

5.M.T. Salio!

Summary

Intercropping of maize and beans Is practiced widely throughout
the tropical and subtropical regions of Latin America, particularly
among small farmers with limited technical resources. This paper
reviews how association affects the aitrogen{N) balance of legumes
and nonlegumes, paying particular attention to N, fixationand N
transfer.

INTRODUCTION

Herndndez-Bravo (1973) reported that 75% of the beans produced in Latin
America are grown associated with another ¢rop, principally maize. Similar
figures are provided by Scobie, Infante & Gutiérrez (1974) and Vieira {1978).

Despite the importance of this cropping system there have been relatively
few studies on the biological consequences of association. Wahua & Miller
{1978) report that benefits from association are: balanced nutrient supply of
energy and protein, protein and resource maximization, efficient utilization
of water, inczpensive weed contrel, risk minimization and improved soil
fertility. Other reported benefits include modified pressure from pests (Altieri
et al., 1978}, reduced maize lodging in association {Francs, 1978) and
reduced erosion and water infiltration {Noia, 1977).

Some authors have criticized the associated system claiming that
intercropping promotes the incidence of some diseases and pests and reduces
vields of both components (Lepiz, 1971, Moreno, 1972). Certainly vield
reductions of from 38-70% have been shown in beans associated with maize
(Francis, 1978); maize yields may also be affected (Fisher, 1977},

f Centro de Energia Nuckear na Agricultura {CENA), C.P. 96, | 3400 Piracicaba, S3o Pauln,
Brasii.
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Acommon assumption in discussing maize/ bean intercrops is that nitrogen
{Ny) fixed by the bean benefits the maize. The documentation for this is
limited. In thiz review } examineg the N economy of the maize/ bean intercrop
and some of the factors influencing it

N RELATIONSHIPS IN MIXED PLANTINGS

Figure |, simplified from that of Henzell & Vallis (1977), shows that the
bean/maize intercrop has three major sources of nitrogen: N, fixed by the
bean and possibly by the maize; fertilizer N applied routinely to the matze, but
also sometimes to beans {Bazan, 1975); and soil N. Some Nis also introduced
in the seeds, but normally this would not contribute more than 3 kg N/ha. N
in the legume may he removed as fruit or pods at harvest, may be grazed, may
become avaiiable to the maize, or may simply be incorporated as residues and
move into the soil pools of erganic or mineralized N, The story for the maize
is similar: it may even be that where the crops are intercalated, as in Central
America, with the maize planted [irst, that the decompasition of fallen cereal
leaves and roots provides some N to the beans! Under tropical conditions the
high mobility and rate of mineralization of N can lead to appreciable losses by
volailization and leaching, Discussion in the present review will emphasize
four areas: N fertilization, N, fixation, N excretion, and N residues for
subsequent crops.
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Figure I Movement of witregen in legume-cereal intercrops.

N FERTILIZATION

Maize has a higher requirement for N than beans, and produces an
equivalently high amount of biomass. Mineral N absorhed by the maize plant
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under monoculture conditions can be as much as 141 kg N/ha per growth
cycle (Andrade, 1975}, Maximum requirement for N occurs around 80 days
after germination when vegetative growth ceases and grain filling starts. As
much a3 3 kg N/ ha per day can beabsorbed (Malavolta & Dantas, 1978) with
the maize plant highly efficient in recovering applied N (Reichardt er ai.,
1979). While the N requirement of maize in the lower yielding, intercrop
situation would probably be less, supply of this N presents a dilemma.

Thus, on the ane hand, N deficiency is commeon throughout the production
region {Daz-Romeu, Balerdt & Fassbender, 1970; Malavoha, 1971, Bazan,
1973} with rates of N fertilization for maize of up to 120 kg N/ bha per cycle
recommended {Laird & Rodriguez, 1963; Laird et 21., 1969; Arnon, 1973). On
the other hand, and while small doses of N can sometimes be beneficial
{Graham & Halliday, 1977), application of combined N to the maize is likely
to reduce the nodule development and function of beans grown in association
{Rigaud, 1976),

P.H. Graham & S K. Viteri {unpublished data)} found seascnal rates of
N3(C,H,) fixation in some bean cultivars reduced almost 40% by the
application of only 15 kg/ ha of combined N. Cultivar (Franco & Débereiner,
1968}, strain of RMizobiun (Guss & Dobereiner, 1972; Saito, 1980) and rate
and source of N (Ruschel & Saito, 1977; Santa Cecilia & Prado, 1977,
Ruschel, Saito & Tulmann Neto, 1979) would all affect this interaction.

Compatible maize/bean, fertifizer N/K, fixation systems must be
developed. The following points urgently need study:

Since legumes are generally poor competitors for applied N (Henzell &
Vallis, 1975}, will N fertilization disadvantage the legume in
ways other than the expected effects on N, fixation?

Can deep placement of fertilizer N (Harper & Cooper, 1971; Crasswell
& Viek, 1979 provide N for the maize without damaging
fixation?

Could the use of organic manures for the maize reduce the effects on
the bean {Yoshida, 1979)7

N, FIXATION

Ruschel et ol {1981) found nodulated bean plants in a monoctop situation
to fix up to 65 kg N/ha per cycle under field conditions. Qther authors have
reported values ranging from 9.12 to 73.7 kg N, fixed/ha per growth cycle
(Table 1). Graham & Rosas (1978b) found N,(C,H,) fixation by a vigorous
climbing cultivar essentially unaffected by association, but gave no Ndata. In
this study both maize and bean development were affected by association but
competition effects were not apparent during the period of active N, fixation.
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TABLE 1:

estimated by different methods,

Ny fixation in bean {(Phaseolus vuigaris) and maeize (Zeg mays),

Crop Amount Method Reference
fixed
Bean (kg N/ha)
9-12 Kieldahl, CoHy reduction Janssen {1972)
30.40 Kieldahl, Co H, reduction  Graham & Hallidgy {1977)
12.2-737 €, H. reduction CIAT (19773
2545 Isotopic dilution '8N, Ruschel et al_(1981)
Maize (kg N/ha . day}
2.4 Kjeldahi, CoH, reduction von Bilow & Diébereiner
(19753
{g N/ha - day)
28 Kieldahl, CoH, reduction  Tiepkema & van Berkum

{1978)

In a later study (P, H. Graham & $. R. Viteri, unpublished data) N, fixation
by & bush bean cultivar was severely reduced by association, though nodule
development prior to flowering was enhanced. Delay in the planting date of
beans relative to maize further reduced N,(C,H, ) fixation, presumably as the
result of increased competition for light.

It 15 possible that maize also has a potential for N» fixation and could
contribute to the N economy of intercropped plants {see Table 1).

Effects of association on the fight, water, and nutrients needed for N,
fixation need to be further studied. Reference has already been made to the
decreased Na(C,H,) fixation of bush bean/maize associations, Antoniw &
Sprent {1978) also report overall capacity for N, fixation affected by sub-
optimum lLight conditions with nodule size particularly reduced. Conversely
shading can reduce soil temperatures and so enhance nodulation (Graham &
Rosas, 1978a).

Competition for P was not & problem in cowpea/maize intercrops
{Remison, 1978). As maize and beans show sowewhat different root profiles,
with the bean roots located mainly in the top 10 cm of soil (Inforzato &
Miyasaka, 1963; Malavolta & Dantas, 1978), it iz possible that each exploits
different soil volumes, thus reducing the likelihood of competition for
nutrients. By the same logic, and while both beans and N, fixation are highly
susceptible to water stress {(Sprent, 1976; Bonnetti, Montanheiro & Saito,
1980, CIAT, 1980) the likelihood and severity of water stress might be little
affected by association.



TABLE 2: "N enrichment of root, top parts, and soil rhizosphere of Phaseolus beans and soybean (both nodulated), and of
maize, incubated under ™ gtmosphe:e‘ for 24 hours (Ruschel, Salati & Vose, 1979).

N excess Fixed N ug
Root Tops Soil Root Tops Soil
Bean 0.210 0.281 0.005 18.74 £ 0.18 117.01 £ 084 28,39 % 11,28
Soybean 0.047 0,096 0.001 255 £ 0.11 21.65 £ 045 5.27 £ 10.58
Maize ¢ 0.004 ] it + 0.63 146 £ 074 0 + 1132
Bean 1.345 —3 0.007 17188 £9.26 —2 3851 £ 11.01
Soybean 0.494 6,211 0.002 15.06 & 0.07 63.78 £ Q.61 11.36 £ 11.38
Maize V) 0.002 0 0 + 0,69 0 + (.81 0 1368

"pNp = 0.66; pOg = 0.12: pAr 0.20; pCOy, 0.20; "N, enrichment 43% |

Zp st sample.

$t9
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N EXCRETION

The idea that legumes could excrete N during growth is not new (Nicol,
1935; Virtanen, von Hausen & Laine, 1937; Wiison & Burton, 1938). Recently
Ruschel, Salati & Vose (1979) showed some soil enrichment of fixed 15N>
from beans (sec Table 2). Whether this phenomenon is a normal
physiclogical process or occurs in response to a condition such as shading is
not known. Willey (1979a; 1979b) has reviewed and discussed this subject to
some eXtent. Apparently, excretions are more freguent where legumes are
subject to shading, but this may enly be important after good growth has
already been made under reasonsable light conditions. Nodule breakdown
and root decompaosition during senescence could also transfer nitrogenous
compounds to the nonlegume companion {Walker, Orchiston & Adams,
1954). Agbools & Fayemi (1972}, however, found littie contribution of the
associated legumes Figna sinensis and Calopogonium mucunoides to maize,
but did show that Phaseolus aureus benefited intercropped maize early in the
growing season, Unfortunately the majority of the excretion experiments
have been conducted in pots, and little information is available from field
situations.

N RESIDUES

The mportance of legumes in crop rotations has been taken for granted for
many years, Recently some authors have begun to question this, pointing out
that if the N; fixed iz equal to or less than that removed in the grain, then
subsequent crops cannot benefit. Recent studies have also shown variation in
the rate of mineralization of plant N, with the rate of decomposition of root
and stemn tissue in some species delaved. The residual effects of maize/ hean
associations can only be guessed at. Af best, using the monoculture and high
technology figures from Ruschel er o/, (1981} and Okon (p. 459}, the N, fixed
by an association of maize and beans might reach 140 kg N, fixed/ha per
growth cycle, with 130-150 kg N removed in the grain of both crops. Fixation
rates in farmers’ fields are more likely to sum less than 95 kg N/ ha percycle.a
subsiantial loss of N to the soil
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ASSESSING THE NITROGEN CONTRIBUTION OF COWPEA
(FIGNA UNGUICULATA)IN MONOCULTURE AND
INTERCROPPED

A.R.J. Eaglesham!

Summary

In a field trial with four cultivars of Pigna unguicuiata (L.} Walp.
Ny fixation, estimated by the difference method with #N, ranged
from 49 to 101 kg N2 fixed/ha per cyele. With 25 kg fertilizer N
applied ha. the soil showed a positive N balance of 2-52 kg N/ ha.
In a trial with cowpea and maize intercrepped, the N content of
intercropped maize was significantly greater than that obtained in
monoculture.

INTRODUCTION

Under shifting cultivation after land clearance, the initially high orgamc
nitregen (N) levels of tropical soils decline rapidly (Bartholomew, 1977, and
fertilizer N must be added, or N, fixed to maintain productivity. While several
species of grain legumes are impartant sources of digtary protein throughout
the developing world, there are few reliable estimates of their ability to fix N,
under field conditions in the tropics, and no data as 1o their contribution to
soil N levels and to other species grown inassociation. Inthis paper I examine
the N balance of morocropped cowpeas at different levels of fertilizer N usage
and provide evidence of N transfer from cowpea to intercropped maize.

EXPERIMENTAL METHODS

The experiments detailed here were undertaken at the International
Institute of Tropical Agriculture (IITA), Ibadan, Nigeria, on an Alfisol of pH
6.5, which contained only 0.073¢ N.

¢ Bovee Thompson Institete, Cornell Unieersity, fthaca {4853, NY, USA,
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In the first trial, four cowpea {Vigna unguiculata (1) Walp.) cultivars
{ER-1, TVu 1190, Ife Brown and TVu 4552} were used, and their N, fixation
capacity determined by the difference and “A-value” methods described by
Ham {1977), Noafixing controls included maize (Zea mays), celosia (Celosia
argentia) and a non-nodulating sovbean (Glvcine max cv. N59-52-59),

Estimates of N; fixation were made at three N levels: 0, 25, 100 kg N applied
per hectare, and nodule samples and Ny (C;H, ) fixation assays were made to
show the seasonal effects of apphied N on nodule development and N,
fixation,

At maturity, total crop N and amount of N, fixed were calculated, and N
uptake from soil was obtained by subtraction. Graim N harvested was
obtained at maturity, and the N added back to the soil was calculated by
subtraction. The net N gain or depletion from the 20il was then calculated as:

N ({CHANGE) = N (RESIDUES) — N {UPTAKE FROM SOIL)
or
N{CHANGE} = N FIXED - NIN GRAIN
In an intercropping component of the experiment deseribed above,
cowpeas {cv. TVa 1190) were alternate-row intercropped with maize and
grown under the same N regimes as the sole crops; -N, 25 kg N and 100kg N,

RESULTS AND DISCUSSION

The mean fertilizer efficiencies were 129 at 25 kg N/ha applied and 27%,at
100 kg N/ha applied. With only 3 kg N/ ha taken up at the lower fertilizer
level, no significant effect of this low level of N on nodulation or N, fixation
was experienced. The application of HI0 kg fertilizer N/ha did, however,
influence both nodule development during the growth season (see Figure 1}
and N, (C,H;) fixation, as shown early in pod-fill in Figure 2,

Both the difference method and A-value method gave similar estimates of
N, fixation for the four cowpea cultivars, with the different nonfixing
controls also not significantly different.

Cultivar TVu 1190 fixed 101 kg N,/ha when only 25 kg fertilizer N was
applied per ha. With only 49 kg N/ ha removed in the grain, this represented a
gain of 52 kg N/ ha to the soil (see Table 1). By contrast, when 100 kg fertilizer
N/ha was applied, the soil neither lost nor gained N. However, with the
cultivar TVa 4552 at the higher level of fertilizer N, there was a netloss of 34
kg N/ha from the soil.

Table 2 shows a striking increase in N content, as mg N/plantand % N, in
intercropped compared to monoculiure maize, with low levels of N
fertilization. Table 3 shows that fertilizer N uptake by the maize and cowpeas
was similar and was not affected by intercropping. As the fertilizer N was well
incorporated into the soil, with soil N uptake likely to parallel fertilizer N
uptake, it seems unlikely that the increased N content of the intercropped



Figure 1.

Figure 2.

643

600 :
Flowennag | N
%
"
&
&
H 400
&
U
B
)
E 200 1) N
E
]
S
F
@
a

{Zays after planting

Patterns of seasonal accumulation of nodule dry weight in cowpea, ov.
T¥u 1190, grown at three levels of applied N: 0i-N), 25 kg N/ ha (25 Nyand
100 kg N:yha (100N} Bars represent LSD values at P=0.05. {(Daw of
A.R.). Eagiesham, A. Ayanaba, D.L. Eskew & V. Ranga Rag,
unpublished),

U (90 |
o
—
- 150 IFE BRN
¥
s | 4
& | j
3 : b
& \
= —
S ) — P
ot | 3 4552
i . i
% ER-L : -
E — | ,
= P i
|
5 o “ E -
Ly -_1‘ : -
o BR L

5N h 25N
NOOION SN N N 10N N HON

Acetylene reduction activitics of cowpeas {cvs. ER-1, Tvu 1190, Ife
Brown, and TYu 4552 at45 days after planting, atthree levels of applied N
(~N, 25 kg N;ha (25N) and 100 kg N/ha {(100N)). Bars represent LSD
values at P=0.05, (Data of A R.J. Eaglesham, A, Ayanaba, D.L. Eskew &
¥, Ranga Rao, unpublished).



644

TABLE 1! The net N balances of cowpeas at two levels of mineral N availabili-
ty. (Data of A.R.J. Eaglesham, A. Avanaba, 2. 1. Eskew & V. Ranga
Rao, unpublished ).

N treatment Cultivar Mineral N Fixed N Grain N Residue N N balance
uptake input  removed returned

(kg/ha}

25N ER-1 32 50 a8 34 + 2
Tvu 1190 33 101 49 85 +32

Ife Brown 25 81 &7 49 +24

TVu 4552 27 49 46 30 + 3

1OON ER-1 66 28 54 40 26
TV 1190 69 49 49 &9 0

e Brown 64 44 52 56 - &

Tyu 4552 54 19 532 20 —34

TABLE 2 N accumulated by sole cropped and intercropped maize {after
Eaglesham ¢ral., 1981).

Treatment N gontent 4N 9 atom excess
{mgfplant) !

N Sole crop 469 0.70 -
Intercrop g15% 0.92%* —

25N  Sole crop 4726 .58 0.7727
Intercrop 782* Q.83%** 0.3714%

100N Sole crop 210 0.67 0.8867
Intercrop 93908 67ans 0.62235ns

Statistical comparizon are within N treatments and columns,
ns = npot slgnificantly different,

® significantly ditferent at P= 415,

significantly differentat P% 501,

significantly differentac F= 0,001,

* ok

H B

¥R

maize plants can be explained on the basis of soil or fertilizer N. Clearly,
intercropped maize had access to a source of N not available to monoculture
maize. It is unlikely that this could be due to recovery of N low in the soil
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profile; to benefit from decaying cowpea leaves (since no significant leaf fall
had occurred at harvest); or to sloughing off and decay of cowpea nodules,
which is normally only 5-79% of the total plant N (Earles aneraf., 1977), The
significant dilution of YN in the intercropped maize compared fo maize in
menoculture (see Table 2) is consistent with the additional N having been
derived from cowpeas.

At 100 kg N, although the N nutrition of intercropped maize was improved
over the sole crop, the differences were not statistically significant, possibly
because of the inhibitory effect of the applied N on N, fixation.

The data presented here show that itis 2 misconception that legumes always
contribute N. Moreover, it wouid be wrong to extrapolate freely from these
data {e.g., that sovbean having a high N,-fixing potential will be likely to
contribute N, by way of vegetative residues, to the soil). Two factors are
important in addition to Ny -fixing potential: mineral N availability, and the
harvest index for N. Field-grown sovbeans in the USA fixed 76 kg N/ha and
absorbed 219 kg N/ ha from the soil { Hardy & Havelka, 1976). Assumingan N
harvest index of 709 (a relatively low figure for sovbean), 206 kg N/ ha would
be removed in the grain and 89 kg N/ ha would be added back as vegetative
residues, a net depletion of 130 kg N/ha.

TABLE 2: Comparison of fertilizer N uptake as mg N/m of row, of sole
cropped and intercropped cowpeas and maize {after Eaglesham

efal,, 1881).
Treatment Crop Fertilizer N content

(mg/m}

Sole crop 25N Cowpea 188 a
Maize 187 a

Sole crop 180N Cowpea 1265 b
Maize 1491 b

Intercrop 25N Cowpea i72a
Maize 190 a

Intercrop 100N Cowpea 882 b
Maize 1302 b

Statistical comparisons are within sale crop or within intercrep. Numbers followed by
different Ietters are significantly different at P = 0.03.
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The data presented here confirm those of others that N benefit may accrue
to a cereal by intercropping with a grain legume. This phenomenon is
significant to agricultural productivity only where levels of available N are
low—a condition that often affects farmers in the tropics.
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NITROGEN FIXATION BY GROUNDNUT
(ARACHIS HYPOGAEA) IN INTERCROPPED AND
ROTATIONAL SYSTEMS

P.C.T. Nambiar, M.R. Rao, M.S. Reddy, C. Floyd, P.J. Dart,
and R.W. Willey!

Summary

This paper examings the nodulation and nitrogen fixation of
groundnut when grown in pure culture or in association with pearl
millet, maize or sorghum. In all cases, association of groundnut
with a cereal resulted in reduced nodulation and nitrogen fixation.
This was aseribed to shading of the groundnut, leading to reduced
photosyathests. When grain millet was planted in rotation with
groundnut or maize supplied 20 kg N-ha, vield following
groundnut were 324 kgiha greater than obtained in the
millet maize rotation.

INTRODUCTION

Legumes play a key role in many rotational and intercropping systems. In
rotations part of the nitrogen (N, } fixed by the legume can become available
to subsequent crops; in intercropping systems, especially under small farm
conditions, the ability of the legume to grow without N fertilization permits
better allocation of limited resources, and lowers risk of total crop failure.

Surprisingly, there are few studies of the effects of intercropping on
nodulation and N, fixation in legumes. Interplant competition has been
shown to influence nodule function in Phaseolus vudgaris {Graham & Rosas,
1978a), Trifolium subterrancum (Phillips & Bennett, [978) and Vicia faba
{Sprent & Bradford, 1977). Interspecies competion between maize and beans
did not affect the nodulation and N fixation of a climbing cultivar of
Phaseolus vuigaris (Graham & Rosas, 1978b), while in a soybean/sorghum
intercrop, N» fixation by the soybean was markedly affected by association
with tall, but not with dwarf, sorghum varieties (Wahua & Miller, 1978},

POLOP No. 6], ICRISAT, Pawancheru PO, Andra Pradesh 502 324, loda.
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Groundnut (Arachis hypogaea L.} is grown in semiarid tropical regions,
both as an intercrop and in rotations. In this paper we examine some effects of
cropping pattern on N fixation in groundnut and subsequent crop yield.

MATERIALS AND METHODS

In the three intercropping experiments reported here, we compare the
nodulation and N fixation of groundnut when grown in monoculture, and:
When associated with maize at four different levels of applied N;
When associsted with sorghum partially defoliated to simulate
different degrees of competition for light; and
When associated with pear] millet,

In each case, the cereal and groundnut were grown in separate rows, with
optimum sole crop plant-to-plant spacings, using ratios of | rowmillet:3rows
groundnut; | row sorghum:2 rows groundnut, and | row maize:] rows
groundnut, Both crops were sown at the same time, and received
recommended fertilization, save for N. The sorghum/groundnut ex-
periments were conducted during the post-rainy season; the others during the
rainy season.

In the experiment with maize, 0, 50, 108, 150 kg N/ ha was applied to the
maize at planting, while in the experiment with sorghum, a range of
groundnut cultivars were tested and in half the greatments alternate leaves of
the sorghum were defoliated to enhance light penetration. In all experiments
nodulation and Ny fixation were measured throughout the growing season.

Two experiments to determine the benefit from groundnut to subsequent
crops were also carried cut. The first compared the yield of grain millet grown
after groundnut, unfertilized maize, or maize supplied 20 kg N/ha; the
second, also with grain millet, compared yield after groundnut, millet, or
fallow.

RESULTS AND DISCUSSION

In all three crop combinations studied, intercropping reduced nodulation
and N, fixation by the groundnut. With millet this inhibition occurred both
with and without applied fertilizer N (see Figures 1 & 2. In the maize
experiment N fertilization of the maize further reduced nodulation and N,
fixation by the groundnut {see Table 1). However, nodule formation was less
affected than nodule weight or nitrogenase activity, presumably because
most nodules were formed before the cereal provided any substantial
competition for light. The reduction in nitrogenase activity was most closely
related to the reduction in nodule weight, with an 80% reduction in activity at
the highest N fertilizer tevel (150 kg N/ ha). Final yield per plant was also
decreased at the high N levels, Our results suggest that N fertilizer effects are
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not directly on legume fixation, but rather due to the decrease in available
fight resubting from more vigorous growth of the cereal.

Decreasing the competition for light by the sorghum by removing aliernate
leaves increased the N, fixation by the intercropped groundnut (see Table 2}.
There was little difference between groundnut cultivars in this response. Even
the sorghum wath 509 of 1is leaves removed provided a substantial
competition for the groundnut, and nodule number and nitrogenase activity
per piant were both substantially less than for the sole crop. Top weight per
plant was also decreased in the intercropped groundnaut.

In the rotation experiments, grain millet grown in the irrigated post-rainy
season yielded 459 more following the groundnut cultivar Robut 33-1 than
when maize was the preceding crop (see Table 3). However, in a second
experiment, where grain millet was grown following groundnut, miilet, or
fallow, there was no apparent yield benefit.

One of the earliest recognized advantages of a legume crop was the residual
benefit for a subsequent crop. b has been suggested that some legumes excrete
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TABLE . Nodulation and N, fixation of groundnut in sole culture and inr
cropped with maize,

Treatment Nodule Nodule Nitrogenase Light-

number/ weight activity reaching
plant {mg/ {umoles groundnu i,
plant) C, H 4 fplant cdnopy
per h) (%)
Sole groundnut 174 124 21.3 100

Intercropped groundnut
N added to maize

(kg/h)
0 165 117 20.1 67
50 160 94 9.4 54
100 150 78 7.0 43
150 134 63 3.5 46
SEM % 6.3 1.0 1.92

some of the N, fixed into the soil during the growth of the crop, but present
evidence suggests that the amounts involved under field conditions are smali,
and likely to be of little benefit to an intercrop (Henzell & Vallis, 1977). The
matn residual effect of a legume will depend on the proportion of N retained in
nonharvested residues and their rate of mineralization. Clearly, the planting
of groundnuts in association with cereals couid limit the rate of N, fixation by
the legume, and thus the benefits for subsequent crops. In an attempt to
alleviate this, we are examining different groundnut and cereal genotypes for
compatability and hope to find both groundnut cultivars more tolerant of low
light 1intensities, and so able to maintain high levels of N3 fixation in the
intercropping situation, and cereal lines whose plant architecture permits
light penetration. Adjusting season durations and sowing times of the two
crops, relative to each other, also offers some scope for increasing fixation by
the groundnut, since it changes the pattern of competion of the cereal in
relation to the maximum period of nitrogenase activity of the groundnut.



TABLE 2: Nodulation and nitrogenase sctivity of five groundnuat cultivars in sole culture and intercropped with sorghwm,

Cultivar Nodule number/plant Nyase activity (u moles C, H, /plant-h}
Sole crop Intercrop Intercrop Sole crop Intercrop Intercrop
(partial {normal {partial {normal
sorghum cmogy’) sorghium ganopy) sorghum %mopy‘) sorghum canopy)
Chico-1 7200 104 78 64 152 118 6.8
TMV-2 108 81 64 i8.1 12.6 8.3
MK-374 190 137 100 258 23.6 12.2
Robut 33-1 118 86 75 21.5 159 122
MH2 151 66 68 154 T8 9.1
Gangapurt 137 84 62 15,7 106 6.5
SEM 11.38 1.35

70 days after planting, groundnut with a partial sorghum canopy received 57 %  of the light, and that with 4 normal serghum canopy received
42 5 of the light intercepted by the sole crop.

o
-
—_
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TABLE 3: Residual effect of groundnut and maize on millet grain
yield in an Alfisol.’

Preceding crop Yield
(kgfha)

Groundnut 1980

Maize, unfertilized 1325

Maize, fertilized with 20 kg Nfha 1456

LSD (0.01) 360

'Groundnut and maize grown in rainy season 1977 at ICRISAT, followed by
irrigated millet, in dry winter season 1977-78.
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EFFECT OF COWPEAS IN CEREAL ROTATIONS ON
SUBSEQUENT CROP YIELDS UNDER SEMIARID
CONDITIONS IN UPPER VOLTA

W.A, Stoop! and J.P, van Staveren?

Summary

in Upper Volta millet is grown on the relatively dry plateau and
upper slope soils. whereas sorghum and maize are planted on the
wetter lower slopes. Cowpeas are rotated and inteccropped with
each cereal. When sorghum withow fertilizatioa followed cowpea,
yields were 225, 410, and 330 kg ha more on upper, middig, and
lower slopes. respectively. than when sorghum followed millet.
Yields ot miliet were afiected by both the cultivar of cowpea used in
the rotation and its planting densits. Tirmme of plowing also affected
the benefits {rom prior cropping with cowpea.

INTRODUCTION

Upper Volta can be divided into three broad ecelogical zones with rainfall
increasing from 400 mm in the Sahelian zone to more than 1600 mm in the
South Sudaniap region (see Table 1). The crops grown in each region are
linked closely with rainfall pattern, with millet predominant in the north,
sorghum and millet in the center, and sorghum and maize in the south.

However, the major soil types commonly present in toposequences will
also affect crop use, with millet grown on the relatively dry soils of the plateau
and upper slopes and sorghum and maize planted more on the moist lower
slopes. Cereal yields in these systems tend (0 be low (of the order of 500 kg/ha)
and the use of fertilizer restricted; so the presence of a legume intercrop or sole

crop in the rotalion may be an important factor in maintaining soil
productivity.

+ Royal Tropical Institute. Maunskade 63, Amsterdam, T'he Netheriands.
: JCRISAT,; PNLUD. BP 1163, {nmgadougou. Upper Volta.
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TABLE 1@ Characterization of the rainfall pattern in three major esological
zones in Upper Volta,

Ecological Mean annual  Approx.  Duration  Approx. Peak

zone rainfall start of of rainy no. of rainfali
(mm} rainy season rainy months
season  (months} days
South Sudanian Jul,, Aug.
zone > 1000 May Stoh 80to 95  Sept.
North Sudanian
Zone 630-1000 June 4105 6O0te 70 Jul, Aug,
Sahelian zone < &50 July 2.5tod 40t0 50 Aug,

MATERIALS AND METHODS

The three experiments reported here arc part of a larger study on
legume/ cereal rotations and management undertaken by ICRISAT in Upper
Volta.

Management trisi for » shaliow graveliy soil

This trial combined three soll preparation treatments (no plowing; plowing
in October after harvest; plowing in May before planting), with two crop
residue treatments (with or without removal of residues after harvest) and
with two crop rotations (cercal; cereal or cowpea/cereal). The experimental
design was a 3 x 2 x 2 factorial with three replications laid out as a spiit plot
with soil preparation treatments as major blocks.

Cowpea management trial in rotation with millet

The trial was part of a large sorghum/cowpea intercropping trial at
Kamboinse in 1979, which was planted to millet in 1980. The various
intercropping treatments had no significant effect on the subsequent millet
crop, but the pure cowpea treatments did, and therefore, they were analyzed
as a separate experiment. In this trial three cowpea cultivars, varying in plant
type and in days to flower were each sown at two different plant densities. In
the following year miliet was planted and its yield determined.
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Nakomtenga toposequence - fertility and rotation trial

The trial was initiated on land of a local village in 1979 and linked crop
responses (cowpea. miilet, sorghum, and maize) to soil types present in a
toposequence. In 1979, the area came out of a long-term fallow and no
fertilizer was applied. In 1980, the cowpea and millet strip were again left
unfertilized, and planted to sorghum; the other strips received 100 kg 14-24-13
compound fertilizer/ha before planting pure sorghum and & sor-
ghum/cowpea intercrop. In an adjacent strip the farmer appiied the same
chemical fertilizer rate, but in addition added manure {~ 6, t/ ha).

RESULTS AND DISCUSSION

While high coefficients of variation are & major obstacle to the
interpretation of results, there can be little doubt that the inclusion of cowpea
in the cereal rotation had beneficial effects. Figure 1 shows that enhanced
yield of sorghum after cowpea occutred for all three methods of soil
preparation, including the traditional hand cultivation. A possible eriticismof
this trial ts that at least part of the apparent benefit of cowpea could be dueto
allelopathic effects in continuous sorghum rotations. For this reason millet
was useqd as the test crop in the Nakomtenga trial. Results for this trial are
summarized in Table 2. When sorghum without fertilization followed
cowpea, yields were 223, 4H and 330 kg/ ha more on the upper, middle and
lower slopes, respectively, than after millet.
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An important aspect of the data in Table 2 is that, by selecting suitable
positions on 4 slope {mainly linked to the soil moisture situation), and by a
correct rotation, relatively high yields can still be obtained, even without
chemical fertslizers. The drop of sorghum yield on the upper slope can be
compensated for by switching to millet, which under similar conditions in the
same field yielded from 500 kg grain/ ha {no fertilizer; previous crop millet) to
1000 kg grain/ha {100 kg cotton fertilizer; previous crop millet),

Benefits from cowpea in the rotation will sbviously depend on management
practices and varieties used. This is evident in Table 3, which compares the
effect of three cultivars and two planting densities of cowpea, grown in ope
season, on subsequent millet yields, In this trial both cowpea planting density
and the variety x density interaction had significant effects on the vield of the
following millet crop. While the focal cultivar with its spreading growth habit
required less seed;unit grea to achieve ground cover and enhance millet
yields., one would require long-term data providing information on the

TABLE 2: Comparisons between grain vyields for four crops obtained at
different toposequence positions (1979} and sorghum grain yislds
from the same plots in 1980 ag affected by rotation in absence of
fertilizers (Fp) or with fertilizer treatments (IF; = 100 kg 14:24:15
compound/ha; M ~ 6 tong manure/ha),

1978 1979 grain vields (kg/ha)
treatments
Upper slope Mid-slope Lower slope

{dry} {moist} {wet}
Cowpea {Fy) 350 360 158
Millet (Fp) 400 380 80
Sorghum (Fq) 320 320 123
Maize (Fyp) 0 4] 4]
Previous crop 1980 sorghum vields {kg/ha)
and soil
treatment Upper slops Mid-slope Lower slope
Cowpea (Fg) 4865 115 925
Millet (Fy) 245 505 595
Sarghum {F,)

1155 1010 1200
Maize (FQ}
Sorghurm (F, + M) 1575 1635 2055

{farmer’s field)
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TABLE 3. Rotational effects of three cowpea varieties planted at two plant
densities each on a subsequent millet crop.

Cowpea varicties Plant type {ays 1979 1980
1o 509 cowped millet

flowering plant grain

density yields

(pi/ha) (kg/ha)

Kamboinse local Spreading, 70 11,250 520
photosensitive 22,500 1600
KN-1 “Semi-spreading,® 47 22,500 860
non-photosensitive 45 6060 1040
TVx11938F Brect, 40 45,000 650
non-photosensitive 90,000 800

maintenance of soil fertility, economic returns, and the risk associated with
using the later-maturing cultivar, before recommending a particular cropping
system.

Ciiven the response of subsequent crops to pure cowpea stamds, the question
arises as to the benefit to be derived by cereal crops following cereal/ cowpea
intercrops. Clearly this will be a more complex situation with important
points being the extent of competition, time of planting, and fertilizer
influences,
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RESIDUAL EFFECTS OF PIGEONPEA (CAJANUS CAJAN)

JV.D.K. Kumar Rac, P.J. Dart and P.V.5. Subrabhmanya Sastry’

Sumtmary

An experiment conducied on a Vertisol field at ICRISAT
compared the residual effect of monocropped pigeonpea, inter-
cropped pigeonpea sorghurn (! row:2rows) withOand 80 kg N/ ha,
monocropped sorghum with 0 and 80 kg N/ha, and faliow
treatments on a subsequent maze crop. Monocropped pigeonpea
had a large residual effect on maize, increasing the grain yield by
57% and total plant dry matter by 324 over fallow. Intercropped
pigeonpea had little residual effect on maize, Benefits from a
previous crop of monocropped pigeonpea were equivalent to abowt
40 kg N;ha applied to the maize crop grown in land kept fallow
during the previous rainy season,

INTRODUCTION

While the role of legumes in maintaining agricultural productivity in
temperate regions is well decumented, there are few papers showing benefits
from grain legumes m the trepics. In Nigeria a previous groundnut crop
increased the vield of a subsequent maize crop{(Jones, 1974). Giri & De (1979)
reported that yields of pearl miller were significantly increased when grown
after legume crops such as groundnut (22.6%), cowpea {24.2%), or pigeonpea
(12 19, instead of after pearl miltet.

Pigeonpea (Cajanus cajan) is an important grain legume of the semiarid
tropics. In India it is grown mostly as an intercrop with sorghum, millet or
maize, but it is also planted i monoculture, There is little informationon the
residual effect of pigeonpea grown as either 3 sole or intercrop on the
availability of soil N for subsequent cereal crops. Because of this we
conducted an experiment to test the growth and yield of maize when grown
after pigeonpea in monocrop or intercropped with sorghum.

POICRISAT. Patanchery PO, Andra Pradesh 362324, Indis,
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MATERIALS AND METHODS

Six treatments were compared for residuoal effect:
Pigeonpea, monoculture,
Sorghum, monoculture, with 0 N applied.
Sorghum, monoculture, with 80 kg/ha N applied.
Sorghum; pigeonpra intercropped with O N,
Sorghum: pigeenpea intercropped with 80 N
Fallow.

They were planted in 1979 inrandomized plots 50 m x 6 m, rephcared {our
times in a spht plot design. The soil used wasa Vertisol with0.03% total N{0-
30 cm depth). 40 ppm avallable N, and 4 ppm available P. Single
superphosphate was broadeast before planting to supply 17 kg P/ha,

Sorghum cv. CSH-6 (3.5 months duration) and pigeonpea cv. HCP-1
{maturity about 6 months) were sown alone, or in a constant arrangement of
two rows of sorghum to one row of pigeonpea, in rows 45 cm apart on broad
beds of width 1.5 m. The pigeonpea seed was inoculated with peat inoculant
containing a mixture of four effective Rhizobium strains. The crops were
grown under rainfed conditions. At harvest, observations on grain yield and
biotogical yield were taken, and all aboveground plant parts were removed,
except for fallen plant parts of pigeonpea.

In 1980, the former main treatments were divided into subplots, each 9x5
m. and received 0, 20, 40, 60, or 80 kg N/ ha, applied asurea. The 60 and 80 kg
N-ha treatments were split, with 40 kg Nvha applied before planting and the
remainder atter two months, The whole area was then planted to *Deccan
hybrid 1017 maize, at a spacing of 75 ¢m between rows and 20 cm between
plants. At maturity, observations on grain vield and biclogical vield were
made on plots 753 m,

RESULTS AND DISCUSSION

Seed and total top viekls of pigeonpea and sorghum grown as sole or
intercrops in the 1970 planting are givenin Table 1. The yields were normal for
the cultivars in this environment. Total land equivalent ratios (LER's) for the
intercrops showed a yield advantage of 47% and 37% in grain and plant top
dry matter yields, respectively, over monoculture pigeonpea and sorghum (see
Table 1). However, at 80 kg N, the yield advantage of intercropping was less
than at & kg N, ha, suggesting more effective utilization of avaiiable resources
by intercropping under limitations of land, water and nutrieats.

Grain yield of maize prown without N in the 1980 planting was significantly
affected by the crop planted in 1979; the most beneficial effect being that from
pigeonpea in monaoculture (see Table 2). Maize after sole cropped pigeonpea
significantly cutvielded maize following fallow, sole cropped sorghum, and
sorghum/ pigeonpea intercrop, with or without N, in 1979, This superiority
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TABLE 1: Seed and total top dry matter vield (kg/ha) of crops grown in the
first vear {rainy season, 197%).

Treatment Seed yield Total dry matter

Sole LER' Sole LER
Pigeonpea 1630 1.0 §040 10
Borghum at O kg N iesg 1.0 9870 1.0
Sorghum at 8G kg N 5000 1.0 §2610 1.0
Sorghum/pigeonpea at O kg N § 3800 096 G035 0.92
P 840 051 2690 0.45
S+P 1.47 1.37
Sorghum/pigeonpea uf 80 kg N/ha 8 4730 095 11550 092
P 683G 042 2460 0.41
5 +P 137 1.33
Fallow 1] o 0 -

TLER - Land equivalent ratia: the relative land area required for sole crop(s} to produce
the yield(s) achieved in interczopping An LER of 4.3 for a given crop Indicates that i
has prodeced in intercropping the equivalent of 509 of its sols crop vield.

TABLE 2: FEffect of previous cropping and fertilizer treatmenis on grain
vields of maize (kp/ha} (rainy season, 1980).

Previous N fertilization in the 1980 planting (kg/ha} Mean
crop -
0 26 40 60 80

Pigeonpesa 1364 2095 2385 3153 4385 2720
Sorghum at 0 kg N 300 £20 145G 1524 2963 1450
Sorghum at 80 ke N 508 954 1373 2105 3453 1680
Sorghum/pigeonpea

atOke N 768 861 1406 2236 2956 1659
Sorghum/pigeonpea

at 80 kg N 619 1364 1893 2148 3411 1830
Fallow 330 898 1387 2763 3086 1730
Mean 680 1080 1680 2390 3380
Comparison of Mesns S.E. of means
Previous crops + 119
Mitrogen rates + 8A

Previous crops 5 N rates + 220
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was maintained with the treatments receiving addifional N, although Lhe
magnitude of the yield difference varied. In terms of total biological vield,
pigeonpea as a sole crop again had the maximum beneficial effect (see Table
3). There were sigmificant differences in response between the levels of N
applied to maize but no significant interaction between the effects of previous
crops and the rates of N applied to maize. In terms of both grain yield and
total dry matter, yields of maize following pigeonpes in monoéulture were
similar 1o maize vields obtain.d with 40 kg N following sorghum or fallow. In
the absence of applied N, intercropped pigeonpea only provided a small
benefit —- it is evident from Table I that its growth and yield were only half
that of sole pigeonpea.

Although the mechanism has not been clarified, the present experiment
shows the beneficial effect of pigeonpea as a sole crop on following maize,
increasing grain yield by 57% and dry matter by 32% over tallow. A feature of
pigeonpea growth in this environment is the considerable leaf fall, calculated
to provide 30-40 kg N/ ha (Sheldrake & Narayanan, 1979). There isclearly a
need to further examine this and other potential sources of the N that has
apparently been made available to the subsequent crop.

TABLE 3: Eifect of previcus cropping and fertilizer treatments on total
top dry matter vield of maize (kg/bha) (rainy season, 19803,

Previcus N fertilization in the 1980 planting (kg/ha) Mean
crop
0 20 40 &0 80
Pigeonpes $928 7842 88356 B&63 11016 8500

Sorghum at O kg N 2177 3945 6148 6631 §901 5560
Sorghum at 80 kg N 2249 4547 6292 6922 9175 5840

Sorghumyfpigeonpea

at0kg N 3247 4618 5979 7175 R574 5920
Sorghum/pigeonpea

at B0 kg N 3049 S176 7177 6941 9150 6300
Faliow 3129 4931 6446 8550 5089 8430
Mean 3308 3180 6820 7520 9320
Comgparison of means S.E. of means
Previous crops + 293
Nitrogen mates + 178

Previous crops x N rates <+ 488
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A TECHNOLOGY ASSESSMENT OF BIOLOGICAL
NITROGEN FIXATION

R.H. Randoiph and B. Koppel’

Summary

The varied and rapidly developing technologies for biological
nitrogen [ixation (BN ) offer important possibilities for reducing
mankind's dependence on fertilizers manufactured from fossil
fuels. Many uncertainties exist. not only about the feasibility of
certain new technologies {e.g.. nitrogen-fixing cereals). but also
about the many socio-economis factors which may affect, or be
affected by. widespread application of technologies which weuld
improve currently achievable rates of Nj fixation or extend the
range of spacies which benefit.

This paper describes & proposed “technolegy assessment” of
BNF, aimed gt clarifying these uncertainties through case-study
gxamination of two crops (rice and corn} in two ¢ountries (the
Philippines and the USA). The geal is not to determine whether
BNF will “work™ for these crops but to identify possible future
developments in BNF technology relevant to these crops and to
examine sysicmatically: the societal factors which may influence
the rate and scope of mtilization for such new technologies; the
broad range of effects that mav ensue if and when such technologies
are itroduced on a large scale; and the policy options implied for
both government and the private sector by all of the foregoing. This
paper details initial issue and uncertainties, research obsectives and
foct and method and organization for this study.

INTRODUCTION

In thinking of the future of biologicail nitrogen fixation {BNF} technology
and the policy issues raised by its present rapid development, the question is

East-¥Wost Center. Resouree Systems [nstiture, 1777 Fast-West Road. Honoluha, Hawan
25348, USA,
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definitely not, “Will it work? Most BNF technologies aiready work, and
produce N available for plant intake. The question rather is, *What if it
works?”

Partial answers to this question have been offered from time to time, but
they have tended to be mainly techrnical in focus (Nstional Science
Foundation, 1977; Dobereiner e1 af., 1978). Technical evaluations of this kind
are, of course, extremely important. We must not forget, however, that for
most of the world, agriculture remains the economic activity on which most
developed societies depend. Even in the most developed societies, agriculture
15 4 major part of the economic system. It can be argued, then, that answers to
the question, “What if it works«?” should be couched at least partly in non-
technological tenns and should be arrived at throogh a process that explores
the complex socio-economic consequences likely to fotlow from the use of
different levels and patterns of a particular technology, Such a process can
stuggest and publicize the socic-economic benefits of the technology or
provide advance warning about potential difficulties, facilitating their
removal or circumvention. To have meaning such an assessment of BNF
technology would need to be both multi-disciplinary and international in
scope.

Recognizing these points the East-West Center Resource Systems Institute
has instituted a plan for an international technology assessment of BNF. In
the remainder of this paper we shall offer some initial ideas on the framework
for such an assessment, touch on key issves, research objectives and methods,

ISSUES AND UNCERTAINTIES

The many specific Issues that would need to be addressed in a technology
assessment of BNF can be grouped inte three overall gquestions:

What are the major societal factors which will influence the rate and
scope of utilization?

Who will be affected by changes in BNF technologies, and in what
ways?

What are the major policy issues that emerge from answering the
above questions?

Societal factors affecting rate and scope of utilization

Several main types of variables can be identified which seem likely to affect
the rate and scope of utilization of any given BNF technology. The large
number and interrelated character of these variables clearly demonstrate the
complexity of the technical assessment problem.

Anticipated physical effects, on N availability, soil condition, evolution of

- pest biotypes, etc., and, in the last analysis, on crop yield.
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Anticipated ecanomic effects, including savings through fertilizer substitu-~
tion; costs for complementary fertihizers, land preparation, pest control,
product transportation, etc.; and size and distribution of net farm income.
Most of these costs and savings can also be measured in energy terms, for
analyses in which this measurement is more useful,

Related technologies and technological conditions, such as cropping and
crop management patterns, soil and hydrological regimes; risks and risk
aversion propensities; energy availability, and hence fertilizer cost; national
technological endowments; efc.

Agricultural organization, including farm size and ownership patterns,
rural population structure, marketing systems, ecotiomic policies affecting
agriculture, etg,

Reguiarory constraints governing quality control, health hazards, hazards
to non-host plants, stc,

Legal issues in such areas as technology ownership, licensing, and transfer;
testing and hability, ete.

Importj export  strategies and agreements, including trade pelicies
regarding fertilizer, food, non-food agricnltural commodities, etc., and links
with international commodity markets.

Parties at interest

Here, too, the question is far from simple. There are a number of societal
groups that are likely to be affected by changes in BNF technology, and that
should, therefore, be considered in the technology assessment,

Farmers, with sub-groupings by farm size, tenure, ethnicity, market
position. type of crop, type of land, ete.

Agribusiness firms, inclhuding producers, processors, export/import
firms, etc,

Nitrogen fertilizer industry.

BN F-support industry, e.g., inoculant manufacturers,

Research and development commuriity, with sub-groupings by field of
activity.

Consumers, with sub-groupings by geographical location
{domestic/foreign, urban/roral), socio-economic statys,
Government agencies concerned with food and agricuiture, energy,

commerce, human settlements, environment protection,
science and technology, ete.

Policy issues

Although many more policy issues would emerge from the technology
assessment itself, several policv-relevant issues which are likely to arise
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regarding implementation of new BNF technologies are already obvious.
Most of them lie outside the purview of technalogy assessment per s¢ and
must be left for eventwal resolution by policy-making bodies, but the
technology study should at least help to clarify options and impiications.
What types of farmers and other stakeholders should benefit?
Can others be permitted to suffer logs?
What help will farmers need to engure that they have access to the
technology, use it properly, ete.?
What types of crops should get priority emphasis?
How can R&I> be managed and supported over time to ensure that
end?
How would associated technologies, such as minimum tillage, be
evaluated in trade-off terms with BNF technologies?
What should be agriculture’s role in national energy planning?
What is agriculture’s role in egconomic development scenarios?
Where is the research done? Principally in the public or private sector?
What if BNF techniques, for example inoculant preparations,
are proprietary? If they are proprietary in the US, how is a
country like the Philippines likely to respond?

RESEARCH OBJECTIVES AND FOCI

Coates (1978 defined technology assessmenit as:
. .. aclass of policy studies which systematically examine the
effects on society that may occur when a technology is
introduced, extended, or modified. It emphasizes those
consequences that are unintended, indirect, or delayed.”
Technology assessments generally feature (Koppel, 1979):
A holistic and systemic rather than reductionist perspective.
An orientation toward the future,
A concern for higher-order impacts, i.e., the effects of effects.
A concern for irreversibility, particularly in undesired effects.
A cvoncern for sustainability, particularly in desired effects.
A concern for values and goals,
A concern for identification and evaluation of alternatives.
Practical objectives (Porter ef al., 1980) of technology assessmenis are:
To provide vahd information on the likely consequences of certain
courses of action.
To have this information prove useful to the policy making process.
For the technological assessment of BNF we are proposing to focus onrice
and corn as the erops to be studied, and to consider their situation in the USA
and Philippines.
For much of the world’s population, rice is the mainstay of life. The United
States, though not a leading rice consumer, is the world’s largest rice exporter,
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a fact that has significant implications for the southeast US in particular. The
Philippines is iliustrative of many countries in the developing world that iook
to rice as their principal grain, that have been the basic setting for the playing
out of the “green revolution,” that have traditionally been major imporiers of
rice, and that have rice economies that have been, and will continue to be,
significantly impacted by rising costs of petrochemical products such as N
fectilizers,

The US is the world’s leading producer of corn, a commodity that plays
numerous roles i the US food system and that also has a large and important
international market. N fertitizer applied annually in the US to corn accounts
for half the total N fertilizer applied in the US. The Philippines, like many
developing countries, depends on corn as an animal feed as well as basic
human food for the poorer sections of the popuiation. Philippine production
has been constrained by the planting of corn on poorer soils, usually by poorer
farmers, with very low applications of fertilizer. Moreover, the economic
statits of the corn economy in the Philippines is significantly influenced by the
large volume of US production.

Because considerable data are available on both crops in both countries,
and because alternate BNF and fertilizer technologies can be identified, the
choice of crops and countries is both significant in policy terms and
operationally feasible.

Precise specification of alternate technologies will be an essential task in the
first phase of this project. For rice in the Philippines alternate, or perhaps
complementary, strategies would be: development of cropping systems that
depend on legume grain or cover crops after rice; the utilization of Azella
and/or heterotrophic N, fixers to maintain soil N balance; and the genetic
manipulation of rice plants to enhance their potential to fix N, inassociation,
In the southern USA rice is often alternated with soybeans or cowpeas, but
this practice is less common in California. Studies on Azollz have also been
initiated in the USA, butascurrently managed, green manuring with Azollais
a labor-intensive activity.

Corn in the Philippines is grown principally in upland areas unsuited to
rice. It is already ¢xtensively intercropped with legumes, but often these are
not inoculated. N; fixation can also suffer from N fertilizer applied to the
maize. Use of Azofla for corn is still in the university research/extension
phase. Multiple cropping has not been practiced extensively in the USA, but it
is now being studied in more detail, Maize soybean rotations are an integral
part of midwestern US agriculture.

METHODS AND ORGANIZATION

Various methodologies have been proposed for technological assessment
projects (National Academy of Engineering, 1969; Mitre, 1971; OECD, 1975;
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Coates, 1976; Armstrong & Harmsen, 1977). We have synthesized these
approaches in Table 1.

Although numerous authors have recognized the potential importance of
internationalizing technological assessment (TA) (Weisband & Franck, 1971;
OECD, 1975; Chen & Zacher, 1978), the difficulties involved in this are
considerable. Because TA is concerned largely with the acceptance of new
technotogy by a given society, its “content and concept” will depend on the
social and cultural background of that society (Oshima, 1975). Chen & Zacher
{1978} offer a potentially promising approach to internationally oriented

TABLE 1: A possible sequence for the technology assessment of BNF
technology.

Preparation Phase

1. Identification of need
2. Definition of problem
3. Definition of scope, methods, etc,

Descriptive Phase

4. Development of data base

Description of present

Projection of fufure changes in the technology

Specification of systems alternatives for assessment

Description of state-ofsociety assumptions

Description of decision apparatus

ldentification of other parties at interest

Identification of exogenous and international variables or events

1
i
Assessment Phase

12.  Identification of impact areas
13. Measurement (prediction) of impacts
14, Evaluation of impacts

Policy Analysis Phase

15. Elaboration of action options

16. Evaluation of action options

17.  Identification of macrosystems alternatives

18. Preparation of conclusions and recommendations

Validation Phase
19,  Validation and final report
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technology assessment. Briefly, they suggest explicit joint examination of the
differences and similarities between the two (or more) societies’ premises and
processes relevant to TA. Examples of premises are the degree of unity or
convergence in social values and the presence or absence of socially managed
technology. Processes include the roles of the private sector, the multinational
corporations, and various social formations in the planning process. In the
proposed study, it will be necessary to examine such variables for the two
countries involved as part of the initial background research.
Our proposed assessment of BNF will be divided into the three phases.

Preparatoryf descriptive phase: In this phase we will review existing
knowledge about BNF and the rice and corn agricultural systems in the US
and the Philippines; identify the most crucial technological and iastitutional
uncertainties linked to probable policy-specific impacts; indicate those data
and judgments that will be nceded to examine those uncertainties, thus
defining the scope of the TA: and develop a coherent framework for actually
implementing the analysis, including both data and an appropriate set of
analytic procedutes,

Assessment! poficy analysis phase: Inthis phase we will describe alternative
futures, based on differznt assumptions about political, econamic, social, and
institutional changes, the rate at which BNF technology diffuses, the relative
roles of government and the private sector, the distribution of socio-economic
costs and benefits, and the values assigned to competing goals {e.g., equity and
efficiency, long-term energy goals, short-term productivity goals), identify
possible unplanned and higher-order institutional and policy effects of BNF;
and compare alternative policy choices and actions, with emphasis on the
potential benefits, costs, uncertainties, and risks likely to be involved.

Validation phase: During this phase we will evaluate and review our
assessment, debate its implications, and plan to monitor real-world activities
with implications for our assessment.

DESCRIPTION OF ACTIVITIES

A steering committee with persons chosen for pre-eminence in the issue
areas Dikely to be important to the BNF technology assessment will be
established. An assessment planning workshop with panels to consider socio-
ecenomic, policy institutional, and technological implications of BNF
technologies will be convened to consider the broad range of questions
involved in a technical assessment of BNF,

Data, identified in the workshop as crucial for implementation of the BN¥
assessment will be located and made available to an assessment team. This
team of six people selected from different disciplinary pergpectives, together
with additional short-term consultants, will be responsible Tor most of the
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assessmemt work, including simulation modeling and other policy-oriented
forms of data analysis. Evaluation panels will also be constituted to review the
assessment made by the team. These will be composed of persons from the
planning workshop, persons from relevant policy and uvse gudiences, and
representatives from countries where the assessment could have significant
impact. They will be charged with evaluating the assessment in the light of
questions asked at the planning meeting and its implications in their own
areas of expertise. A final report having an outline such as shown in Table 2
will he prepared.

TABLE 2: Possible outline for final report. {Adapted from Lawless 1977).

1.  Introduction.

2. Witrogen uge in agriculture. Needs, methods, and intermnational compa-
Tisons,

3, Manufactured nitrogen fertilizers: History, industry and marketing,
benefits, disbenefits and controversies,

4. Current status and trends in biological nitrogen fixation technologies.

5. TYechnological forecast: State-ofsociety factors, RED frends, use of
manttfactured nitrogen fertilizers, diffusion of BNF.

6. Conssquences of substituting BNF for manufactured nitrogen fertilizers:
Agronomic, environmental, socio-<conomic, institutional-political.

7. Policy-making argnas: Parties at interest, goals and values, policy-making
processas,

R. Policy issues and options: Incentives for R&D, incentivesfcontrols on
supply and use, other issues,

9.  References.

16. Appendix: study methodology.
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ECONOMIC ANALYSIS OF BIOLOGICAL NITROGEN
FIXATION

D.E, Welsch!

Summary

The economtic benefits from nitrogen (N,) fixation are assimed
to be substantial, but bave rarely been documented, even for the
more temperate regions. This paper considers briefly the economic
tools that could be used in the economic evaluation of N fixation
by leguemes and mentions the need for a parallel investigation of the
soeial and private profitability of inoculation. A number of the
constraints €o a detatled economic analysis of inocalant usage are
discussed,

INTRODUCTION

App. in the opening paper for this workshop, stressed that we have had
ample time to establish our research programs, and that we must now
demonstrate how biological nitrogen {N,)} fixation can profitably increase
yields in farmers’ fields. In this paper | want o discuss some of the problems
associated with undertaking an economic analysis of inoculant technologies.

ECONOMICS OF FARM PRODUCTION AND MANAGEMENT

The economic analysis of agricultural production deals with the allocation
of scarce resources among alternative and competing uses such that an
objective function iz maximized, subject to certain constraints. The
constraints are resource availabilities, and the objective is wsually profit
maximization. The objectives, however, can contain other goals set by the
unit doing the allocating. Scarce and competing are the key concepts.

Prices of resources are derived from their scarcity and the competing uses in
which they can be employed productively. Increased scarcity, indicated by

I Dept. of Agricultural Economics, University of Mingesota. St Panl, MN, 35108, USA
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rising prices, induces farmers both to moderate their uses of such resources
and to use alternate resources. Such normal market behavior is currently even
gvident in the oil and natural gas cartel, in that consumption of these products
has declined markedly, with enormous investments in alternate energy
sources, The same applies to nitrogenous fertilizers.

We have heard repeatedly in this meeting of rising fertilizer prices, and of
the difficulty that farmers in third world countries have in obtaining and
paying for them. Legume inoculation provides a potential substitute; what is
required is an evaluation of both its profitabihity and the likelthood of its
adoption by farmers. In turn, profitability as an objective will probably be
moderated by consideration of rigsk factors; not only of the risks involved in
utilizing inoculants and legume-based cropping systems, but aiso of the risks
involved in the use of fertilizer N, often under conditions of uncertain rainfall,
iimiting response to the fertilizer,

Moreaver, a complete evaluation would include what economists call the
“social profitability” of inoculant technology, i.e., a profitability assessment
of the technology at the opportunity cost for pricing domestic factors of
production rather than at often “distorted”™ market prices. The reason for
doing this kind of analysis is that, if private profitability is so low that
adoption is unlikely, but the social profitability is high, then government
policy can be hought to bear to increase private profitability and enhance
adoption. This might well apply in a number of third world situations where
the cost of imported N fertilizer can be a real, and increasingly severe, drain on
a country's balance of payments {i.e., the opportunity cost of foreign
gxchange to the economy is high), 4 strain that might welt be reduced by the
promotion of inoculant usage.

The focus in this paper, however, is on evaluating farmer adoption,
particularly in terms of private profitability. We can evaluate profitability
using the principle of equimarginal returns; that is that profit is maximized
when the last unit of 3 resource applied raises production by a value equal to
the cost of the resource input. In other words marginal cost equals marginal
return {(MC=ZMR). The MC=MR condition must apply for all competing uses
of the input. This concept is expressed graphically in Figure [a. In this figure
X and X, are the inputs needed to produce a product Y, The paired lines 1, 2,
3, 4, ete., represent different levels of production of Y. At each leve] of
production the curved Hne—or isoproduct line—shows the possible
combinations of inputs X, and X, that would give that level of production
while the straight lne—or isocost line—represents g fixed amount of
expenditure all spent on X, or X,, or on some combination of these in
producing ¥,

In this diagram, and st zach level of production there is a point where the
isocast line is tangential to the isoproduct line. This point represents the least-
cost combination (LCC) of X | and X, to produce Y. If we join these points of
tangency (LCC), then the line formed is called an expansion path, and
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represents the most profitable way to move up the response surface. At some
puoint on that path, MC =MR, and profit will be maximized. Exactly the same
principle can be used in studying a range of products within a farming system,
In Figure Ib, Y, and Y, are different products;: the curved line —or
production possibilities frontier—represents the maximum amount of Y, and
Ys that ¢an be produced by the bundle of resources controlled by the farmer,
The straight fine, PP, is the ratio of the prices received for Y; and Y,. The
point of tangency in this case (C) is the point at which the profit-maximizing
combination of Y| and Y, is realized.

Profit maximization criteria can be applied both to evaluation of past
production activities and to planning future farm production. Normally the
economist must collect data from a number of farms and treat each farmasan
observation and a point on the response surface. The trouble with this
approach is that in most farming areas, a majority of the farmers apply about
the same level of input, and so we get a cluster of observations around the
mean amd our estimation of the surface is not stable, Because of this, it is
usually difficult to establish whether or not farmers are maximizing profits,
To do this we have to build 2 model in which profit is maximized, and then
compare the actuai farmers’ enterprise with that model. If there is a
divergence, we must explain why. This may lead us into areas of risk aversion
and constraints on resources that were not recognized in the ideal model, and
into household goals other than profil maximization,

Even building the ideal model can be difficult. The main problem is
obtaining sufficient data for the determination of a response surface. When
agronomic experiments are conducted on farmers’ fields, and include enough
input levels to estimate response surfaces, we can extrapolate such dats to
farmers” conditions and determine the profit-maximizing input combination.
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Unfortunately such experiments are mostly conducted on experiment
stations. Commonly then we must egtablish an enterprise budget, developed
from response surface data, partial budgeting, and discussion with farmers,
which details farm operations and costs, farm inputs, and product levels and
prices on sale. These enterprise budgets can then be used in whole-farm
budgeting or linear program studies.

FARMING SYSTEMS RESEARCH

There are numerous definitions of a farming system and of the research
methods by which it is studied. Norman ( I980) states that, “a specific farming
system arises from the decision taken by a small farmer or a farming famuly
with respect to allocating different quantities of land, labor, capital and
management to crop, livestock, and off farm enterprises in a manner which,
given the knowiledge the household possess, will maximize the attainment of
the family goals.” Dillon (1976) notes, *farming system research recognizes
and focuses on the interdependencies and interrelationships between the
technical and human elements in the farming system. As such, it is more
holistic in orientation than the reductionist approach traditionally used by
technical agriculturai scientists —an approach that reguires studying one or
two factors at a time while attempting to control all others.”

“Downstream” farming system research -— research applying new
technology to improve existing farming systems -— has four stages:
description, design, testing, and extension {Norman, 1980). Description
implies that particular areas be selected for study. Byerlee ez al. (1980} suggest
that a particular region under study be stratified into roughly homogenous
target areas having similar agrochimatic characteristics and farmer cir-
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cumstance, and that, within these zones, particular regions be selected
appropriate to the farming system under study. Description also implies
multi-disciplinary investigation teams able 1o assemble background informa-
tion and exploratory or formal surveys (Byerlee ¢t af., 1980). In the design
stage, improved technologies from “upstream™ research stations or ex-
perimental centers are introduced into the farming system, Sanders & Lynam
{1981) stress that such technology must “fit” into the whole farm system.
Norman (19803 points ont that introduced technologies must be economically
feasible, dependable, socially acceptable, and compatible with the farming
system in use. In the design stage farmers' perceptions of problems ate
particularly important. Development of theory and technigue in analysis of
farmer decision-making umder risk and uncertainty is a rapidly moving field.
Anderson, Dillon, and Hardaker (1977) and Roumasset {1976) offer
examples of recently published major works in the field.

Methods for the testing of improved technologies under on-farm
conditions in the tropics is also a rapidly moving field, stimulated in part by
the international agricultural research centers. Reference is made to recent
articles by Hildebrand {(1979) and Sanders & Lynam (1981}

ECONOMIC ANALYSIS OF BIOLOGICAL NITROGEN FIXATHON

How do these concepts of economic analysis and farming systems research
apply to biological N; fixation in the tropics? How can we determine the
profitability and potential adoption of inoculant technologies?

Following the models discussed above, such studies would need to be
undertaken in a country or region where tropical legumes are part of the
existing production system. Examples might include countries emphazising
intercropped maize/ beans production svstems, as in Central America; the
larger scale sovbean regions of Brazil; or the pasture lands of the Colombian
Llanos or Brazilian Cerrados, The selected country, or countries would need
to have a domestic capacity for inoculant production and at least some people
experienced 1n the use of inoculants, and in legume production. An
interdisciplinary team would be necessary for the descriptive and design
phases. Such a team might comprise a production agronomist, a production
economist, and a microbiologist or inoculation specialist.

Selection of a particular region or regions within the country of choice will
depend on the availability of inoculant technology thought by the team to be
appropriate for that region. An obvious consideration is that existing
fertilizer recommendations and/or experimental results stress the need for
added N. Ideally the region selected would be one in which some farmers have
already adopted the proposed BNF technology.

The descriptive stage would be a critical one. Clearly, a key task in the
analysis would be to consiruct cost functions for fertilizer N. These would
depend on the world price, transportation cost, and, in many cases, interest
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payments during the production season. Insome multiple cropping systems,
N is applied, not to the legume, but to the cereal grown in the association, We
would need to have information of the interaction of this N with N> fixation
by the legume. This could be a major point in the acceptanee of new inoculant
technologies. Details of other fertilizer needs for legume growth would alsc be
required. Phosphorus, for example, is often deficient in tropical soils (see
Munns & Franco, p. 133)and is critical for N, fixation. The need toapply Pin
place of N might alter the perception of risk held by the farmer. We would also
need, of course, detailed information on the farming system. Would, for
example, the farmer accept the need 1o inoculate and; or lime pellet seed, or
would granular inoculants fit better into his hand planting system?

The question of whether inoculant nsage is economically viable appears on
the surface to be a somewhat trivial one. After all, the cost of the inoculant is
very low, In the USA, it represents 109 or less of seed cost, and seed cost is
10% or less of variable costs per ha. In the tropics, we are hearing about prices
of $1/ha for inoculant, which is probably no more than 3% of seed cost. If not
trivial, then at least this question is not very interesting.

Problems of education, training, information, cultural or religious
restrictions, etc., in getting peasant farmers to use inoculants loom very large
compared 1o the small cost of the inoculants. For some countries, the cost of
raising inoculant quality to an acceptable level will also be significant, though
conceivably this cost could be subsidized by governments interested in
reducing N imports.

In undertaking an analysis of the benefits of N fixation, the economictools
mentioned in Section | of this paper would be essential. However, we would
have to make some arbitrary decisions as te what represents the economic
returns to BNF. Should we consider only the current crop, or the additional
effects on subsequent crops and soil fertility. Should we also consider the
avatlability of fertilizer N for other farm activiiies, or perhaps even speculate
on the use of green manure eropsor legume trees to enhance the N available
through more traditional legume usage?

Many other questions remain to be resolved before economic evaluations
of N fixation can realistically be carried through. For example, whatshould
level of availability of an inoculant technology before its economies are
studied? In this presentation [ hope I have stimulated thought as to the
complexity of the evaluation process,
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RESEARCH AND DEVELOPMENT FOR BIOCLOGICAL
NITROGEN FIXATION IN INDIA

. Rangaswami’

Surmmary

[nterest in BWF rescarch and development in Ingha has increased
in recent vears because of the gap in nitregen fertilizer demand and
supply. Currently some Rs 2 miflion is spent annually on BNF
research. with Rs 12 million for development. Emphasisis towarda
better understanding of the legume Rhizobium symbiosis, but
greater attention has been paid recently 1o the use of Azolla, No-
fixing blue-green algae and associative symbioses, It is hoped that
savings in N fertilizer use of as much as Rs 150 million can be
achieved.

INTRODUCTION

Interest in biological nitrogen (N>) fixation (BNF} in India was inspired by
Rothamsted long before India attained independence. Indian scientists have
pndertaken research on soll micro-organisms in general, and N,-fixing
bacteria in particular since 1920. However, it is only during the past two
decades that deeper interest in BNF has been generated. Today about one
hundred microbiologists and biochemists in more than 20 laboratories
throughout the country are experimenting with different basic and applied
aspects of BRF. Kesearch work on BNF may be listed under three categories:

Symbiotic N» fixation,

N, fixation by algae, and

N, fixation by nonsymbiotic bacteria.
Work in India on assoctative symbioses is still limited. This paper describes
resulis obtained in BNF research to the present, and gives an outline of
projected activities,

' Adviser { Agriculiure) Planung Commission, Government of India, New Delhi 110001, India.
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SYMBIOTIC N, FIXATION

Cajanus cqjan, {Cicer grietimem, Vigna radiata, Vigna mungo, Lablab
purpureus, L. biflorus, Lathyrus sativus, Vigna unguiculata ssp. cylindrica
{catjang). Glycine max, Phaseolus vulgaris, P. lunatus, Pisum sativum, and
Lens culinaris, are cultivated for grams and pods in most parts of India.
Arachis hypogaea is an important cilseed crop. The total area under pulses
and leguminous vegetables is about 31 million ha and under groundnu:
{peanut) about 7 million ha; in total one-fourth of the cultivated land in the
country. About 90% of legume preduction occurs under rainfed conditions
and in association with cereals, such as wheat, sorghum, Pennisetum, Setaria,
ete. lerigated legumes are grown in rotation with rice, wheat, sugarcane, and
cotton. More recently, short duration legumes such as Phaseolus spp. have
begun to be used as mtercrops in irrigated sugarcane and cotton fields and
also in perennial orchards. Additionally, there is some area under forage
legumes, inciuding lucerne, clover, and berseem, Legumes such as sunnhemp
{Crotalaria junceq), agatt (Seshania grandiffora), and daincha (Seshania
aculeara) are also grown as green manure crops in rotation with rice,
sugarcane, and wheat. The area under pasture legumes is very limited and
mostly found in the higher elevations and in hilly terrain where dairy and
sheep husbandry is practiced. Land being himited, the scope forexpanding the
area under pasture legumes in the copntry is very restricted.

Rhizobia for cach of these legumes have been isolated from a range of
environments and assaved for N» fixation. For most of the legumes, inoculant
strains have been selected and are now available commercially. Tolerance of
the crop/ Rhizobium symbiosis to consiraints such as drought, sal-
inity; alkalinity. and fow soil phosphorus, has also been investigated.

Results ghiained 1o date suggest that N, fixation by crop legumes is
commonly from 0-40 kg/ha, though in pastures such as alfaifa, rates of
fixation as high as 600 kg/ha per vear have been recorded. Given the
extremely variable rates of W5 fixation, it is nol surprising that vield increases
following inpculation also vary, with 1009 yield increases obtained in some
trials, 0% in others. Starter doses of N from 10-20 kg/ ha have enhanced crop
development and yield in somie areas, while doses of phosphatic fertilizer (30-
40 kg/ha} have also proved essential for N ; fixation in a number of locations.

AZOLLA AND BLUE-GREEN ALGAE

tse af Azofla as a biofertilizer in India is a relatively recent development.
Under a collaborative program imtiated by the Indian Council of Agricultural
Rescarch (1CAR). 1t has been shown that as much ag 330 tons fresh weight of
Azofia can be produced per ha each year. The fern matures in 20-30 days,
and when incorporated into soil is the equivalent of 25-30 kg N/ha. Yield
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increases of up 10 409 have been obtained in field trials in the coastal districts
of India.

Blue-green algae have been utilized as hiofertilizers in India for more than
10 years. Technology for the mass multiphcation of algae in fields has been
developed. with optimum production often dependent on adequate P
fertilization. When the algae are inoculated into rice fields 34 weeks before
the planting of rice, yield increases of 10-15% are often recorded, while
fertilizer N application can be reduced by about 25 kg/ ha without yieid loss.
Residuat effects with subsequent crops and differences between strains and
species of Ny -fixing blue-green algae in tolerance of soil acidity and alkalinity
have also been demanstraied. A major problem is the competition between
Na-fixing and nonfixing algae, Multiplication of the algal inoculant is also
difficult.

NONSYMBIOTIC N;-FIXING BACTERIA

Yield increases of from 3-6074 have been reported following inoculation
experiments with nonsymbiotic Ny-fixing bacteria, with estimated fixation
rates of 5-51 kg Ny [ixed/ha per crop season. Inconsistency n {ield response
has limited the acceptance by farmers,

RESEARCH AND DEVELOPMENT IN BNF

The Indian Government has realized the need for research on BNF to
reduce the growing gap between fertilizer demand and supply in India. Three
All India Coordinated Research Projects with BNF components have been
initiated in recent years.

The All India Coordinated Project on Forage Crops has been underway
since 1974, with 14 centers involved. The main objective of the project is to
develop high-yielding forage plants and to evolve improved production and
management technologies. Since most of the forage plants are legurmes, the
field testing of crop varieties for root nodule formation and fixation is also
included under the objectives. The total cost of the project is about Rs 6.5
million for a five-year period, and of this. about 5% is to be spent on BNF
experiments.

The All India Coordinated Project on Pulses has been in operation since
1976, While the main objective of the project is to substantially increase
productivity of the varicus species of grain legumes important in India, one of
the means to achieve this objective is to improve symbiotic N, fixation by the
crops. There are 25 research centers involved in the project, of which perhaps
15 are involved in work on Rhizodium. The total cost of the proiect is
approximately Rs 35 million for a five year period, of which about 105 is
aliotted {or microbiological research, mainly N, fixation by the legumes
through better Rhizobitem strain selection and by identification of better
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host; Rhizabium combinations for the various soil and environmental
conditions.

The All India Project on Biological N, Fixation was initiated in 1979 with
16 centers involved and a five-year budget of about Rs 7 million. The main
objectives of the project are to survey and isolate N,-fixing organisms and test
them for field use; to improve their quality through genetic means; and to
better understand the basic aspects of physiclogy and biochemistry of N>
fixation.

During the last five years the number of inoculant producing centers has
increased substantially. There are now 29 centers, most of them in agricultural
universities, and they have a joint capacity to produce Rhizobiwn inoculants
for some 600,000 ha and Azotebacierinoculants for a further 250,000 ha, The
{acilities for blue-green algal production have grown from a capability for less
than 1000 kg in 1975 to 4 capacity for 200,000 ha in 1980. During the coming
five years, intensive BNF development programs are to be undertaken in
the States of Uttar Pradesh, West Bengal, Tamil Nadu, Andhra Pradesh,
Karnataka, Kerala, Assam. Nagaland and Tripura af a total cost of about Rs
5 milbon,

A national project for the development and use of biofertilizers has also
been formulated recently and will be implemented soon, This project wili
popularize the use of hiofertilizers ( Rhizobium, Azolla, Azospirifium, and
blue-green algae) in Indian agriculture. The development program will cost
Rs 50 million for a four-year period and will affect some 200,000 ha. It will
include creation ot a National Fertilizer Development and Production
Center; four regional centers to produce inoculants for state governments and
other agencies; and field demoanstrations and extension activities.
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THE BRAZILIAN PROGRAM IN BIOLOGICAL NITROGEN
FIXATION

J. Diobereiner!

Because of the large area involved, Brazilian agriculture has traditionaily
favored low-input production systems, with interest in biological nitrogen
(N2} fixation dating from the 1940, In the 1950 research on N, fixation
began at various centers, with the largest group in the South, and under the
teadership of J.R. Jardim Freire. In the 1960°s the legume inoculation
experunents were extended to the study of soil and plant limiting facters and
their effects on the legume symbiosis, with new centers such as the Instituto
Agronontico in Campinas. the Centro de Energia Nuclear na Agriculture
{CENA) in Piracicaba, and the Instituto de Pesquisas Agropecuarias do
Centro-Sur (1IPEACS) at Km 47, prominent. The Latin American Rhizobium
meetings. in 1968 in Porto Alegre and in 1970 at Km 47, in addition to further
stimulating rescarch, showed that the Brazilian programs for the integrated
study of soil. plant and bacterial involvement in N5 fixation were among the
strongest in Latin America and comparable with most others in the world.

Onee locally selected legume inoculants had been developed to replace the
frequently unsatistactory imported ones, inoculation with Ritizobium began
to replace N fertilization in both experimental and farm plantings. The change
was particularly rapid with soybeans, and since 1961 all experimental work
with this crop has been based on inoculation rather than N fertilization.
Current cultivars. while producing up to 4 tons/ha, only respond to N
fertilizer where inoculation procedures have been unsatistactory, or other
nutritional problems hmiting to N, fixation. It has been estimated that the use
of inoculants for soybeans currently saves more than 800 million dollars
annually in fertilizer costs (D¥obereiner & Duque, 1980).

Observation of nonsymbiotic Ny-fixing organisms in the rhizosphere of
sugarcane (Doébereiner & Alvahydo, 1959} led to further studies on N,
fixation in grasses at Km 47, and resulted in both Brazihan Research Council

t EMBRAPASSNLES-UNPY, Km 47, 23460 Seropedics, Rio de Janeiro, Bruzil
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and international support for this program. Associative N, fixation studies
resulting from an agreement between CENA and the International Atomic
Energy Agency (JAEA} further contributed to make Brazil the center for this
type of research in the world.

A major factor in the development of Brazilian programs in N fixation has
been the opportunity for graduate student and thesis research, Four full-time
and ten part-time fellowships, funded by CNPq and EMBRAPA, respective-
ly. have been available at Km47 for a number of vears, and have permitted the
best students to receive intensive training. More than 46 graduate students
from Brazi] have receved training through this program, and most of these
are still actively engaged in research. Further opportunity for training — this
time i the area of legume inoculation technology — came with the formation
of a UNESCQ;UNEP/ICRO supported MIRCEN unit at the Universidad
Federal do Rio Grande do Sul in Porto Alegre in 1976. This unit has
organized several short courses {both for Brazilian students and others},
serves as a source of Bhizobium cultures, and undertakes some documenta-
tion activities.

Because of this potential for training, there is now a network of researchers
on N1 fixation in Brazil, and a constant interchange of ideas, methodologies
and results, Typical is the grouping together of the workers at Km 47,
UFRGS. CENA, the national bean center in Goiania, and the Empresa
Capixaba de Pesquisa Agropecuaria (EMCAPA) for a coordinated research
project on N; fixation in Phaseolus vudgaris. Currently symbiotic N3 fixation
projects in Brazil range from studies on the importance of legumes in the
Amazon to the factors limiting nodulation in the Cerrado. Studies in the
assoctative fixation area span the specificity in N, fixation in C tropical
grasses to the range of Na-{ixing organisms in the rhizosphere of sugarcane.
The quality of this work is evident from several papers in these proceedings.
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INTERNATIONALLY SPONSORED DEVELOPMENT OF
BIOLOGICAL NITROGEN FIXATION TECHNOLOGY

Compiled by S. C. Harris!

from data of E.J. Da Silva,? L.R. Frederick,® ¥, Maignhon,? G. Persley,” and
F. Riveros*

Nummary

Efforts of international funding agencies interested in promoting
biclogical nifrogen fixation technology are increasing. These
efforts center on training noculant production personoel, on
increasing the availability of germplasm and inoculants, and on
field experimoents to demoasirate the viahility of inoculation,
partcularly with regard to the legume! Rhizabin symbinsis,

INTRODUCTION

An increasing awareness of the potential for improving agricuitural
productivity in the tropics through intensified field research into biclogical
nitrogen fixation (BNF} is evidenced in the programs of the major
international agencies that fund agricultural research. Efforts are concen-
trated on training personnel for production, testing, and use of inoculants; on
increasing the availability of germplasm and inoculants; and on field
experiments to demonstrate the benefits of using effective inoculants,
Institutions, in most cases universities (notable exceptions are the CGIAR-
funded centers, see p. 695}, serve as the medium for these activities, while the
international agencies provide funds and technical assistance. Collaborative
efforts that involve scigntists from two or more institutions are seen as
particularly beneficial.

Formerly Univ of Hawmi NifFAL Projeor; now CIAT, AA 67-13, Cali, Colombia.
[Fivision of Sci. Research & Higher Ed., UNESCO, 7 Place de Fontenoy, 75700, Paris, France.
USAID. DY AGR-420 SA-18, Washington, D.C. 20523, USA.

FAQ. Via delic Terme ¢i Laracalla, 60HX, Rome, Haly.

Research for Development, AIDAB. Box 887, Canberra, ACT, 2601, Australia.
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Efforts to date have promoted legume/ Rhizobium associations, especially
in grain and forage legumes. Currently, howsgver, there is an increasing
amount of support being given to work with No-fixing trees, with 4zoflz, and
with potential application of associative N» fixation to agricultural
production,

TRAINING ACTIVITIES

FAD (1981} reports that trained personnel with the agronomic and
microbiological skills 1o implement BNF technology are urgently needed,
Between 1975 and 1979, about 80 persons from 35 countries were trained.
However, there are still many countries with no trained personnel or with a
single individual working in isolation. Thus, training is a key area in which the
international agencies can have an impact,

Africa

Several French institutes have training programs in Africa. The Institut
National de la Recherche Agronomique (INRA) and Institut de Recherches
Agronomiques Tropicales (IRAT) have been collaborators in BNF research
in Africa for over ten vears, with IRAT concentrating on tropical crops.
INRA organizes two kinds of training courses. In the first type, organized
with the Universite Claude Bernard Lyon for agronomists, agricultural
engingcers, and advanced students, both theoretical and practical information
is given. The second type, which exemplifies a recent trend in training
activities, is based on the need to get BNF information out to the farm and
provides practical work for agronomists and extentionists,

The African Microbial Resources Cenires (MIRCENs) funded by
UNESCO;/ UNEP/ICRO are located at the University of Nairohi in Kenya,
and at Ain Shams University in Cairo, Egypt. The Nairobi MIRCEN and
NifTAL, a University of Hawaii Rhizobium project sponsored by USAID,
sponsored a six-week course on practical applications of BNF technology in
1980. The Cairo MIRCEN, again with assistance from Nif TAL, also included
a Rhizobium component in a broader based microbiology course in 1980,

Latin Americs and the Caribbean

The Brazil MIRCEN, located at the Universidade Federal do Rio Grande
do Sulin Porto Alegre, offers courses mixing the theory and practice of BNF
and aims mainly to train technicians and researchers. A course for extension
workers is planned for 1981, Additionally, an advanced course on BNF is
offered biennially by the Universidade Federal Rural do Ric de Janeiro and
EMBRAPA-CNPq with support from the Royal Socicty and the US
National Academy of Science.
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Other training activities scheduled for 1981 in Latin America include a
USAlD-sponsored course to be conducted by North Carolina State
Umiversity (NCSUj in Lima, Peru, and one at Chapingo, Mexico. The NCSU
course for research or extension personnel with little or no formal training in
BNF technology will emphasize practical microbiology, plant physiology,
and soil science. The Postgraduate College of the University will co-sponsor
the Chapingo course with NifTAL. This course will be more technically
advanced than that in Peru, but suill be of practical orientation.

Asia and Pacific

The Malaysian Agricultural Research and Development Institute (MAR-
I3l will co-sponsor with NifTAL, a six-week course similar to those held at
Nairobi. Kenva, and Chapingo. Mexico. Key technicians from SE Asia,
Indonesia. the Philippines, and other Pacific areas will be selected.

Mon-regional iraining activities

The Australian Development Assitance Bureau (ADAB) sponsors post-
graduate trainming in BNF at Australian universities. The Universitics of New
Scuth Wales and Western Australia are particularly active in this field.

USAID, through the Consortiim on Tropical Biwlogical Nitrogen
Fization: through 17 US universities with cooperative research projectsin N3
fixation. and through N#TAL, sponsors postgraduate training at US
universities. The World Rhizobium Collection and Study Center (Beltsville,
MD, USA)jand Nif TAL also bave “intern” training programs that offer work
apportunities of a two to six month duration, but without university credit.

UNESCO has collaborated in supporting training programs at HITA and
IR R and also at several national centers within the framework of its network
programs. This support has been directed mainly at Southeast Asia and the
Caribbean,

GERMPLASM COLLECTION AND DISTRIBUTION

Full utilization of legumes in an N,-fixing symbiosis is dependent on the
availability of effective Rhizobtum strains, appropriate hosts and a supply of
high quality inocilant, Effective strains are maintained in the culture
collections located at the MIRCENs (Nairobi, Kenya; Porto Alegre, Brazil;
Cairo, Egypt; and Bangkok, Thailand) and at NifTAL in Hawaii and in the
USDA Rhizobium collection at Belisville, MD {both US groupsarealsosoon
to be named MIRCENs). IRAT and INRA also keep a Rhizobiurn culture
collection and send inocula to several countries, The international research
centers also maintain extensive collections of RhAizobium and in most cases
will supply either freeze-dried cultures or high quality inoculant for field
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research. Additionally, UNESCO will be providing assistance in this area,
sponsoring the second edition of the 1BP Rhizobium Catalog that will hist
those strains recommended for use with various legumes.

RESEARCH AND NETWORKING

Research on legume inoculation can be grouped into three types. The most
frequent type of research tests the ability of a plant species to respond to
inoculation under particular environmental conditions. Specific host/strain
interactions must also be tested under field conditions; at times even in
farmers’ fields. Multi-locational trials are conducted to test host/strain
relationships and the recommendations developed during earlier tests across
as many sites as possible. These last trials also serve as demonstrations of the
feasilibity of inoculating to local farmers and extension workers and facilitate
the gathering of data on soils, management, and farming systems.

Most past research funded by the international agencies has concentrated
on site-specific inoculation trials. Now, however, multi-locational trials are
being conducted to probe the across-systems viability of inoculation.

Africa

Once the importance of inoculation became established, INRA proposed to
use inoculation whenever the benefit would be obviously visible to the farmer
without weighing. This is the case with soybean research in Senegal and Upper
Volta. With groundnut and cowpea, where inoculation has not increased
yield, INRA, IRAT, and Institut de Recherches sur les Huiles ét Oléageneaux
(IRHO) have collaborated to study other limiting factors of N, fixation. They
also aim to find species with high capacity for N, fixation and adapted to high
temperature soils, salinity, and drought, especially in Algeria.

The Office de la Recherche Scientifique et Technique Outre-Mer
{ORSTOM), based in Senegal, is also involved in several types of BNF
research. ORSTOM has funded work with N,-fixing trees in Senegal (see p.
395) in addition to their work with cowpea. Additional research efforts deal
with Azolla and Sesbania as green manures for rice in western Africa (see p.
441).

Multi-locational trials with soybean and others are conducted under the
auspices of the Nairobi MIR CEN and the Nif TAL-coordinated International
Network of Legume Inoculation Trials (INLIT)., The INLIT trials will have
technical support including experimental design, seed, and inoculants supply;
thus, the possibility of achieving meaningful across-site results, even under

—_difficult conditions, is strengthened.
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Latin America and Caribbean

Research funded by international agencies is scattered throughout Latin
America and the Caribbean. Much is fairly sitespecific. In Haiti, INRA’s
program 1s looking at limiting factors in cowpea and soybean, FAO's funds
are behind research in Peru on sovbeanand pasture legumes. Foragesare also
under study at the FAO-supported livestock programs in Argentina. In
Brazil, greenleaf desmodium, perennial soybean, and siratro are being
evaluated for use as summer legumes in pastures by the Porto Alegre
MIRCEN. Other crops of interest include sovbean, common bean, and
alfalfa. INLIT trials for a wide range of legumes have been planted in
locations in Latin America and the Caribbean. Results from the First
Internaticonal Bean Inoculation Trial sponsored by CIAT are given on p. 223

Asia and Pacific

ADAB provides mndirect support for various bilateral projects in Southeast
Asia and the South Pacific, where legumes are involved as part of an
improved farming system. Substantial support has been provided for research
and development of tropical pastures in Malaysia and the Solomon Islands.

NifTAL has also promoted INLIT trials in the Pacific (Fiji, Guam,
Philippines, Indonesia}, in SE Agia (Malaysia, Thailand), in Pakistan, and in
India. Additionally, All-lndia Coordinated Pulse lmprovement Program
sponsored by the India Council for Agricultural Research (1ICAR) hasagreed
to make the INLIT trials part of their own multi-locational research plan,

CONCLUSION

Current annual worldwide support for BNF programs probably excesds 25
miliion dollars (LR, Frederick, personal communication). Incorporating
BNF technology into farming systems in a practical and beneficial way will
require millions more. This sort of effort is obviously bevond the means of any
one nation, and the benefits will accrue to more than national groups.
Collaborative international programs will, thus, surely continue to be a key
part of the BNF rescarch effort.
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RESEARCH ON BIOLOGICAL NITROGEN FIXATION IN THE
INTERNATIONAL AGRICULTURAL RESEARCH CENTERS

Compiled by P.H. Graham!

from data and publications of A.A. Ayanaba,? R.S. Bradley,! P.J. Dart,?
P.H. Graham, R. Islam,* E.L. Pulver,2 V. Ranga Rao,? J.A. Thompson,?
and 1. Watanabe$

Summary .

Five of the international agricultural research centers (IARC’s)
currently have research programs in the area of biological nitrogen
(N») fixation. This paper reviews the activities of the centers in this
area and highlights common and distinctive features of the
programs, as well as their links with BNF activities in national
programs and developed country laboratories.

INTRODUCTION

Thurston (1977), Ruttan (1978) and the Consultative Group on Inter-
national Agricultural Research (CGIAR, 1980) have described the evolution
of the international agricultural research centers {IARC's) system and
something of their operating philosophy. Currently there are 13 centers or
institutions funded through the CGIAR system (CGIAR, 1980}, and five of
these have research programs on biological nitrogen (N5 ) fixation. This paper
will briefly review the activities of these centers in the area of N, fixation, and
will show common and distinctive features of the programs and how they link
with activities in national programs and other institutions,

I Centro Internacional de Agricultura Tropical (CIAT) Cali, Colombia.

2 International Institute of Tropical Agriculture (1ITA), Ibadan, Nigeria,

3 International Crops Research Institute for the Semi-Arid Tropics (ICRISAT), Patancheru.
India,

+ International Center for Agricultural Research in the Dry Areas (ICARDA), Aleppo, Syria.

% International Rice Research Institute (IRRI), Los Bafios, Philippines.
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CROP AND AREA RESPONSIBILITIES OF IARC's WITH
PROGRAMS ON BIOLOGICAL N; FIXATION

The five centers with programs on N5 fixation have markedly different crop
and area responsibilities (see Table 1), Thus IRRI, the first formed of the
TARC s, has a worldwide mandate for researcit on rice but has, until recently,
stressed  production of arrigated rice grown under relatively favored
conditions in Asia (Ruttan, 1978}, The ICRISAT mandate, in contrast, is the
semiarid regions with a dry season of five to ten months; where rainfall is
unreliable and probably the major constraint to producton. Because of this
climatic emphasis, ICRISAT must work with a number of crops, including
millet, sorghum, chickpea, pigeonpea, and groundnut (Dart & Krantz, 1977)
and pay particular attention to the farming systems traditional for these
crops. The role of CIAT hes somewhere between these extremes. On the one
hand, it has worldwide responsibility within the IARC system for research on
Phaseolus vulgaris, but it must also emphasize the development of pastures
for the 800 million ha of under-utilized, acid, infertile soils found in Latin
America {CIAT, 1981). Important in the CIAT philosophy is the emphasis on
reduced-input technology, necessary in part because bean production ocours
mainly on small holdiags with farmers often unable to obtain or afford costly
technical inputs, but also because of the extensive nature of cattle operations
in the Cerrados of Brazil and in the Colombian Llanos,

Assumed in all the centers’ research activities s the dea of comparative
advantage: not to work on problems that are hikely to be site specific (for
example, fertilizer response), but to emphasize problems the resolution of
which would permit widespread adoption of a new technology or
introduction of higher yielding varietics. Because of this, the BNF programs
at the {ive centers, have emphasized the collection and evaluation of
germplasm and the selection or development of cultivars or strains of micro-
organisms that are active in Ny fixation. They have also sought to develop
agronomic practices appropriate for plants at teast partly dependent on fixed
Nz. For IRRI1 the study of Azolla and the evaivation of traditional methods
for its use have been important activities, while several of the legume centers
have sought improved methods of inoculation.

CULTIVAR AND STRAIN VARIATION IN ABILITY TO FIX N,

The plant germplasm and micre-organism holdings of the five [ARC's with
work on biological N, fixation are shown in Table 2.

Wide variation between representative grain legume cultivars in ability to
fix N; in symbiosis has been shown for drachis (Nambiar & Dart, 1980);
Cajunus (JCRISAT, 1978-79), Giveine {Pulver e ¢, 1978; Nangju, 1980),
Phaseolus vuigaris (Graham & Halliday, 1977; Graham & Rosas, 1977
Graham, 1981) and Figna (1ITA, 1979). In this Jast study, 400 to 485 lines of



TABLE {: International agricultural research centers undertaking research on biological N2 fixation, and their

mandates.
Center Location Year Founded Mandate Microbiologist(s)'
International Rice Research Los Banos, Pulippines 1959 Rice research: Worldwide mandate 1, Watanabe
Institute (IRRI)
International Institute of Ibadan, Nigena 1965 Farming systems in lowland tropics” A.A. Ayanaba
Tropical Agniculture (1ITA) Worldwide mandate, but emphasizing
Africa.
Grain legumes, especially cowpea E. Pulver
and soybean
Worldwide mandate, but emphasizing
Africa.
Centro I[nternacional de Cali, Colombia 1968 Phaseolus vulgans P H, Graham
Agricultura Tropical Worldwide mandate, but emphasizing
{CIAT) Latin America.
Pasture systems for the acid infertile R.S. Bradley
tropical regions
Worldwide mandate, but current
work alrmost entirely in Latin Amenca.
International Crops Hyderabad, India 1972 Sorghum and pearl mullet J.A. Thompson
Research Institute for Worldwide mandate.
the Semi-And Tropics ..
(ICRISAT) (rain legumes, especially pigeonpea, P.J. Dart
chickpea and groundnut
Worldwide mandate.
International Center for Aleppo, Syria 1976 Crop and mixed farming systems research R. Islam

Agricultural Research
in Dry Areas (ICARDA)

with emphasis on broad beans and
lentils
Semiarid reglons.

‘A ot March 1, 1981
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TABLE 2. The plant germplasm and micro-organisia holdings of the IARC’s with programs in biological Nj fixation.
Center Program Plant species held Micro-organisins References
{and number} maintained

iIRRI Rice Oryvza sativa (47,743  Angbacena IRRI{1979)
(. glaberrima { 2,278)  Gloeotrichia
Wild species { 961) Nostoc
Azotla pinnata
A, filiculoides
4. mexicand
A, caroliana

iITa Grain Legume Vigna unguiculata (10,471) R faponicum { 82} HTA (1979 1980
Glycine max ( 316)  Rhudzobium spp.
Voandzela subterranes { 2,271} {cowpea) { 2423
Others { 2,484)

CIAT Bean FPhaseolus vlgariy (27,404) R. phasecli { 3060 +) CIAT (19800
P coccinens ( 1,098} R, japonicum { 36 P.H Graham
B aruiifolius {129 {unpublished)
P lunaius { 1,900}
Pluseolus spp. i leb

Tropical Pasture  Seylosanthes spo. { 1,723y Rkizobium spp. (2600 4} R.S. Bradley

Dresmodium spp. { 885) (unpublished)
Zornig spp. { 561
Aeschynomene spp. ( 377
Centrosema spp. { 605)
Miscellaneous { 2,276}

{continued on page 6%9)
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Center

Program

Plant species held
(an<d number}

Micro-organisms

maintained

{continuation}

References

ICRISAT Sorghum

ICARDA

Miliet
Pigeonpes

Chickpea

Groundnuot

{rain Legume

Pasture Legume

Sarghum hicolor

Pennisetiom americanum

Cajanus cajan

Cicer grietinum
Arachis hynogeen

Cicer grietinum
Vicia fabe
fens cudinaric

Medicago spp.
Pisum spp.
Vicia spp.
Astragahus spp.
Lathyrus spp.
Trifolium spp.
Cnobrychis spp.

{17.986)

£14,074)
{ 8815

(12,195
{ 8,363)

{ 3,400}
{ 2,000)
{ 4,800}

( 2,810)
( 2,200)
( 2,550)
( 240)
{ 350
¢ 725)
( 675)

Azospirillem, Derxio

Rhizobium spp.
from Cojanus

R. legumincsarum

Rhizebium spp.
from Arachis

Rhizobium strains

for legume spp.
listed in grain
and pasture
legume program

ICRISAT (1978 - 79;
1979 - 80)

P.R. Goldsworthy &
R. Isham
{unpublished}
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cowpea were sown, with and without N, at lhree sites which differed in pH and
background rhizobial population. Ability to symbiose with native soil
rhizobia was evaluated according to relative vegetative development (RE
growth - N/growth + N x 100} At each site roughly 169 of the lines tested
were selected, with spme at each site performing better without Nthanwhen N
fertilizer was used. Four of the lines selzcted for high symbiotic efficiency
performed well at each of the three test sites, but TVa 175 was uniformly
weak in development when dependent on fixed N. Additional papers on this
theme are included in thizs voiume {see p 49, p 57).

Unexpécted host/strain interations have been found 10 a number of these
studies. Thus, when 2350 lines of Glycine rmax were evaluated for compatibility
with native, and presumably “cowpea-type” rhizobia, 90% proved incompati-
ble, but eight {(mainly of Asiatic origin} symbiosed effectively with thase
rhizobma (1ITA, 1978; Nangju, 1980}, In groundnut, non-noduolation has been
observed in 2 number of lines (see p. 49; p. 57).

Because of this variation in N»-fixing ability, programs to monitor the
ability 1o fix N> of lines selected for disease resistance or agronomic merit
have been established in most of the grain legume programs. Programs to
breed for enhanced N» fixation in agronomically desirable materials are also
under way. For P, vudgaris, these have been described by Graham (1981}, A1
HTA, coltivars of (. max able to symbiose effectively with the indigenous soil
rhizobia have heen crossed with higher viclding and agronomically desirable
soybean lines. Early generation progeny are being screened, both for effective
nodulation in the absence of inoculation and for agronomic traits. Nodule
scoring methods for chickpea are detailed on p. 57.

Active programs of strain selection parallel the work with host coltivars
{(ICRISAT, 1977-1978; 1978-1979; Islam, 198]; At ICRISAT yields of
pigeonpea were increased from [427 to 2039 kg/ ha following inoculation,
with dry matter production with the best strain rased from 5350 1o 8275
kg/ha (ICRISAT 1978-79). In irials with numerous chickpea rhizobia,
nodule number foliowing meculation ranged from 7-48/ plant, and nodule
dry weight from 13-74 mg/ plant. Yield following inoculation rose from 1564
to 2006 kg/ ha (ICRISAT, 1977-78). Resulis with peanut have been generally
less satisfactory, though with the Robut 33-1 cultivar, yield increases of upto
2891 kg/ha have been obtained. At CIAT, foliowing numerous evaluations of
strain performance in Leonard jars, and in the field, an international bean
inoculation trial (1BIT; has been developed. First results are discussed on p.
223,

With excellent strains identified in the various programs, emphasis instrain
selevtion is now turning to additional strain properties that could affect their
competitive or survival capabilities in tropical or subtropical soils, Thus,
Islam & Ghoulam {1981} evaluated strain performance with Vicia fabg in the
presence of 0.32% NaCl, while at IITA and CIAT the ability of strains to



survive and form nodules under acid soil conditions has been considered in
some detail {Date & Halliday, 1979; IITA, 1979; Graham er al, 1982). With
the soybean cultivars Mandarin and Bossier in Nigeria, inoculant strains
produced 72.5-92.5% of nodules even in the third crop after inoculation,
Further studies with strain survival over the fallow period are detailed on p.
309. Grahamet al. (1982) with R. phaseoli demonstrated strain differences in
tolerance to pH and showed these correlated with strain survival in acid soils
and with response to inoculation.

In the CIAT pasture program, with many different genera and species of
legumes being considered for adaptation to the acid, infertile soils of the
tropics, host and Rhizobiien selection must go hand in hand. Legume
accessions under inital evaluation are not inoculated, but are supplied
fertilizer N when N deficient. As agronomically promising forage species are
identified, the ease and efficiency with which they nodulate naturally in the
field is evaluated. For those accessions having relatively specific Rhizobium
requirements, the isolation and screening of a wide range of strains is then
initiated. Again because many different species and accessions are involved,
much of the evaluation 13 done i the glasshouse, with only the very best
strains for each legume field tested. A difficulty in this work is that many of the
strains isolated do not grow well on routine laboratory medium and must be
maintained on medium having pH values near 3.5,

The nonlegume programs on No fixation in the international centers have
benedited from the increased interest in associative fixation. At ICRISAT
numerous accessions of sorghum and millet have been evaluated for N,
(CoH, ) fixation. Thus, Dart (1978) reported 59 of 200 sorghum accessions to
have some Na-fixing activity, but found only two accessions with rates of
fixation in excess of 230.ug N/soil core per day. In the millets, plant to plant
variation in N fixation was marked, but approximately half of the accessions
tested in rainy season plantings {ixed some Na. Activity was greatest after
flowering and continued weli into grain fill. In the summer season under
irrigation only 8 of 89 accession showed Ny -fixing activity, and accessions of
the minor millets were generally more active than was pearl millet. A review of
this work is in preparation (P.J. Dart, personal communication).

Under traditional systems of agriculture, moderate rice yields can be
maintained without N fertilization. At IRRI, 23 successive rice crops, each
yielding more than 4 tons/ha, have been taken without N fertilization
{(Watanabe, Lee & Alimagno, 1978). The lack of suitable methods for
estimating N, fixation under irrigation has hindered investigation of this
phenomenon, but it is now probable that from 10~50 kg N is fixed/ ha per crop
(Koyama & App, [979; Watanabe & Cholitkul, 1979). The major
contribution is from free-living algas (Watanabe er /., 1978). While fixation
occurs in both phyllosphere and rhizosphere, with as many as 108 N fixing
organisms/g of root {Watanabe & Cholitkul, 1979), there is as yet little
evidence of varietal differences in ability to fix Nj.
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AGRONOMIC PRACTICES INFLUENCING N, FIXATION

N Fertilization

With N deficiency and grain legume/cereal intercrops common in the
tropics, all centers have tried to develop practices of N fertilization that are
compatible with legume inoculation, These have included studies on the uze of
starter N dressings (Graham & Halliday, 1977; HITA, 1979), evaluation of the
effects of fertilizer N on seasonal profiles of N, fixation (P.H. Graham &
5.R. Viteri, unpublished), and in rice the effect of fertilizer N placement on
N. fixation by photosynthetic and heterotrophic organisms (Crasswell &
Viek, 1979, IRRI, 1979).

Some studies have also been undertaken at different levels of applied N,
Nodulation and N fixation in P, vidgaris has proved extremely susceptible to
added fertilizer N, with seasonal rates of N;(C-H ) fixation reduced as much
as 39.6% by the application of only 15 kg N/ha (CIAT, 1979).

Cereal/legume intercropping and rotations

The influence of grain or green-manure legumes on the N nutrition of
associated or subsequent cereal crops has been extensively studied at the
TARCs, with two papers on this theme in these proceedings (sec p. 641, p.
647}, Pulver er al., (1978) also report on the variation in N harvest index
among cowpea varieties. Leucaena alley cropped with maize yielded 95.7-
111.2 kg foliage N/ ha, When this material was cut and incorporated at rates
eguivalent to 10 tons of foliage/ ha, maize yields were increased significantly,
and were almost equivalent to those of plots receiving 100 kg N/ha (11TA,
1979).

Studies at CIAT have emphasized the effect of intercropping maize and
beans on N, fixation by the legume, When a vigorous climbing bean was
associated with maize, rates of Ny fixation were not significantly different
from those obtained in monoculture {Graham & Rosas, 1978), whereas
No(CyH,} fixation by bush bean cultivars was reduced substantially by
association {P.H. Graham & 5.R. Viteri, unpublished data).

Methods of inoculation

Mecthods of inoculation have been studied at both ICRISAT and CIAT. At
ICRISAT, granular inoculants have not proved superior to those applied to
the seed (see p. 241). At CIAT, however, and for soils of iow pH, granular
inoculants prepared using 40-mesh peat, have consistently proved as good as
or better than seed application (Graham er af., 1980; 1982).
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Utitization of Azolia

Studies on Azollgat IRRI confirm the benefits from the use of this fern, and
have examined some of the requirements for growth (Watanabe er al, 1977,
IRRI, 1878; 1979). Thus N fixation by azolla of from 70-1 10 kg N/ ha perrice
crop has been demonstrated, with yields in rice significantly greater when
azolla was used, than when 60 kg/ha of N was applied. In these studies
mcorporation of the azolla was a major factor, When azolla was not
incorporated only 3.9% of fern Nwas taken up by rice during a 42-day period;
when 1L was incorporated, 329 of the azella N was absorbed by rice in the
same period. In these studies emphasis has also been placed on the P
requirement for growth of Azoffa sp. and on their temperature tolerance.

COLLABORATIVE ACTIVITIES AND TRAINING

Opportunities exist for coliaborative activities between the JARC’s and
other institutions. Perhaps the best example of this has been the project
funded by the Overseas Development Administration for collaborative
studies on cowpea physiology and N fixation at liTA and the University of
Reading (see for example, papers by Huxley er g/, [976; Summerfield et al.,
1976, Eaglesham et al., 1977, Summerfield er 4., 1977 1978; Minchin et al,
[97%4; b) and now extended to work on chickpea (Minchin es al., 1980) at
ICRISAT. More recently both 1ITA and IRRI have received support for
collaborative activities with the Boyce Thompson Institute, while at
ICRISAT and CIAT less formal relationships have been established with
Narth Carolina State University and the University of Wisconsin, respective-
ly. These associations allow center scientists to remain practically oriented
while receiving some in-depth support on the more basic areas.

Training i also a major function of institute staff and can involve short
courses on moculation technology or RhAizebium isolation and culture;
assigment of national program scientists to specific programs for periods of
up to six maonths, or even advanced degree training.
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