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I. INTRODUCTION

The cosson bean (Fhaseolus vulgaris ) has a poor reputation both in terms of yield potential and
tolerance to physiclogical stresses such as drought, flooding, and saline seils. It is iwperative
and necessary then to increase bean productivity in view of its agricultural importance and essential
participation in the diet of millions of inhabitants of Latin America and the Caribbean as well as ot
other regions in the world., While agricultural research progresses wmithout being able to make a
breach in the barriers that restrain the yield of this crop, particularly under stress conditions,
regional bean productivity has decreased over the last 40 years. In Brazil, the sain producing
tountry, bean groductivity in the poorer regions is 400 kg ha™*, (Alves, 196717

Various research prograss have reported sxperimental yields over 3 ton/ha in bush beans, and
genetic variability for yield potential and stress tolerance have been desustrated,

Although these findings have not lead to dramatic increases i bean productivity as has occurrad
with other crop species, physiological studies of beans, and other grain leguses such as soybean
(Blycine aax! and cowpea (Vigna unguiculatal, have generated useful inforsation for guiding agronomic
management and suggesting strategies for varietal improvement of beans, and as our knowledge
increases, further practical benefits will certainly be forthcoming,

Traditional varisties of beans respond poorly, in general, to the two agronoasic sanagesent
elements recosesndsd by the green revolution, and which have made it possible to obtain high yiclds
in other crops: high plant density and fertilization. In spite of these comstraints, traditional
varieties contain a valuable genetic variability which is useful for plant breeders in the search
tor resistance to pests and diseases or other characteristics associated to high yield. New
varisties of beans and appropriate crop  eanagesent technologies suitable for the conditions of the
small farmers in developing countries, are essential in the next years. In this context,
biotechnology can provide, in support to genetic lisprovesent, new alternatives to achieve this
objective. However, adaplation of these futwre innovations to the traditional farming practices of
the small farmers and to the ecological contest in which they will be introduced, aust he
specifically considered. Genetic isprovement and plant physiology sust converge in resulls expressed
as ned varieties of heans, more "rustic” and adapted to sarginal conditions. Thes2 can initiate the
sxpected "new revolution® in this crep. A clesr understanding of the processes and physiological
phenomena that detersine and regulate the espression of yield, is basic for this new stage.

Due to the diversity and compiexity of physiclogical eveats determining yield potential, the
authors have presentad heth a descriptive and integrative look at the physiclogy of the bean plant,
The chapler first discusses basic physiological processes which determine bean yields, and then
applies this information to yield potential and stress tolerance. Many unpublished results ohtained
at research work condected ia Labtin Samsrica were included to illustrate physiclogical phenomena not
considered in previcus studies.

' Alves, E. 1987, 0s desafios de extensas rural brasileira. Miameograph., (Unpublished!.



Texts and jowrnals on plant physiology contain many studies on the role of growth regulators in
bean plants, but we shall only refer to such work when evidence exists for effects on specific
physiological processes. Although there are many unknowns concerning plant growth regulators, their
overall role appears to be one of transmission of regulatory information from one tissue to another,
In ratation to crop growth problems, studies of growth regulators are generally of only indirect use,
as eupressed by Wit and Peaning de Vries (1983): & hormonal system is a communication system. Such
systems may be analysed either in terms of seans of the hardware used or in terms of purpose of the
sessages transferred, In dynsmic models of crop growth, interest should be focused on the latter,
vhergas the existence of the hardware, the hormonal systems, may be taken for granted”.

Spaca limitations preclude a cosplete literatwre review on the physiclogy of this crop but
interested readers can find pertinent and cosplesentary information in Graham (1978}, Laing, Jones
and Bavis (1%8%), Tanaka and Fujita (1979}, and HWallace (19851,



11. BASIC PRICESGES

Physinlogical processes in a plant may be classified inte setabolic events such as
photosynthesis and respiration which have a direct effect on growth, and eorphogenic ones which
affect the change in fore or dowelopment of the gplant, The two groups of processes interact
strongly, but are best discussed separately.

f. Growth Processes

browth may be measured in gany ways (stes elongation, accumulation of nodes, leaf expansion,
ekr, ), but emphasis is given here to the processes shich affect dry weight accumulation and its
partitioning since yield is the ultisste expression of these processes. Accumulation of dry weight
in hean plants is a direct consequence of the balance among photosynthesis, respiration, and lossss
due to senescence and shscission, Fartitioning, on the other hand, establishes an equilibriue
bekweon vegetative and reproductive growth integrated over the development of beans, resulting in an
end product of yield,

i. Fhotosynthesis:

fis in other grain leguses, beans have a Ty photosynthetic pathway. Estimates of maximum Jeaf
phatasynthetic rates (AP) at ambient Ly roncentrations have ranged from 12 wg (02 dw? 572 to 35 mg
L2 da"2 b~ (Table 1), FRecent estimates have been relatively high, presusably reflecting isproved
measuresent techniques, but are still well helow rates of soybeans, which can reach 45 to &0 s [l
dm™* (Shibles et al,, 1979).

& varies greatly with leat age and envirommental conditions. Leaves incrsase  in pholosynthetic
capacily as they expand, maintain 3 maximue for a highly variable peried depending on cullivar and
teat position, and then declive as the leaf senesces (Fraser and Bidwell, 1974). This decline in AP
appears to result prisarily from loss of photosynthetic capacity, but slso involves increased
stomatal resistance {(Davis and McCree, 197B). Tanaka and Fujita (19790 detected a significant
positive corrzlation between nitrogen content and AP in leaves at ages past the time of maximus rate,
suggesting that loss of photosynthetic capacity is related to nitrogem reschilization. Sisilar
conclusions were reached in soybeans (bugg and Sinclair, 1981), with the clarification that the
linear relation only holds below a critical leat protein concentration levels (12 g protein.a? of
leaf in their study),

Table 1. Reported values of mavimua leaf photosynthetic rate at
near-smhient 00z concentrations.

Photosynthetic Rate

wg COp dw? p~t g CHz0 a2 1
Auskin & Maclean, 19724 2 I.é
Frager & Bidwall, 1974 i? 1.2
Baastra, 1967 22 1.4
Hesksth % Hoss, 1943 12 0.8
1zhar & Wallace, 1947 5 .9
Lounerse b Tweerde, 1977 22 1.4
kKueneman et. al., 1979 )] 2.1
Tanaka % Fujita, 1979 35 3
Laing et. al., 1984 14 2.2




Havimum photosynthetic rates in beans are reached at irradiances of 300 W.a2, the same level
reported for soybeans {Shibles et al,, 1975, Burga {1578! {found svidence in heans that AP variss
With the position of the leaf within the canopy, and reaches its maximus at the time of initial pod
filling, |Laing et al. (1984) site unpublished work of El-Sharkaway desonstrating differences in
response of AF in two bean cultivars, with optima varying from 21°C to 31°0. Mo effect of water
vapour pressure  deficit (WD) on AF was detected by Hesse and tesr (1982) wsing 50 klx iliumination
at Z2°C, but El-Sharksway st al. (1984} found that beans had an icterwediate level of sensibivity as
cospared to other craps. A possible explanation for the different conclusions lies in interacting
effects of irradiance, tesperature and relative humidity on stomata opening, as reported in other
species (Larchee, 19791,

Louwerse snd Iweerds (19770 {found that maxisum AP was obtained from plants under high radiatioe
regises, and that AP was positively correlated with leaf thickness, specific leaf weight and nusber
of chloroplasts, but not with chlorophyll content. Different sources of nitrogen affect &P top,
gpparently through effects on photoreactions affecting nitrogen metabolise  (Marques gb al., I9E3),
Even simple differences in container size can affect leaf photosynthetic rates as in the study of
Carmi et al, (1983} where plants which had been stunted by being grown in small pots showed higher
A,

Further complications result from the possibility that other parts of the bean plant say regulate
ghotosynthesis independent of effects of water or nutrients. Carmi  and Koller (1978} detected root
pffects on photosynthesis in prisary leaves of heans. Research in soybean suggests that i demand
from growing tissues is insufficient {e.g. as induced by artificial depodding), photosynthesis asy be
inhibited. Starch acrumedation in chloroplasts say play a key role (Chatterton and Silvius, 1979,
although Carsi and Bhomer (1979) found that bean mesophyll cells appeared shle to accumulate large
amounts of starch without disrupting the chloroplasts.  Leaf starch in soybeans has been found to
be neqatively correlated with the activity of the sucrese-F synthetase (Huber and lsrael, (982},
These findings suppwrt the postulate that sucrose-P  synthelase is bey in leguses in regulating
photosynthetic formation of sucrose, and heace, starch, The role of this enzyee, strongly related to
nitrogen content, appears to be critical in leguse metabolic procssses.

Green bean pods fix CDz at lower rates than adjacent leaves, and the rate decreases with pod age
{Tanaka and Fujita, 1979). Bean pods recycle substantial amounts of iatersally-released [0z, hut are
not an ieportant photosynthetic sowrce of dry matter to developing seeds (Erookston, O Toole and
Dzbun, 1974al.

Under conditions of high mesophyll O concentrations, such as occurs ohen stosate close under
high light intensities bet limited water availability, 0 competes sith L0z in reacting with Fulf
carboxylase, with the ieportant difference that cheaical energy is expended and C0a svolved, It wag
first thought that photorespiration, as it is tereed, was either a waste process or persitted
production of compounds essential for plant growth. No such function has been deamonstrated, and most
researchers now favor the idea that photorespiration serves to dissipate light energy viea
photosynthesis is blocked due to low [0z concentrations (Powles and Oseond, 19779 Tolbert, 1780} or
to maintain [0y levels relatively tonstant within aesophyl]l tissues (Leopold and Eriedesan, 1973).
Mevertheless, Ogren (1984 considered that occurrence of photorespiration in anaerchic bacteria
disproves the protection function, and concluded that lower photorespiration rates still say be
attainable. Rates in beans have been shown to vary with envirommeatal conditions (Martin et gl.,
19713, Wallace gt al, (1974) felt that this variability would make detection of genetic ditferences
in beans difficalt,

Efficiency of the photo-sssisilative process is severely affected by sicroclisste at the crop
level, The distribution of radiation within a bean plant cosmunity is one of the sost important
slements of microclisate of the crop. Interception of light can be approximated by the exponential
decay function,



1=1o# expl-k § 13,

where lo is net radiation above the canopy, 1 is radiation at a level corresponding to L units of
lpaf area index, and k is the extinction coefficient, a characteristic depending on leat orientation
and distribution (Milthorpe and Moorby, 1979}, The review of the values of extinction ceefficients
for various crops by Monteith (1969} indicates that k ranges fros 1.65 (horizontal leaves! to 0.24
(grassss with vertical leaves). Data froa Bardiner gt al, (1979} for teo varieties planted at & and
9% cm row spacings (Figure 1) gave values of k of 0,48 at 44 ca and 0.36 at 91 ce, suggesting that
bean leaves are oriented in a relatively horizontal manner, and confirsing the expectation that
lzaves are more erect at narrower spacings. The same tendency was found by Burga {19781, whe also
reported a highly significant nsgative correlation between k and Ipal angle, this reflecting the
ability of the bean plant to orizat their lesves with the pusition of the sun in the sky to increase
canopy  light ioterception,  Wien and Wallace {1973) and Sato and Gotoh (1967F showed that ifeaf
arientation responds o light, that sensors are contained both in pulvinules and leaflets, and that
varigtal differences in patterns of orientation exist.

2. Resgiration:

flthough it is biochemically not a realistic separation, respiration is sost easily considered as
composad of  two components.  One is termed “saintenance respiration”, and represents respiration
attributable to sctivities associated with maintensnce of tissue function, Growth respiration is the
other comtonent, and represeats respiration associated with transport and biosynthesis in the
construction of new tissues during growth.

Haintenance respiration is similar to basal setabolise in animals, and is thought to vary with
tisgue compusition and temperature. Austin and Holean {197Za) found that roots of bean plants in the
primary leaf stage had rates approvimately lwice those of leaves and steas, and that rates doubled
with 3 10% increase in tesperature, Sale (1975) detected a similar level of sensitivity for dark
respiration of bean lsaves.

fssuming varietal differesces in plant structure and temperature adaptation, there is every
reason to expect as much variabilily in maintenance respiration rates as is found for photosynthesis.
Genotypic variation in several grain leguees was detected by Fapdey et al. (1978) . This point
appears unexplored in beans except where differences in dark respiration of leaves have heen detected
in studies of photosynthesis {lzhar and Wallace, 1967).

Estimates of growth respiration rates are obhtained from costs of biosyathesis (Fenning de Vries
et al., 1974 de Wit e, al. 1%7B]. Using data on tissue composition of beans from various sources
{Table 2}, approximate respiration costs for rools, leaves, stess and puds have been caloulated
{White, 1981}, Pods are the most costly due to their high protein conlent, while roots and stess
require auch less dug to thelr relatively high carbohydrate content {Table 23,

Since growth respiration is directly related to energy reguiresents for specific cheasical
reactions, it is believed relatively tesperature insensitive. Biosynthekic pathways are similar among
many species, so genetic variability is supposed low beyond expected differences due to variability
in plant composition.  However, estimates of efficiency of carbohydrate use in nitrogen figation
(which is normally accounted dor in  assumptions about costs of protein synthesist indicate major
varietal differences (Kipe-Molt, personal commumnicationd, and environmental effects and genstic
variability in beans need additional research.

Penning de Vries and vam Laar (1977} used sequential tissue analyses ta estimate respiration
costs of beans during geraination and early seedling growth under different temperature regimes,
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Fig. | Relalion betwoen leat area iodex and light interception at 4 cm and 91 ca row widths.
Estimated from data of Bardiner gt al, 1977,

Table 2. Composition of bean plant tissues and casts of biosynthesis.
Data for compositions compiled from Piper and Morse (19231,
Jordan and Chibnall (1933), McKee gt al, (1933 and Sinclair
and de Wit (1975},

Leaf Root Gtea Pod

1 af dry weight-——w-wmmmmeomn

Carhohydrate 81.7 78.% 77.4 609
Protein 0.8 2.5 1.9 .2
Lipid 1.7 0.7 0.6 [.5
Lignin 4.0 1.0 1.0 4.0
fish 5.8 1.7 L2 3.
memmmmeemees =g} EHall g7F tisBup-- e -~
Cost of hiosynthesis*  L.50 {.28 132 1.32

* Source: Rhite, 1581,



3. Nitroges Hetaholism:

The high protein content of leguee seeds explains the particular isportance of nitrogen
sctaholisa in grain lequee physiology. In bean seeds, a protein content of 20X {o 24% isplies a
nitrogen content of approxisately &1, which in tarn means that every 1,000 kg of yield implies a need
for 40 kg of N, not including asounts neseded to replace losses dus to leaching or residual N in
other tigsues. It was found that up to 80X of the foliar N is reallocated to other plant parts
before the onset of leaf abscicion (lzquierds, 19B1). And it will be remcebered that N content of
leaves is high, that content varies with ontegeny (Table 3}, and that it can show a direct
correlation with &P,

Although N may be introduced through the foliage, the normal route of uptake is theough the
roots, either as nitrate or Na, which is converted in root nodules to aemonicm ions,  For owr
purposes, it will suffice to observe thel once fived as amsonium, N 15 in a2 form resdily convertible
to amind acids. In the case of N absorbed as nitrate, the nitrate is first converted {rom nitrate
te nitrite by nitrate reductase, and then 4$rom nitrite to asmonium by nitrite reductase. The
ditéorent setabolic pathways required with different N sowrces appear to sffect efficiency of
N-partitioning (Westermann st al,, 19835

In beans, nitrate reductase activity is greatest in leaf tissue. This permits the reduction
reartion to be coupled to energy directly availshle {rom photosynthesis, and this should reduce the
apparent energy cost as compared to crops which have greatest reduckase activity in roots (Hunter ef
al., 1%B2), Hitrate reductase activity varies greatly with leaf age amd crop growth stage (Franco et
al, 1979, and some level of activity is maintained even when nitrate is excluded as a nitrogen
source {Timpo and Neyra, i983). In other crops, considerable effort has gone to  determining whethsr
nitrate reductase activity is vyield limiting, tut no clear positive results have been obtained
{e.q. Fakorede and Mock, 1978k, The great plasticity of nitrogenase ackivity in bean plants suggests
the sase would be true for beans.

B. Developmental Frocesses

fis 3 bean plant grows, it undergees not only 3 change in size, but changss in form shich are
associated with formation of flowers and pods, and eventually, yield. These changss are the result
of developmental processes such as stes elongation, flower bud ditferentiation, and pod growth. The
jrocesses are closely linked to groeth, but are here considered independently for clarity. Rates of
development are semsitive to photoperiod and temperaturs,

}. Gorsination:

During the drying phase asseciated with pod saturation, a bean seed enters a state of reduced
eetabolic activity characterized by changes in dehwdration of cellular mesbranss and a severe
reduction in respiration rate. This condition is maintained as long as the seed moisture content
reeains low. Upon contact with a eedium of sufficiently high water availability, the seed imbibes
water and respiration rates increases dramatically, Cultivars seem to vary in the proportion of
water taken up through the micropyle or the raphe and hilum, while uptake through the sesd coat is
negligible iKerban et al., 1%B1)}. Gome bean sesds present a condition of "hard sesdedness® such that
water uptake is extresely restricted. This appears to be due to a cosbination of factors including
restrictions of the aicropyle (¥yle and Randall, 19633, Afustin and Mac lean (19728) nohed that under
cool U3°0Y temperatures, large seeded cultivars germinate more rapidly than small seeded ones.

2. Vegetativa Browth:

Although growth analysis (the use of sequential ssmgles of crop dry weight and leal area to
describe crop growth) requires approximations inherent in considering the dry weight accumulation and
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distribution 25 the sum of the various growth and developmental processes, such studies have proven
useful in describing crop plastic response to eavironment and effects of differeaces among culkivars.

Table 3. Mean argan values for mitrogen for nine dry baan genotypes at
four reproductive stages®, East Lansing.

Reproductive stage
Mid-pod Mid-seed Fhysiological

Flant prgan fnthesis elongation filling maturity
g R -
Root, AR Ba L27 ab .24 ab
Gtea 150 ab 121 a 3 a .73 b
Petionle 48 a b 3 Bl a 26 b
Leal Blade 63 b 7.8 a 34 b B ¢
Pod wall - - 5460 a I
Seerf - - L4 08 13.10 a

* Means followed by the same letter in rows do not differ significataly
Duncan sultiple range test at 5L,
* Bource: lrguierds, 1991,

ffter seedling establisheent, bean crops under non-stress conditions generally {ollow a mear
exponential growth phase until onset of rapid pod growth, Growth then slows, soms crops reathing
zero crop growth and then declining in weight, and others obtaining their aaxisom weight very near
maturity fFigure 2.

Maximue crop growth rates (COR) reported for hush beans range fros 14 to 18 g #~2.day™? (Table
4, Clisbing beans on trellises have reached rates of 2 g &%, the grester rates presuaably
reflocting better canopy structure and less investment in support tissees. These values are less than
halt of valees reported for other Ce crops (Monteith, 1978).

Het assimilation rate (NAR, calculated as EBR/LAD) uspally declines with crop age. Typical
values during {lowering are from 4 to 7 q m™2.day~, High valuss of NAR may reflsct cowpensation for
restricted leaf area te.g. due to a determinate growth habit) rather than high photosynthetic
efficiency since NAR during flowering and LAD from emergence to onsel of flowering may be negatively
correlated asong different cultivars Figure 31,

LAL increases with crop growth, and as with CBR, often reaches a peak around time of onset of
rapid pod growth, the halt in leaf production presusably reflecting increased deaand for nitrogen in
growing pods (Figure 2}, LAl in dotersinate beans say stop increasing st a relatively early stage
diue to lack of nodes to produce additional leaves. Most bean crops undergo nearly cosplete leaf
senescence before maturity, bul some “non-senescing® crops do occur. AR CIAT-Pamira, non-senescing
crops usually involve cultivars with poor pod or seed set, thus the lack of senescence probably
reflects weak sink desand,  In teeperate regions, such a pattern eay involve probless of
photoperiod-tesperature adaptation, particularly slowed growth with cooler tesperatures (Hallace,
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Table 4. FReported maximum crop growth rates (CBRY and leat area indey
Teat area index (LA0) at time of macisum CGR.

Growth  Maximum

Cultivar habit®  C6R L4 Source
g &% day™?

Hawkeshury Wonder w i8 3.0 Sale, 1974
Hichoacan 12-4-3 3 17 5.0 Aguilar et al., 1977
Forrillo Sintetico 2 12 3.2 Laing et al., 1984
Porriblo Sintetice 2 17 3344 CIAT, unpublished
Jdu B3-7 2 1t - Rodriguer, 1986
Flor de Mayo 3 21 7.0-8.0  Faniul et al,, 1982

1444

# [1aT1 classification.
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Maximom LAD’s are pften in the range of 3 to 4 unils. These are frequently below optimal LA’
estimated as LA at savisum OGR (Table 5.

Table 5. Comparision of maximum LAI and optieal LAI caleulated as LAL
estimated maximum CGR for {1 sets of data for cv. Porrille
Ginteticn at CIAT.

Havinua LA fptiral LAI Yield
ga?

3.1 3.0 219
1.3 31 227
3.1 2.8 27
3.4 4.8 277
2.0 2.2 3
30 3.7 798
3.4 Z 32
3.3 5.1 k5
4.1 .3 35
2.7 6 365
4.4 5.4 412

fean 3.2 1.3 I
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Specific leaf area (SLA = lead area/lesf dry weight) usually starts low, Increases to a maximen
around flowering, and then declines toward saturity (Figure 4). Ueterminate varistiss often have
comparatively high SLA, again presusably reflecting cospensation for restricted LAL

Under non-limiting conditions, main stem leaf initiation and evpansion procede ab near linesr

rates (Figure 5},  Leaf initiation and expansion rates differ greatly among cultivars (Table &3,
Flowsr initiation has besn detected as early as 10 days after planting Hallace, 1993,
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Fig. 4 Change in specific leaf area over time in two bean cultivars: flRedkloud; B! Ex-Rice 23.
Source @ White, 1981

3. Reproductive Browth:

Beans usually self-pollinate. Patterns of flowering cpening ars wall  known, Gnther dehiscence
oceur  just tetore bud opening, wsually at might. In P, scutifolivg dehiscence is preceded by
sppearance of stigmatic secretions, composed prissrily of carbohydrates and lipids, and the
secretions rupture the stigea cuticle tlord and Fohorm, 1988}, Follen tubes grows down the hollow
style and fertilisation occurs within 12 hours, ovules nearest the style being fertilised first.
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Table &, Hain stes Ieat initiation and espanzion rates for cultivars of
differing grouth habit. Falmira, 1977,

100 Leaf Leaf
seed inititation expanst on

Cultivar Habit waight rats rate

g primordia day™? leaves day™?
& 3807 1 18 .45 .30
G 4458 I ] 0.42 §.32
§ 1814 1 &N o2 2.2
& 1380 [ Z 3,25 218
B 1953 I iB n.54 0,32
& 343 I i1 .56 .33
B %475 il i3 0.48 8.7
& 4373 I 1? 0.48 8.2
B I04a I 2 .50 0.33
& 2006 I 3 0,43 0.29
b 3353 Im 27 0.5 0352
B 4122 It 22 0.43 0.2
g 1093 v 30 0.32 9.3
§ 2377 ¥ 23 0.8 0.2¢
i 25 v 17 .63 1,33
& 2523 v pal) 0,80 4.37

Hegn 0,48 0,29
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Dverall pod growth patterns in leguees sre reportedly so similar that they may all be susmarized
as involving three distinct phases: pod wall growth, seed growth, and desiccation (Bure, 13731, 1In
bean pods reaching maturity 48 days after flower opening, maximus pod length was reached in 22 days,
and pod fresh weight dropped only in the last & to B days, although sesd weight contineed to increase
during the last phase (Dliker et al., 1978). Figure & {llustrates these events for black beans. The
growth pattern of individual pods appears relatively insensitive to source-siak manipulations {Figure
7}, As would be expected in a crop with such diversity in phenology and seeds size, pad development
rate varies greatly among cultivars (Table 7}, but is not strongly correlated with other varisbles
{Table 8). Temporal changes of pod cosposition vary sigaificantly among snap bean cultivars (Stark
and Hahoney, 1942; Guyer and Kramer, 1932).

4120 18 o 458
100 48

« 350
bt -
"ﬁ BD 44 : -4 g
£ -
5{ % % 5

’ 1 £

J Pof H s 280 5
Pod et wagh L IR H
Langih f [ 3 z
- o k'
L4
o

4 13 4 180

4 20 41
w0
i L ] i Il et o 4 g ]
5 0 -3 iD 15 iz 25 30 k1] 40 4%
A
Days sher SO% Nowaring P

Fig., 4 Pod and seed growth of cv. "Black Tertle Soup™ bean. bource: Izquierdo 19BL.

Genetic differences exist within cultivars and bresding lines for both rate and duration of seed
filling in rice (Jones et al., 1979}, soybeans (Kaplan and FKoller, 1974}, maize {Baynard et al.,
1970y Duncan, 19ROy and Johmson and Tamner, 19721, and cowpes {Wien and Ackah, 1978). Several
studies have shown that the duration of seed filling was sore closaly related to yield than was the
rate of {filling. Other works (Egli and Leggett, 1974; Sofield el al., 1577} agreed that the rate of
seed ¥illing were related to cultivar differences in final grain weight, In beans, negative
apn-significant correlations between the linear filling rate and vield was reported by fzquierdo and
Hosfield (1981}, Wowever, the same work, significant positive correlations were foued hetweon the
linear filling duration and effective filling period to yield, number of seed per pod, seeds.n ™, and
100 seed woight among coltivars and lines with differing architectural forss. Some ewrrelation was
found among linesr filling duration and bean yields (Faredes 1986},



- 14 -

20 q e Cartrot
g Podt rarnoval

E3—0) Gulolistion

Lires 34

1% 4
BAT 1287

B
f 10
>
3
3
&
s -
Time of:
Dafolanon
Pod ramovsl
o [F
Y - " v T 7
45 B 80 40 60 o0

Tiays frowe planting
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Table 7. VYield, maxisum pod growth rate, and other paraseters of 20
lines, PFalaira, 196%5a.

H14] Mean Fod

Days to Days to Daily  seed poid grovth
Line Yield flower. saturity yield weight dry wt. rate
ga? gday™* g gpod ga? day™

& 4155 2400 4 78 15.8 19.4 L33 0.125
24 2370 42 2 9.1 1.0 1.04 .68
BAT 477 2345 43 77 0.6 0.0 1,16 119
A 149 2350 48 8 2.8 3.3 1.30 083
BAT 271 229 2 8t 27.8 171 f.2l 2
i

I

& 40 2200 44 83 éb.6 17.0 05 N

5 3059 2198 A B2 7.4 I%.2 A3 A0
BAT B3 2020 2 7% 5.5 0.0 1.2b A3
6 44446 1830 44 84 2.1 2.7 0.93 091
A4 1830 43 83 2.0 2.2 i 0%
B 1392 1820 £ 82 2.2 39.9 LY 1151
BAT 304 810 37 # 3.7 14,3 1.04 .
b 44%8 {7560 4 74 21.8 8.1 0.93 078
BAT 41 1740 33 &8 5.6 5.2 .87 094
B 3897 1630 3 7t 215 14.4 0.72 77
XA {46 1570 38 73 2.4 2.5 .04 107
B 74 1540 38 70 2Lk 9.4 .39 JA
& 1494 1410 L 74 i9.1 4.9 LY 102
& 3017 Lo 28 38 19.¢ 14.8 0.79 13
B 1540 830 b 68 2.2 17.1 0.78 004
Mean 1850 7 4.2 2.6 .10 A8
E.E. 15 i .0 3.3 0.12 D013
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Considerable research has been done on aspects of bean seed growth reiated to sesd hiochesistry
{Loewenberg, 1955 Carr and Bkene, 19613 Sussex and Dale, 1979}, but such works have shed [ittle
light on factors affecting overall pod growth and eaturation.

Table 8, Correlations asong yietd, pod growth rate, and other parameters
neasured in 20 lines, Falmira, [9EGa.

160
)
p:jf; - Bavs to  Daily  seed Fod
L2 = Yield maturity  yield  weight  weight
F i} @
: = 55
W o
1 of .
— T Bays to maturily 1]
§L) =4 vield/day 9548 508
. a3 100 sead wi. -8 R -.15
T | 28 Pod weight 454 .53t .33 1t
\ \%‘f‘% S Pod growth rate .2 -.08 7 S 5
- . Fod growth rats
{excluding & 13400 -.00 =20 T -2 37

t, 0 < .05 and p ¢ .01 respectively.

4, Senescence and Abscissiom

Atter photosynthesis and respiration, the processes of senescence ang abscission play the most
isportant rales in determining plant growth, fAny tissug may undergo senescence, and in stem Borne
tissues, especially ieaflets, petioles, flower and puds, this process is wsually accospanied by an
apparently prograssed pattern of abscission. Howsver, the tissues where senescence appears to be of

greatest ieportance are in leaves, flowers and pads.  Hypotheses concerning the role of senescence
and shscission usually follow three lines.

the sost  frequently cited hypothesis for legumes is that bissues which are at 3 disadvantage in
competition asong sources and sinks are eliminated, thus maintaining the overall efficiency of the
plant. Leaves are dropped which no longer iy sufficient €02 (are too near the L0, compensation
pointi, This sight result from loss of N due to remobilization to growing pods, or leaves losing
eliiciency due to shading by Jeaves higher in the canopy.

fhnoreal flower buds (Yarer et al., 19B4), and failures of pollination or fertilization caa
result in abortion of flowers and young pods.  However, it has beew reported that enly one ovule
needs to be fertilized to prevent pod abscission, and stress enhanced bean pod abscission was stated
not to be caused by failure in fortilization (Harterlein ef al., 1980}, This data iy supported by
findings in sovbesn reproductive shedding (fbernathy et al,, 1577; Hiedbold et al,, 1981}, Stedies
of tising of bean flower and pod ahsrission have shown that pod abscission can contious wp to 45 days
atter anthesis {lzquierdo and Hosfield, 1981b}. It haw heen stated that older pods may drop if
adequate carbon assimilate is not available (Tanatz and Fujita, {%79).  Since legumes have a
particular high nitrogen demand during podfill, senescence resulting from competition for N ususlly
results in leguee crops "self-destructing” (Binclair and de Wit, {574).

A second hypothesis is that semescence, defined by leapold, (198%) as deterivrative processes

conducive to plant death, is 3 prograseed process of that occurs irregardless of the source-sink
balance of the plant, This mechanism is most easily imsgined as functioning in peresnial plants in
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the process might persist as g relictusl characteristic in annual crops, haviog been reported in pea
{Lockhart and Butlschall, 1961}, bean (Wareing and Seth, 1947) and soybean {Lindoo and Nooddn, 1977},
buch a process would still show relations with pod set if growing pods produced a sensscence
signal (which could be either an inhibitor or stimulator, depending on the pod growth stagel,

The last group of hyputheses consider senescsare as a physiological disordsr triggered by
imbalances of endogenous growth regulstors. The reported rise in abscisic acid (ABA) levels during
senescence sakes ADR ar attractive candidate as a2 general inducer of senescence, but not all studies
support this. In the case of beans, widely varying levels of ABA were found during and before leaf
senpscence {(Colquhoun and Hillman, 1975). n the other hand, if leaf senescence at eaturity is
triggerad by sthylene production in eatering pods, rapid leaf fail might reflect nothing sore than an
exressive sensitivity of leaves to ethylens,

The strongest arguments for source-sink relations come {ros studies of effects of depodding and
defoliation. Continual depodding, whother through artificial eesns or physiclogical stresses causing
flower and pod drop, generally result in delayed leaf senescence {Tanaka and Fujita, 19791, The
fact that semescence ultimately does occur  f{an observation esed to support the second hypothesis;
Noodén, 1999} may be ascribed toe eventusl depletion of nutrient reserves (particularly with
artiticial depodding?, accumulation of diseases and pests, changes in agronomic conditions such as
cooler temperatures or failures to saintain irrigation treatments, or deleterious effects of large
accusulations of starch in leaves.

f second tine of evidence coses from studies of carbohydrate and nitrogen ressbilization and leaf
photosynthetic rates, where patterns of senescence and relations between nitrogen content and AP are
in full agreement with the idea that source sink balances determine patterns of senescence. Although
the balance of evidence appears to favor a relation Setween source-sink balance and senescenca, the
question is far from resolved. thimann (1980} and Noodén (19B0) have written lengthy reviews
defending other mechanisas.

£. Intearation of Processes

. Carbohydrate and Nitrogen Partitioning:

Studies on '*C distribution in beans (Seth and Wareing, 19673 Lukas gt al,, 1976 Tanaka and
Fujita, 1979; Water g} al., 1980) have provided a fairly complete picture of qualitative patterns of
arbohydrate distribution during crop growth.  Young leaves are their own sink, incorporating all
fixed carbon into leaf tissues, but as the lsaf expands, up to BOX of fixed carbon eay be exported
from a leaf. As a leaf approsches senescence, exports fall mith declining photosynthetic capahility
and increased respiratory costs. A source-sink unit has been defined, censisting of a leaf, any
branch or raceme in the axil of the leal, and the internode below., The degree to which this unit
exports assimilate to other parts of the plant varies with growth hahit, leaf position, and growth
stage. Gtephenson and Wilson (19771, studying soybean with '*C analysis, showed that this unit was
able to account For up te 701 of the assisilate distribution. This umit, initially tereed 2
*nutritional unit® {Adaes, 1547}, was subsequently named the “phytoseric unit® (Adams, 1981) due to
its graat physiological sigrifitance in carbohydrate source-sink balance.

Although the phytoseric unit is a useful approvimstion, it simplifies differences asong leaves.
Lower lsaves export & large proportion to roots, while leaves at the highest nodes of indetersinate
plants expart relatively large proportions to lower nodes. Resoving racemes at one node results in
greater exportation to adjacent oudes both above and below. Vegetative tissues can serve as sites of
actumulation of assimilate reserves. Remaving pods will augeent reserves, while defoliation and
water stress triggers assimilate and N remchilization (lzquierdo and Hermandez, 1964, unpublised;
Takle 9,
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Table 9. Water stress and 337 defoliation® sean effects on dry matter
N stem remobilization of sixteen black bean genctypes, Chillan,
{(Hernandez, 1554},

Stem resobilization (- )*__

Treatment Ory matter Mitrogen
g plant™ wy g~
33% defoliation 2163 2%
Drought 2032 .55
Contral 18.84 183
Bayss LSOSY - 0.42

* The water holding {drought] and 33% defoliation were applied at 50X
flowering.

* Change in dry satter and N content at stems from 50X flowering to
physiological saturity,

Studies on nitrogen distribution have not provided as cosplete a picture due to the lack of
technigues as convenient as those used with %, towever patterns of nitrogen accusulation and
remchilization determined through analyses of tissue N suggest patterns sisilar to carbon with
necessary differences due to N entering the plant through the roots, and to the relatively high N
requirements of leaves and pods (Westerman ef al., 19830,

Basic patterss both of carben and nitrogen distribution are probably ideatical o those found in
pther grain lequmes {(Shibles et al., 1975; Pate, 1975}, and are consistent with the idea that much of
bean plant growth and developsent is reguiated by competition among sources and sinks. The size,
sctaholic activity, and provimity of a sink to smrces sees to be primary determinants of the ability
of a given sink to cospete among other sinds.

#ile this qualitative sodel is of great use in understanding crop growth, eore quantitative data
are needed to detersine whether allocation processes limit bean yield. Adass gt al, (1978} showed
differences in accumulation of starch-like sustances among  different cultivars, but did oot
establish whother the differences were duz to variability specifically related to resobilization,
or to other factors such as overall plant vigour which could indirectly control the amount of
assimilate available for resobilization. However the technigque they used is appropriate enly for
very gross genotypic separation, and was found to have a low correlation with guantitative starch
analyses {laguierdo, gt. al., 1983).

Z. The Source-Sink Model!

Having reviewed the various cosponent protesses of bean crop growth and developeent, there
remains the task of integrating the components into an overall model of how a bean plant functions,
The most satisfaclory eodel available assumes that basic processes are integrated by cospetition
among  sinks for limited resources, and that the relative proportions of resmrces allocated to
ditferent organs depends on what Brouwer (1963) described as “functional balance®.  Redeced
availability of water or nulrients reduces partitioning to leaf growth, but increases partitioning to
roots [Figure Bl. Defoliation results in excess root vapacity in relation to leaft area tfoo high a
ront to shoot ratic), and partitioning will favor leaf growth ontil the functional balance is
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restored. Central to the model is the assusption that resources, usually carbohydrate o nitrogen,
dre limiting. However, this premise is not wniversally accepted, and the doubts merit discussion,

8 S
E’ Lesves
i os
é
Reuvts
4]

fncrawsing soil feaithity of water avaitnbility

Fig. 8 Illustration of “functional balance" (Brouser, 1943} betecen relative partitioning of growth
in Ieaves or roots as affected by soil ferbility or water availabiblity,

Inhibition of photesynthesis due to insufficient sink strength is one argument,  If this
condition occurs, then it f{ollows that reseurces are not lisiting, Evidence for the effect comos
prisarily {rom experigental manipulations creating shrupt changes in sowrce-sink relations le.g.
through depodding!, so while sink limitation of photosynthetic may occur, one might argue that it is
not a major factor under mast field conditions, In oppostion, up to 359 w? of unreschilized total
ronstructural carbohydrates were found in stess of Type I beans in monoculture with a normal plant
stand at physiclogical saturity (lzquierdo, 1981}, This could indicate lack of use of available
reserve resources due to small sink size and/or to delayed senescence with relatively high AF.

fnother line of eriticise comes from work primarily of Lasbers (1977, 1982, and 1984) on cyanide
resistant respirstion. This respiration utilizes pathways independent of those sentioned previously,
and seems to produce no products considered essential to growing crops.  Indeed, its principal
etfects are 4 depletion of carbohydrate and generation of heat. The process appears widespread
in plant species, and oceurs in beans {Azcon-Bieto and Lambers, 1781}, 4s Lasbers (1983) has argued,
such apparently "waste” respiratory activily is inconsistent with any theory assusing that resowrces
are limiting. At the eoaent, perhaps the best argusents against this criticisw are thal sadels
assuming limited resources are resarkably good at predicting crop growth {e.g. SOYGRO by Hillerson et
1., 1983}, and that research on cyanide resistant respiration is suffiriently new and the technigues
involved are difficult onough that its function may remain to be discovered.

A third line of criticize stess froa findings that roots can release large amounts of
carbohydrates and asino acids into the soil where they stisulate microbial activity {Russell, %771,
Under conditinns of nutrient stress or in the preseace of soil pathogens, such activity might
benefit the plant via stimelation of heneficial organisms such as eycorrhizal fungi or bacteria which
inhibit pathogens. However, conditions might occur where such secretions would serve no function.
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II1. YIELD POTENTIAL

f. Introduction

Haxisus yields for bush beans are on the order of 5 to & ton ha™* (Table 1. UDccasional reports
of higher yields are found, but are usually attributable to small plot sizes with strong border
effects. Clishing beans on trellises have yielded B tons ha™! (Fanjul et al,, I¥E2}, but comparisons
with bush heans are of lisited seaning since trellises eliminate lodging while reducing the need fowr
allocation of assimilate to tissues for sechanical support. Although yields of S to & ton ha™ are
impressive fover 10 tises the sean yield in Latin Awerical, they are so infrequently obtained that
considerable research has gone into finding ways te mavimize yields in beans.

Table 10, Maxisus bush bean experimental yields reported fros the Bean
International Yield and Adaptation Hurseries, [774-1984.

Lrop
Year Location Variety Yield duration

kg hat days !

1976 Bantiago, Chile Puebla 158 103 13
1977 Braneros, Chile Finta Dorade 55300 74
1978 Graneros, Chile ICA Fijao 400 5
1979 Falmira, Colomhia BAT 83 4500 73
1580 Branerps, Chile Jamapa 400 -
128} Braneros, Chile BA1 5B S0 je)]
1782 braneros, Chile Jamapa 4200 it
H M Braneros, Chilte I 199 5000 23
1984 Popayan, Colosbia 1AV 8306 5100 108

Hork on “yield potential®, as it is teresd, generally assumes that for 2 given climatic regiss,
soil fertility and waler availability are mansged to provide good growing conditions, and that
effects of posts and diseases are minimal, if not completely asbsent.  Theoretically, agronosic
practices should be "optimal™, but since this might include use of 00, fertilization, supplesentary
radiation, or artificial supports, most researchers have studied yield poteatial in the context of
evisting cropping systems, either for bush or clisbing beans. We follow this precedent, emphesizing
bush beans in monoculture, but not assuming limitations on practices such as plant density, row
spacing, irrigation, and fertilizer applications.

{. Estimates of Yiald Potentialy

Az sentioned above, maxisue yields for beans {Table 10} provide one estimate of yield potential
in beans, VYields of over 5 ton ha ' from IBYAU's in Chile illustrate the jeportance of considering
production environment.  The Branerss site has fertils spil, high radiation (little cloud cover, and
daylight of up to 13 hours at its 348 latitude), cool nights (10°C to 13°C minimus), and little
dizease or pest pressurs. Photoperiod effscts say provide additional besefits, since long days delay
tlowering and maturity, Bhile high yields can be obtained in beans, one should not ewpect that a
trapical site with longer, warmar nights, lower radiation, snd a myriad of other probleas will vield
over & tan ha~t,
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Considering eavisum yields of other leguse crops (Table 11}, bean vields are similar o a per day
basis, Data for non-leguee crops suggest a considerahle "yield gap® (Table 11).

Various indirect estimates of bean vield potential are available. Assuming that greater lodging
resistance and delaved maturity are obtaiansble, vields of clisbing beans sight approvimate the
potential of bush beans. Flowering and maturity have been delayed in Porriilo Sintetico through use
of photoperiod effects provided by @ gradient of artificial light giving & 18 houwr photoperiod.
Yields increased 48 kg ha™! for each day of delay in saturity (Table 123,

Studies of heterosis effects aight provide another saurce of estimates, bDutierre: and Singh

{1965} obtaieed FU yields 2B to 471 over percent the eid-parent value, but ne cross yielded
significantly better than the best parent.

Table 1. Estimates of vield potential of grain legumes and other crops.

Crop
Lrop Yield duration Reference
{kq/hal {days!
Legumes
Chickpea 4000 Bayena, 1984
Cowpea 200 Yien and Summer{ield, 1984
Groundnut /00 Ashley, 1984
Figeonpia 5500 1e Chefdrake, 1984
Soybean 560 Ghibles et al,, I%73
Non-1eguaes
Corn 12000 132 Hilthorpe and Hoorhy, 1979
Ries 12060 196 Hilthorpe and Hoorby, 1979
Sorghun 7360 Hitler and Kebede, 1984
Wheat 14100 Evang et al., 1975
Fotato 19600 Hilthorpe and Woorby, 1979
{tuber dry wh.}
Sugar heat 29090 b Hilthorpe and Reorby, 1979

Cruder estimstes of yield potential come from studies of flower and pod abscission. For & crop
producing 250 pod m?, each pod containing 1.2 g of seed (6 seeds weighting 200 ag each), a 201
increase in pod set with ng change in yield pod™! sust, by siaple algebra, give a yield increase of
201, from 3 to 3.6 ton ha“!, Considering that flower and pod abortion rates are frequently on
the ordee of &0 to 8%, vield potential would be around 5.4 ton ha™'. Further details and data on
estimates of yield potential considering reproductive abcission are discussed under the topic of
increasing sink strength as a strategy to increase seed yield.

Before reviewing strategies for yield potential, the role of agronomic managesent serits
attention. Although proposals wsually assume “near optieal” agronosic conditions, one may question
whether present  sgronomic practices trely approach those needed to ubtain maximm vield, 13 foor
jndependent factors le.g. planting density, water menagesent, fertilizer applications and soil
cospaction) are at 951 of their optievs, this results in a 194 yield reduction {HODU - (5%,
enough to reduce a2 hypsthetical potential of & ton ha™ to 4.4 ton ha™l,



Table 12. Yield of cv. Porrillo Sintetice under four photoperiod regimes
provided by & gradient of light intensity given an 1B howr
photoperiod, ClAT-Palaira.

Distance Days to Seed Total

froa lamps lower saturity yield biomass LAD
] - kg ha"f
3 5t 95 4100 7000 A
? 3 84 3500 600 16
15 36 i 3060 4700 12
2 34 &7 2800 4100 1

B. Yield Polential vs Agroncaic Hanagement

Betore reviewing strategies for vyield potential, the role of agronowic managesent serits
attention. Although proposals usually assume "near optiaal” agronomic ronditions, one may guestion
whether present agronomic practices truly approach those nesded to obltain saxiews yield, If four
independent factors (e.g. planting density, water manmagesent, fertilizer applications and soil
compaction) are at 951 of their optisus, this results iaa 191 yield reductisn (10001 - .93%)),
enough to reduce a hypothetical poteatial of & ton ha™? to 4.4 tom ha™t,

L. Fhysiological Strategiss for Increasing Yield

In the discussions that follow, specific strategies for increasing yield potential are reviewed,
starting with strategies for increasing source and sink capacities. @& a conclusion, the authors
proposeé an idectype for maximua yield. The probless of earliness and seed size, and for some
unconventional strategies arp also discussed.,

1. Source Limitations:

Many strategies arp based on the assumption that increasing yield potential requires an increase
in sowrce size.  Support coses froe the observation that in comparisons of varieties, graater yield
is closely associated with greater growth, whether measured ag crop dry weight, leaf area duration,
or other size paraseters (Table 13},  Reductions of yield under shading (Escalante, 1980} and
yield increases with C0z fertilization {Laing, et al., 1964} also support the assumption that source
size lisits yield.

The simplest strategy for increasing source strength is sisply te increase the length of the
growth cycle. In variefal trials managed for high yields in tropical areas, yield is usually
correlated with tise Lo eaturity (Table 13).
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Table 13. CLorrelations of yield with harvest index, biomass, days to
saturity and leaf area durstion fros various studies,

feaf
Harvest Days to  area
Trial index Biomass watur, durat, Source
18 lines
Habits 1 and 2 51 L4 751 (BBE hite, 9B
1B lines
Habits 1,2,
and 3 LAt LB7 LA 43 Bhile, 1981
Forrillo Sintatico
12 exparinents 28 JoAtt BStt BT8t Laing el al., 1994
9 species of
grain legumes B LFlE8 Ber LTS Laing et al., 1904

Length of growth cyrle

Table 14. Seed yields of B lines grown under 3 daylengths, with and
without trellises. Falsira, 1985,
Daylength Wn
Cultivar 12.3 13.3 14.53
kg ha!
NO TRELLISES

44 7812 2185 1985 1892
6 17448 1330 1234 873
Bar 430 2338 2439 243
Ju 8013 04h 2225 2154
MR 4% FASS] 2398 2549
IR 12 2038 1686 X4l
B 3% 2533 367 213
& 1807 13%0 1783 1992

Hean 2052 2008 1999

WITH TRELLISES

JU 7812 2694 3200 3148
B 17648 1682 2913 1556
BAT 430 324 25498 2190
Ju B3 73 212l a4
BR 49 2304 238t 284
XAN 112 2043 2106 244h
b 2059 1912 2800 2538
6 3807 1731 1562 a1

Hean 2113 2450 245




- 23 -

The previously sentioned work with photoperiod treateents to delay eaturity desonstrated this as did
& yield trial of & lines grown under J photoperiod regimes (Table 143, Wallace (i98%), reported that
at higher latitudes, yield is negatively correlated with iateness, apparently because late saterials
sature poorly a5 a result of growth lisitations with conler temperatures. Although there has been
considerable work done on genetic control of time to flowering and maturity (Nallare, 1985), and
there have been efforts to seiect for late maturing lines, expected yield increases have not besw
phtained. A sajor probles has been that selection for lateness resulted in selection of saterials
which are late bhecause of poor photoperiod-temperature adaptation, net greater vigor or source
capacity,

Phatosynthesis

fnother strategy for increasing source capacity is te incresse the photosynthetic capacity of the
trop. A in wsost crops, consistent positive correlations between supposed saxisum photosynthetic
rates and yield have not been {found (Kuenemsn gt al., 1579}, This failure probably results iroa
interactions of factors determing the efficiency of photoswnthesis at the crop level. Cosparisons of
photosynthetic rates in 20 lines of wsung bean {Chandra, et al,, 1983} supported this assusption,
While mavieum rates were not correlated with yield, rates during podfilling (which were only 50 In
0% of saxisum rates) had a correlation of 0.%4 with yield (significant at the 0.0] probability
level}, EBiven that photosynthesis rates during pod #illing usually decline rapidly due to nitrogen
reschilization from leaves in pods, the most critical probles relating photosynthesis to yvield
potestial say he nitrogen partitioning during reproductive growth, as discussed later.

Respiration

Reducing respiration implies both a direct increase in availability of assimilate, and a possible
indirect increase through higher optimal LAL.  Assusing that growth respiration depends on plant
composition, selection for decreased growth respiration would probably prove difficult, and might
result in lower protein content in seeds. Selection for low maintenance respiration apgears sore
promising, Work in perennial ryegrass and fescue  (Wilson and Jones, 1982; Volensc, et al., 1984
have resulted in successful identification of lines with reduced respiration in ware tesperatures,
and these difierences were associated with increased yields. Bifford and Evans {1981), in a review of
relations among photasynthesis and partitioning, concluded that such results represent the enly known
cases where selection for a photosynthetic or respiratory characteristic were seccessfully related to
yield. However, to date, research on respiration costs haz received minisal atteation as cospared
to photosynthesis.,

In beans, as in other crops, considerable effort has been expended in jdentifying lines
combining reduced photorespiration and greater yield, {(Hallace, st al., 1976}, FResults have besn
negative, supporting the conclusion that photorespiration is an unavoidable consequence of incressed
Uz concentrations in the presence of RBP-tarboxylase (Fowles and Usmond, 19793 Tolbert, {980).

Light utilization

Since crop photosynthetic rates depend on light interception patterns, yield potential should
vary nith canopy structure. The relatively horizontal lesf orientation detected in studies of light
interception in bean canopies ieply loss of efficiency due o excessive illusination of upper leaves
and shading of lower ones. As in many other crops, ideotypes for beans often suggest selecting
for more erect leaf orientation, Wien and Wallace (1973} and Sato and Gotoh (197% and 1983) detected
varietal ditferences in leaflet sovements, but the results were not extended to effscts oa canopy
structure,

Simgle geosetric arguments suggest that for a given LAL, both sealler leaves and greater vertical
separation of leaves will result in better penctration of light in the canopy (Loowis and Williaws,



199}, Reducing leaf size should not prove problemstic, but the Frinciple of Similitude (Thompson,
19421 dictates that the taller the plant, an increasingly great asount of resources st be invested
in tissues with support functions (e.g. in stess and petioles). One concludes thst for a given set
of growth conditions, there is an optimal bean plant height. Guantitative estimates of oplims are
tacking, but in cereals reduced plant height has been associated with higher yields (Chandler, 1947},

Lodging iz comsonly seen in bush beans, and often reduces plant growth severly (Fig. 7). Some of
the damage is usually attributable to mechanical damage and subsequent disease infections, but loss
of plant height reduces efficiency of light interception. Thus, lodging resistance is another
sechanise for photosynthetic efficiency. Although, use of trellises can redure plant partitioning
tor support tissues, freeing additional assimilate for pod growth, it is instructive to comsider data
tor yields with and without artificial supports in relation to other experimental aamipulations.
felayed maturity through photoperiod extension resulted in increased yields shen trellises were
provided, but the yield effect was not detected in plots without support, Stofella et al, (TP
reported sorphological variation in roots strongly associated with lodging resistance and gead yield
in black bean bines, indicating that a larger ront size say reduce lodging and ingcrease seed yield.
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Fig, ®  Effect of artificial ledging at different dates {rom flowering on seed yield of ov.
Porrilly Sintetice, lodging produced by rolling a basboo pole over the crop. CIAT-Palsira,
1975,

Higher mavisum 18I is not necessarily beneficial since greater leat area alone results in greater
respiratory costs and a reduction in bight intensities in the lower canopy. However, if respiration
iz reduced or efficiency of light interception improved, greater maximum LAI's would be beneficial.

Increasing LAD is desirable if achieved without exceding optimal LAL, but achieving higher LAD's
seeas difficult, Agrovosic practices favoring rapid canopy establishment (narrower row spacings and
higher plant populations) might help. Another possibility is to reduce the rate of leaf senescence
during pod ¥illing., Supposedly non-senescing bean lines are known, but their yields are low encugh
that this characteristic was probably achieved through reduced reproductive growth.



2. Dink Lisitations:

Although sost studies on the relative ieportasce of source and sink strengths in deteraining
yield potential conclude that source limitations are more isportant, possible sink lisitatioes, sost
notahly "excess® {lower abortion, are often reported. Furthersore, sink inhibition of photosynthesis
would sake source streagth appear lisiting while actually resulting from imsufficient sink strength.

Possible causes of low sink strength may be classed as either insufficient nusbars of sinks or low
streagth of individual sinks.

Flower, seed and pod abortion

Fruit setting and pod retention procedes acropetally in leguees. fbscission of flowers o small
pods occurs on practically every raceme of the plant. There is evidence that the basal and older
pods regulate the abscission of eew flowers and seall pods in several species of grain leguse. This
has been substantiated in cowpea (Djehomon, 19721, tupin (Van Steveninck, 1957}, Iima bean (Cordner,
133}, faba bean (Jaguiery and Keller, 19801, soybean {Wiebold
et al., 19B1), pigeon pea [Ariyanayagan, 1980}, and dry bean (Subhadrabandhu, 1976 and Tamas, 1976).

The shscission of reproductive organs dwring flowering and fruiting peried in the grain legumes
is often greater than 30U Binkley (1932) showed shedding of flowers of six garden bean up to 76
while a rangs of 421 te 54% of reproductive abscission on nine genotypes comprising four differing
plant architectures were found {Izquierds, 1981a). Pod drop accounted for up to B2X of the tolal
repriductive structures absciszed, with the chedding of seall pods less than 10 ma in lenghh
accounting for most of this (lzquierdo, {98ih).

Several lines of evidence suggest that if the shedding of reproductive parts in beans could be
prevented or decreased, the yields might be increased (Subhadrabanhu et al.. 1978 and Tucker et al,,
1973}, A bean vyield potential wp to 6200 kg ha! has been estimated if the yisld loss due o
abscission was added to the acteal yield (Yable 13}, FPatteras and rates of {flower and pod shedding
significantly differed among genctypes with contrasting plant architecture and growth habit {Figure
{0}, Since pods abscised at such an early stage of developeent one smight suggest that the Jack of
fertilization is malaly responsible {or abscission but  evidence is contradictory. Yafez and
cowarkers {1584) found that flower buds with 2 high probability of abscissing showed a wide range of
abnoraalities including large nuabers of owules with secrosis and 151 of buds lacking the esbryo sac.

Host researchers have assumed that self pellination procedes at a high encugh rate in beans that
pollination is not a limiting factor, but the fact that pollination does occur in the absence of
pollinators does nmot establish that it is of sufficient efficiency to saxisize yisld potential,
frtificial tripping of bean flowers, which eimics the effect of bes vigits, have incressed seed set
per pod  and nusber of pods per inflorescence, but effect varies wilh genotype and season (Table 14).
This variation probably explains why artificial senipulations resulted in yield increases in sowe,
but pot  all lines when flowers opening in the first 7 days after flowering were artificially tripped
{Table 17}, Undortunately, these results still do not establish that pollination lisits yield
poteatial,  Inefficiency of pollination way be a character of lines with low yield potential, while
the highsst yielding saterials already achieve sufficient pollination.

Halterlein et al, (1980] stated that only voe fertilized ovwule was needed fo prevent pod drop.
Fechan and Webster (1986} also found that abscission ocrurred primarily in fertilised flowers of Red
Kidney beans. #nd similar results have been found in sovbean (Abernathy et al., 1977; Wiedbold st
al., 19811,
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Table 13, Estimated losses in yield due to abscission, actual yields
yield potential of nine dry bean entries comprising four
architectural forss, East Lansing, 1981,

Estimated
Architectural yigld loss dus
{orm and entry to abscission” Actual yield Yield potential”
e kg ha~t
frrhitype
21380 2661 3577 a* 6239
&1354 3185 3075 ab 6262
tibiR 3188 b 4137
Classic I
B1S 904 2587 bed 5494
Nep-2 2798 W5 b 5644
Small bush
Gealarer 349 2549 bed 5068
Sanilac 3 1823 e 5266
Tuseol a 322 2182 de 4984
Erect small bush
[-14 3027 2366 od 3374

* {reproductive abscision/a®) . (seed/ped) . {seed weight).
¥ Yield potential = Estisated yield loss due to shscission + actual yield.
* Mean separation in coluans by Duncan’s range tesk, 51,

Bource: Izguierdn, 1981,

Ferhaps the best way to reconcile these different reports is to assuse that causes of abstission
vary greatly with growing conditions and cultivar. Abscission may result from waler stress or frow
competition among developing pods fuor nitrogen, other nutrients and carbohydrates. Another cause of
abscission is probably related to hormonal regulation of abscission of younger developing structures
in a racese, sainly by the older fruit, Regulatory control also could be eserted through hormone
availability, horeone balance or hormone inhibition of assimilate mohilization to developing seeds.
Differences between bean cultivars for ethylene production by reproductive structures has been
reported (Irquierdo and Hosfield, 19801 and related to levels of reproductive abscission. El-Bellagy
and Hall (1975) suggested ethylene as the cause of abscission in broad beans, and specific response
to ethylene by target cells lacated at pod peduncles has been described (Oshorns, 1977 and Webster,
15754,
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*Nep-1* lgrowth habit 11} and architypes {erect, reduced branching and marrow profile
canopy}: breeding lines 61380, 61336, and 61618 (growth habit (I}, Sourcer Izquierdo, 1961,

Table 16, Eifect of artificial tripping of bean flowers on pod ard seed
set in ten bean cultivars, Falmira, (984,

__ Fods/Inflorescence__ . Govds/Pod

Lantrol Tripped Lontrol Tripped
4120 1,30 0.75 4.2 4.4
& 200 L3 .22 4.9 4.4
4 227 0.84 0.93 31 4.1
A 429 0.8% .68 4.3 4.8
A 483 0.32 0. 55 2.8 6.4
A 488 0.22 0.4 5.0 5.9
BAT 202 0.14 0.37 2.9 3.B
BAT 1041 1.42 1,70 5.9 5.8
BAT 1281 0.96 0.%2 3.0 3.8
BAT 1670 0.98 0.87 2.9 2.3

Hean ¢.54 0.9 4.1 4.7




- 7B -

Table 17, Effect of artificial tripping of bean flowers on seed yield
{our cultivars, Falmira, 1985

Yield  beeds Pod™* Fods &2
Cultivar Lontrol  Tripped  Contrnl Tripped Control Tripped

——top ha -
PAT 477 248 2.45 5.4 3.4 20 230
par 148t 2.51 ) 53 4.2 280 250
Cslima 1.3 1.9 2.9 26 3¢ 163
b 1540 1.40 1.39 .2 i1 164 igi
F Treatment 7.6¢ 0.9 1.2
{ultivar x Trt, 2.9 1.2 0.8

§ Gignificant at p = 0.5 lavel

foother explanation for poor pod set assumes that the other organs or older pods are competing
successfully with the flowers and small pods for assimilate. Wishold (1981} speculated that increased
abscission in canopy regions receiving low irradiance eight be a conseguenre of non-availability of
phatosynthates in soybean racemes. Localized competiltion among older and younger developing pods,
at each bean "phytoseric unit" could cause 3 localized abscission, Carbohydrate availability and
lovel were studied as regulatory agents in abscizsion. Subhradrabandhu (19761 reported that carbon
dioxide enrichaent and long days during the reproductive phase decreased pod abscission due to a
high accumulation of carbohydrates in the stems of the cv. “Black Turtle Soup®. Higher IKi-starch
score values have been associated with higher pod retention and yield of cvs. Nep-2 and Black Turtle
Soup than the mavy cv, "Tuscola" (Izquierdo et al., 1%80).

In the sase line, a model based on vascular limitations has been postulated for pigeon peas
(Rawson and Cpostable, 19B1}. This evplanation assumes that the carbon-assimilates can not be soved
to the flowers and seall pods rapidiy enough because the vascular system of the pedicel is nob fully
operational. Axilary flowers with short pedicles and a large cross section with large leaves close
to the sink could increase the polential yield by reducing the resistance to the movesent of
assigilates., In wheat, phloes capacity appeared to be quite plastic, different species varying
10-fold in tross-sectional area of phlosm, The variation was associated with sink stresgth, thus
leading to the conclusion that tramslocation was probably mob lisiting (Evans ef al., 1970}
Howaver , seasuresents of translocation rates are difficult to make, end the problas has nat besn
resplved {Evang, 1979).

Emphasis is usually given to lesses in sink strength due to flower and pod shscission, but
ahortion of individual ovules or develeping embryees would also reduce sink strength. Unfortunataly,
data on esbryo abortion is rare since detersination of ovule nusbers requires tedious dissections of
individual gvaries. Table 1B compares number of seeds per pod at harvest, and the maximum number of
seeds per pod found in the harvest sampie. Assuming ovule nusber indicates potential seed nusher, a
201 or morp loss in yield potential could be ascribed to esbryo abortion. But again, it resains tobe
demonstrated shether such abortion reflects defacts in developsent, or is simply due to insulficient
assimilate,



- 29 -

Table 18. Esbryo abortion rate, eean and maximuw nusber of seeds per
sean nusher of ovules per pod and seed weight in 3 lines
{from White, 1981).

Esbryn?
abortion  Mean No. Haxiaum Mo, Hean Seed
Line rate sewds/pod seads/pod ovules/pod weight
o
Bz L L74 3.5 & 4.2 290
6 1540 i 31 3.8 5.3 77
B 6729 41 2.3 1.8 1.9 440
b 4493 2 5.9 B.5 8.1 180
5 4359 47 4.0 7.3 7.4 120
* Laleulated as 100% {1 - seeds per pod/ovules per pod}
Fod growth rates
_2500«
Yo 800+ 578 *
» » -
Rl 43 »

Yinid kg ha'")

1000 ~

*

7 Y T Y
30 38 az 48

Dursion of pod filkng (Hayx)

Fig. i1 Relation between seed yield and duration of pod filling in 20 bean lines, CiAT-Falaira,
1984,
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In addition te effects on number of sinks, low strength of individusl sinks might limit yield,
It this were true, pod growth rate might be correlated with yield, For 19 hean cultivars, maciews
pod growth rate was oaly slightly correlated with yisld {Fig, 11, s discussed in the istroduction
ta the section on yield potential the results only demonstrate a relation, nat cause and effect. Fod
or sepd  growth rates and duration aeay reflect avallsbility of assimilate as such as sink strength.
Howover, if this were the case | trestnents which alter the source-sine balance, such a5 depodiding
and defoliation, should alter pod growth rates, Fod growth patterns under such treatments are very
similar as compared to differences among cultivars (Figure 71, supporting the possibility of siok
strength effects.  When the pod elongation rate of 23 lires within an international replicated trial
for drosght telerance (BIDYT-CIAT) was seasured, both under post-Tlowering usirrigated istressy and
irrigated condilions, & reduction up to 174 in the linesr elongation rate was chserved (B.7%
irrigated and 7.%7 & day™! under stress) llzguierds snd Huepe, 1985, unpublished!.

Harvest 1nday

If sink strength is limiting, one would expect 3 relatively large proportion of crop weight at
maturity a3 vegstative growth instead of seed vield, To evaluate this possibility, a "harvest indes”
i5 wsually calcul ated as:

HI = hesd vield/Biological vield,

where bioingical yield is simply total crop dry weight at wmsturity. ¥hils vield increases in
many Crops have been linled to increased harvest indey (Wallace ef al., (%72}, data showing
correlations among yield and horvest indes must be  judged with caution if not complete stepticisa.
Bince harvest index i3 calculated i part froe yield data, eny correlation will include this artifact
a be arbificially inflated (Charles-Eswards, 1782).  Sisply using pairs of random oushers bo
calrulate artifizial values of harvest indev, one can generate highly significant correlations.
Caleulating valuss representative for heans, a mesn harvest indes of 9,38 and asan “vields" of 2.0
tons ha™' generated with random nusbers, 20 pairs of data gave a corcelation of r2 = 0.77 (Figwe
12).
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Fig. 13 Artificial correlation of yield and harvest index calculated froa pairs of randoa numbers.

Adding to the problem of interpreting harvest index values in beans is that varietal differences
in defoliation and stem sensscence during maturation of beans msbe it difficult to decide which
tissues to include i a sample. Difficulties are also encountersd in deciding when to  saeple, and
how to manage the sample subsequently. Harvesting at a single date will inflate vaiues of early
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saturing lines. Permitting sasples to air dry after harvest wmight result in reduced differences
since respiration can continue bo cause weight loss,

To cope with some lisitations dee to celtivar differences in leaf abscission at eaturity a
sodified harvest index (Kohashi-Ghibata and da Costa, 1980} has been proposed as: el = seed
yield/total cueuiative hiolegical yield at physiological saturity + dry weight of abscissed organs
(flowers, pods and leaves), The collection receptable for field abscission studies described by
[zquisrdo and Hosfield {1982) is well suiled for obtaining the dry weight of abscissed components.
Fig., 13 shows a highly significant correlation between the sHI and final yvield, although this result
is also an artifact.

Masaya {personal cossunication) cospared harvest index to other paraseters for individual plant
selection in Fx and Fy populations, and found that it was essentially useless (Table 19). More
research is needed to evaluate #Hl as a tool to overcome the limitstions found with the conventional
harvest index.

Yiaid {Ton na''}

Modified brvast Indax

Fig. 13 Medified harvest index relationship to yield for 9 dry bean cultivars with differing
plant architecture (D: architype; O classic 11; B: small bushy aed 0: tall erect bushl.
Source: lzquierdo, 19Bla.
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Table 19. Average seed yields of F, progenies derived from individual
plant selections in the F, using various cosbinations of
selection criteriar HI = harvest indevy DW = plant dry weight
DY = daily yield, MNembers in parentheses indicate F» plants in
a given selection category. Masaya, personal cossunication.

Selection rriteria

Eriterion

Parental Yields 1 2 3 4 _ Aplus

Lrass Female Male HI ] YOO¥s 132 B3 ]
g plot™?

AdSx 268 356 66 312 Wy 0 - - 37
I 12 (200 U, (3 6D {iin
A 49« 248 259 2/ ;e - %Y - 68 U7
Fata de fope gy 19} (2% (21 &
A9« 248 e I S S 3 3 - 82
Fecho fearillo LIS DI ) (128 %)

3. fssisilate Partitioning:

Rather than assusing that specific characteristics of the source or sink limit yield, an
alternate hypothesis is that it is the partitioning process which is defective, Adass {1973, 19735,
and 198!} has proposed a series of architectural models emphasizing the need for cultivars which are
sfficient in mobilizing both dry matter and N to the seed. 1§ a cultivar accusulates assimilate and
nitrogen during vegelative growth, and is able to remcbilize it during podfilling, this should delay
leat senescence, and lead to higher yields., Cosbined with 3 sore erect plant type to reduce lodging,
such a plant-type should perait such greater efficiency during the podfilling period.

Modification in plaat architecture does not necessarily have to lead to increased efficiency in
translocation although vield advantages of the isproved varieties over old standard celfivars has
been associsted with changes in physivlogical performante (Bay et al,, 1980). The sorphelogival
wdal characterized by the fdam’s architype has produced apparestly not only a sore desirable bean
plant type from the agromomic standpoint (ledging resistance, and ease of sechanical harvest), but
has lesad to higher yields due to increased physiological efficiescy involving filling duration,
partitioning snd remobilization of assisilates {lrquierda, 1981),

The hypothesis of stress tolerance dus to resobilization of reserves is attractive but has
timitations. The ability to withstand & stress by assimilate reschilization is not necessarily
tinked to storage capacity, Fartitioning and resobilization capacity are both needed and must be
considered in a breeding progras.  This suggestion is consisteat with the fact  that bush type
entries have fheen characterized by a short but rapid filling period, high partitioning, and high
remobilization of dry makter. Howsver, these entries, as compared to the other types, are susceptible
in different degrees o leal area reduction due to physical and biotogical stresses, Once the
photosynthetic sechanism becomes impaired in Besh  type plants, seed filling depends on
remobitization. Evidence that water stress ephances assimilate resobilization (Samper and Adaes,
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unpublished) indicate the need for further research. Aspects of this problea »ill be discussed in a
subsequent section,

4, Yield Cosponents:

& special  group of hypotheses concerning assisilate partitioning are those related te
characteristics such as seed weight, seeds per pod or inflorescence, and pod nusher, shich asy be
defined in such a way that when multipled together, their product is equal to crop vield. Such
‘yield components”, as they are termed, were first used by Engladow (1923) in studies of wheat
yields, but analyses of vyield components are {requently done in leguminous crops. For beans,
components say be defined as:

Yield = 54 ¢ 5F x MY, where
SH = weight of single seeds

5P = seeds per pod
FH = pods per ande
M = nodes per &7

These components also serve to calculate others:

5F « FR x W = seeds per #°
o¥ « 5P = yield per pod
Ny ¥ = potfs per &
SW x 5P x PN = yigld per nade

Components say be subdivided to distinguish between components borne on branches or  main stess
{e.g, Bennett et al., 1977).

The simplest strategies for increasing yield through selection for yield cosponents ohserve that
if certain components are increased without affecting the others, then yield sust increase. This
tollows from sieple algebra, and as theory is unimpeachable,  In practice though, studies of
variation in components seasured in different genotypes generally show that for pairs of components
whose product eguals {eg. Seed Weight x Number of Seeds per w2, the correlation between the pair is
negative {(Tahle 2N. This effect was termed "yield component compensation" by Adams (1967}, and is
attributed to compensatory growth as distribution of some yield limiting resource is affected by
genetic and environmental factors, The principal isplication of this process is that selection for
Righ levels of one component will probably not result in yield increases.

Table 20. CLorrelations between pairs of yield cosponents (whose product
equals yield} for two trials of bush beans. Source: White,

1981.
Trial with:
1 cubtivars 38 cultivars
Seed weight vs, TGoeds &2 -.Bits ~. 8618
Yield pod™*  vs. Fods a2 - 45 -. 5043
Yield node! vs, MNodes g2 ~ 21 - 1788

¥,8¢ Significant at the p = 0.05 and p = 0.0 levels, respectively,



- 3 -

However accepting that yield cosponent compensation occurs does npt eliminate the possibility of
identifying an optimal cosbination of components. Graphs of varietal differences in two coeponents
whose product equals yield (Fig. 14} illustrates the overall trend of compensation, but deviations
trom the curves for constant vields show that thers is much variation besides that explained by
compensation,  Thus one might expect higher yielding lines to represent some optimal cosbination of
components.,

3. Integrated Etrategies:

&s mentioned before, plant bresders have made no decigive breakthrough ie yields of dry beans
with the syception of developing disease resistent varieties which allow genstic poteotial to he
expressed,

Integrated approaches considering plant sorphology as well as physiological eficiency have been
attempted by detfining crop ideotypes adapted to specific environsents. Donald (196H) esphasized that
a plant idectype must be a2 poor competitor. This break from traditional thinking cowes fros the
understanding that the individual plant within a cossunity will express its potential for yield sost
fully if it suffers a minimum of interference or cospstition from its neighbors. The crop ideotype
is expacted to make a sinimus desaod on resources per unit of dry matter produced, but the comsunity
a5 a whole must extract 3 savimum aseunt of the resources.

2000 200 g w7 Lronvth habit
// L] A 2 Dateeminals
1600 - "~ 00 g md @ = Indateresinme
1600
:‘% 1400
£
2 w
o
i
E o |
=
BOG
QG
“m i | . H £
a0 <20 00X 740 G655
Suad waight fyh
Fig. 14 Yield component compensation among 3B bean lines, Curves represent levels of constant

seedd vield. Source:s White, 1981,

In beans, characteristics such as determinate habit, early maturity and small leaves have been
considered to provide wide genotypic adaptation (Silvera, 1974},  Adams (1973} suggested a bean
ideotype for monoculturs, and further hypothesized that only few changes nesded to be made to adapt
this ideotype Eo be a successful compstitor when grown in mixed cullwe with maize. He suggested
that the leaf size be sedius to ssall, and that the sink capacity be increased by raising the number
of flowers per raceme and number of seeds per pod. On the physiological side, he suggested it would
be desirable to raise the net rate of ©0; exchange, to increase the rate of transiccation of
photosynthate to sink, and to select for a high harvest indey,
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Tanaka {1974} suggested an indetersinate bean type which would produce many pods on the sain stea
for sixed culture with maize,

fdams (1973) wentioned the isogenic line, model building and fartor analysis as three metheds
that bad been used in construction of plant ideotypes, but very limited number of studies have been
conducted in beans. Denis (1971} etilized a fackor analysis of bean plant-type variables. With the
same apgroach, more than 60% of total varisnce was atbributshle to the factor nased “partitioning”
under stress conditions (Samper and Adams, 1985, unpublished),

These theoretical, aorpho-physiclogical plant models have been approximatsd in breeding etforls
(Adams, 1981}, and improved lines have appeared to show greater yield in sonoculture,

&. A New Strategy:

Having reviewed various strategies for increasing yield potential, a logical conclusion is te
provide a new strategy. Basic compoments of our sirategy are oot radically different froe those
described for cereals (e.q. Donald, 1968; Chandler, 1989), and alsp share components of previous
proposals for grain leguaes.

Our first premise is that the strategy sust be developed in the context of appropriate agronomic
managasent. We suggest narrow row spaciags {e.g. 30 ca) at densities of 40 plants #®, The fact that
these practices do not give maxisum yields with existing materials is irrelevant since the interest
is not in current cultivars, but rather a new type of bean crop. An abundant nitrogen supply will be
required. For a ! ton ha"? yield increase approximstely B0 to 160 kg ha™! of additional nitrogen are
needed, assuming 30% lusses to non-sead tissues and leaching or volatilization.  Achieving such
levels may require split applications of nitrogen or special managesent to saximize N-fixatien.
Recent work on flood culture of soybeans has produced 407 increasss in  growth over comeentional
ircigation, suggesting that water wmanagesent eay require further isprovement (Nathanson et al.,
1784},

& specific morphology le.g. determinate stems and no lateral branches) is less important than
trop response to high fertility. As in changes introduced in to rice cultivars iChandler, (9671,
plants #hich show limited N response of stes elongation and leaf expansion are needed, This response
will probably be correlated with reduced branch growth and sealler mavimum leaf size. Root or
stes strength #ill have to be increased to isprove ledging resistance.

The desonstration that photoperiod response is often closely related to yield performasre
establishes the aeed for assuring proper clisstic adaptation. Beduction of saintenance respiration at
high tesperatures may prove useful, Nitrogen partitioning should permit storage in non-leaf Hissyes
for remobilization during podfill.  This may also require a reduction of pod sink strength in early
stages of podfilling.

Specific combination of yield components should aot be eought, besides maintaiming smaller seed
sizes {180 to 250 eg per ssed). It is possible that number of sesds per pod should be monitored in
relation to ovules per pod to assure that seed {ormation is efficient.

In the first 13 to 20 days after esergence, the growth curve of the crop may actually be slower
than with existing cultivars, reflecting less allocation to leaf growth., Early reproductive growth
aay alsa be reduced, this being associated with longer leaf life during pod-filling stage. Breater
leaf life will assure smaintenance of high ssed-filling rates tomard maturity,

While this crop will have a higher yield potential, competitive ahility will have besn sscrificed
{Jeonings and Jesus, 1968). The crop should perfora poorly in mivtures with traditional cultivars
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or other crops, and in the presence of heavy weed competition. Variability in individual plent
vields will he low. The crop will have a poor tolerance to defoliation, whatever the cause.

The most efficient way to develop cultivars satisfying these requisites is first to yield test a
wide range of climatically adapted saterials under the agronomic conditions specified above.
Maturity date should be recorded to correct vyields for length of growth cycle.  Screening for
specific characters should begin with lodging resistance, nitrogen response, and reduced maximum
leat size. Reduced maintenance respiration is desirable, but because of the equipment needed for
screening it is not suggested as a primsry selection criterion.

For sites where late matority may be exploited, selection for 1atensss should prove useful, but
only if combined with strict control to eliminate matecials with low reproductive sink strength
{"poor adaptation® or low pod set). Selection strategies might include selection for late flowsring
and high node position of the first mainstem inflorescence (not node of #irst flower). Exclusive
reliance on parents known to be well adapked might help.

Other desirable characteristics described for the ideotype should eserge through direct selection
tor yield. Resowrces should not be invested on seeking thea individually,

7. Gperial Frobless:

The preceding sections have discussed yield potential with little reference o specific cropping
systems or limitations of seed type. However, mavimization of vield potentisl is often sought with
specific limitations, FProbless associated with wixed cropping and mivtures of bean coltivars are
particwlarly difficult. Incressing yield potential in sedium to large seeded and in =arly maturing
tines has also proven troublesome. These two topics are discussad here.

Hedivs to large seeded cultivars

For conditions paraitling yields of 2.5 to J tem ha™', medius to large seeded lines (hereafter
referred to as "large seeded” for simplicity! bypically yield 0.3 ton ha™ less than small seeded
ones.  Cosparing mean yields over three trials of 37 lines varying from 170 mg to 470 mg seed weight,
sead size explained approvisately 471 of variation in yield (Fig. 15). This would suggest that for
pacimim yields, small seeded lines are needed, hut this has to be balsnced against consussr
preferences for larger beans. Thus, there is considerable interest in identifying tauses of this
difference In yield polential,

The aost persuasive set of hypotheses derive support from the recent linding that sasll and large
seeded cultivars represent two genstically distinck groups, reflecting diiferent origins. The small
seeded lines are predominmantly Mesvamerican in origin, while large seeded ones have an fndean origin
(Bepts et al., 1984}, The groups are sufficiently ditferent that progenies from inter-growp crosses
usually produce dwarf Fi plants (Singh and Butierrez, 1984).

fceepting that the groups have different origins and are difficult enough to intercross that
there has been little introgressiom among the groups, the difference in yield potential simply
reflect differences in adaptation of the cultivars, The small seeded, Mescamerican types are avapted
to pests, diseases, soil and clisatic conditions typical of middie altitude sites lroughly 800 m to
1600 o typical of Mesoswerica, while the larger seeded types are adspted to conditions found at
higher elevations (1000 » to 3000 m) along the Andes. Altheugh msay cultivars are now grown outside
the regions they were originally adapted tn, the dif{iculty of crossing asong groups has liaited the
possibilities of transferring components of adaptation which would isprove yield periormance,

Evidence supporting differences in adaptation is found in comparisons of photoperiod response in
different seed size groups (Tahle 21).
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Fig. i3 Lomparison of mean of seed vields over three frials at two locations and individual seed
weight for 57 bean cultivars, LIAT, 19B4 and 1965,

Iahle 21, Photoperiod response of flowering for different germplase
accessions at CIAT grouped according to seed size.

Mumber of accessions with given
photoperied response_of floweringt_

Bead size Bay neutral Intermediate Sensitive
Small 33 27 2
{less than 28 =g
Medius e 36 52
{28 ta 35 #g
Large 15 74 b4

igreater than 35 mgl

Eni? = 47, p <0001

¥ Based on delay in fiowering in 18 he artificial photoperied as compared
to natural 12 daylength at Palmira, Coleshia.

Large sesded materials are predominantly photoperiod-sensitive and small seeded pnes, day-neutral.
In yield trials performed at differant elevations within Colombia, large seoded aaterials yislded
poorly at the warmer sites, but were superior at the ceolest site {Fig. 14}, Austin and Haclean
{19726} alsa noted that large seeded sasterials germinated faster at cooler temparatures {17°0) than
smal] seeded ones, suggestiag this aight provide s useful screening characteristic,
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f second line of arquments revolves around the assumption that if the developeental processes
which determine seed gize share genstic control affecting other developmental processes, then large
seed size may be obligatorily linked with larger size of other organs or tissues. BAnd these sire
effects may be disadvantageous, For example, in other crops, large fruit size results {from larger
cell size, and related effects are manifested in size of leaves, stowata, pollen grains and other
tissues, this phenosenon being termed “gigantise® {(Schwanilz, 1987). In beans, sesd weight is often
said to be positively correlated with leaf size and mean intsrnode length, and has been found
correlated with tissee cell sizes (Fig, 17).

Close sssociations have been noted between leaf size, pod size, and seed size in besns {Duarte
and Adams, 1972) and betesen leaf size, lemss size, and seed size in barley (Hamid and Gratius,
1978). These relationships are explicable on the assusption of comson genetic influences on
homologoas tissues. The assusption of homology betwsen leaf and sesd eay be reasonable on grounds
that each organ is initiated at the earlisst primordial stage in a similar sanner from an apical
saristea,

Bealler cell size has been assoriated with higher photosynthetic rate and greater drought
tolerance in ather crops (Black et al., 19745 Cubler ef al., 1977; Nobel, 1980).
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Fossible relations between seed size and pod growth rate also might influence yield potential.
1¢ larger sesds imply larger individual pod weights, and this in twrn requires higher pod growth
rates or langer f{illing periods, large szeeds sight result in excessive sink strength within a
leaf-raceme unit., Fhite (1981} found highly significant positive correlations of 0.84 and 0.65 among
seed size and pod dry weight in comparisons of 10 and 3B lines, respectively. However, in studies of
individual pod growth patterns, seed size and pod growth rate were not correlated (CIAT, 19631,
differences in pod size priearily respited from variation in duration of pod filling, nol rate of
$illing. This is in agreesent with ohserved differences in the linear seed filling pericd found

between differing plant architectures and strongly related to final yield (lrquierdo and Hosfield,
19831,

Clearly, the tauses of the difference in yield potential among seed size groups are not well
gstablished, although hypotheses shbound. Adaplation differsnces are probably of sajor importance,
but accepting this, ooe is still left with the possibility that characteristics obligatorily
associated with large seeds are adaptive in cooler climates,

Early Maturity

For conditions where growth seasons are limited, there is a strong sotivation for maximizing
yields, Although many argusents for yield potential can be extended directly to early maturing

lines, researchers have suggested that certain characteristics should be advantageous in early
maturing lines,

Before considering sose strategies for increasing yield potential in early eaturing lines, we
should consider the definition of parliness. Given the strang effects of climste and photoperiod on
saturation rate, no rigid definition can be given, nor will specific lines be early under all
conditions. However, as & rough guideline, we will assume [n these discussions that if "normal®
lines at CIAT, Palaira mature in 75 o B0 days, then early lines would sature in 58 to 48 days.
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The isportance of spacialized agronowic managesent for sarly lines alss serits sote.  Accepting
that source limitations will be critical in early eaturing materials, rapid establishment of leal
area should be critical, Besides seeking varieties with this characteristic, planting pattern and
denwily may be sodified for sore rapid establisheent of crop cover. For four esrly lines, Molina
{1986} found that a 20 ca by 20 cw planting pattern resulted in greater canopy cover at 30 days, crop
dry weight at 30 days, and seed yields than row spacings of 30, 43 or &% ca with the sase plant
population per unit area (Table 229,

Table 22, VYields of four early maturing lines sown at four row spacings,
but conserving a population of 20 plants.a™@. FPalairs, 1989,

Betwoen_row_spacing_{cal

Eutbivar &6 45 30 0
----------------------- kg ha™?

RAB &0 252 2400 2290 70

AN 143 i 2080 240 2610

BAT 41 2110 2180 2090 yAiL)

& 807 1530 18%0 1m0 1950

Hean 2150 2060 2120 2370

E.E.  for ditference of treateent means = 102

Large seed size is alse fregquently sentioned as a wechanism for achieving rapid establisheent
(Rodriguez, 1986}, bub in cosparison of 40 early wsturing lines, seed weight was nob correlated with
yield or yield day~! {Table 23},

Table 23. Correlations among yield and other parameters for 40 early
eaturing lines plus 6 4525, Falsira, 1984b,

Yield Yield/day Days to maturity

Yield/day S -

Days to maturity N: s Jn -

Crop dry weight N:24} 8518 T8
Harvest indsx .18 .23 -.08

100 sead weight 4 14 .18
Geeds/pod 28 .2b .23

Pods /82 .68H 481 A5

48 Significant at the p = 0.0l level
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I a short growth cycle results in a lisited nusber of sites for pod filling, relatively large
pods or nusher of pods per node would incresse sink size.  In contrast, for 3 crop with a short
period for pod filling, very efficient distribution of sink Jesand wight be crucial, This, in turn,
suggests an advantage for sarly matevials with smaller pods distributed over a wide ranges of sites.

frguments for either a relatively long or short duration of pod fillisg can also be given, Since
duration of podfilling is positively correlated with yield, one aight sesk cultivars saximizing this
period within the grawth cycle of early lines.  Alternately, if total vegetative growth detersines
crop yield, a line which flowered late, but filled pods rapidly would be preferred.

Hany other strategies have heen sugggested {or increasing yield potential in early maturing
lines, The reader is referred to Redrigue: (1985} for details.

B. Fotential of Biotechnology or other Strategies in the Futures

Previous discussions have adhered to what sight be considored conventional strategies for
increazing yield potential. However, with the advances in techniques for menipulating genes and
propagating plants, there exists the possibility that advances will result {from strategies
considerably outside the scope of those outlines above.

Atthough exploitation of heterosis through use of hybrid seed has shown little promise in comson
beans (butidrrez and Gingh, 17883, other strategies for exploiting heterosis exist. In soee crops,
seed is produced without the gemelic recombination eccurring in meiosis {Bashaw, [5B0}, the grocess
being tersed "apomixis” or more specifically "apamospermy™ {seed formation without production of
gametes).  Dpomixis occurs in very low frequencies in grain legumes {Schoiev b, al., 1574), fat
With 3 sore complete understanding of control of meipsis it might be possible to construct a
apomictic cultivars much in  the way as has been proposed for potatoes (Hermsen, I9BO).
Alteraatively, aposivis might be sought through esutation breeding.  fpomixis cosplicates breeding
stretegies, but coshining a genetic propensity for apomixis with a requiresent for chemical induction
wontld minimize this drawback [Iwanaga, 1983},

fincther avenus for exploitieg apomixis is through vegetative propagation. A few areas of bean
production already involve transplant of seedlings (Singh, personal cossunication!, and introducing
vegetatively propagated eaterial should prove straight forward.  Presently, it is difficdt to
propagate beans through tissue culture (Mroginski and Kartha, 198%, but if barriers are svercome, Fi
hybrids might be propagated through tissue culture, and distributed as "somatic esbrycids", that is,
embryo-like propagules.

fl though considerable work has been devnted to tissue culture wilh F. wlgaris, to date, there is
no published and contireed procedure available for de novo plant generation from either rallus, cell
suspension, or protoplast cultures.  Fegeneration of plants by ip vitro cullers has surceeded with
apical meristess of 2ygotic esbryos only.

Shoot apex, callus and cell suspension cultures are relatively essy to establish and were
employed in several studies but results are very poor. In a report that has never besn cond’ -0, 'wn
plants were regenerated from about 00 callus cultures when explants originated from leaves of ¥,
vulgarig wore cultured on 3 mcdive supplenented with bean seed extract (Crocoms gt al., 1976}, dn
average of 13 regencrated buds per each explanted shoot apev was obtained frea the cultivar "Falmital
Frecore" with {ull plants recovery after the third subculture with gibbersiic (B8s) and naftalen
scetic acids (NAAY growth regelators (Martins  and Seadhal, 1983}, Very recent results of resesrch
in this area at LCIAT have shown the induction of somatic embryvo-like structures on beass c3llus
cuttures (Raca, 1965, personal rommunication). But, to realize any of these pussibilities a cosplets
treakthrough in regenerating bean plants from tissue rultures is needed,
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Although current tectmiques for hybridizing leguees have persitted limited crosses between leguse
genera or species (Rlvarez gt al., 1981}, investigation on the use of protoplast fusion to produce
somatic hybrids suggest the possibility of producing grain legumes containing desirable features of
distantly related genera (Schieder, 19B2),  Thus, hean cultivars with the late maturity and
architecture of sovbean plants, wight result {from somstic hybrids of roseon bean and soybean.
Considerable inforsation exists on fusion of soybean protoplast with non-legumes, but in ne case have
plants been regenerated (Wroginski and Kartha, {984),

fssuming that beans will be growm in environments ehere a [ photosynthetic pathway are
advantageous, one aight reconsider the possibility of converting beans to a Cg pathway. Screening
of aver 50000 plants of soybesn, uats and whest failed to detect a single individual with a low LD,
compensation point (Evans, 1973), and identical failure rates in other crops suggest that such a
change will not ke achieved using cuwrrenl breeding techniques. However, with isproved ability to
identify and manipulate spacitfic genes, the cosplate set of genes required for  the [, pathway might
be transferred.

benetic sodification of plants by genetic eanipulation of the BNA level are still far in the
futara. Most of this research cureently uses wsodel plants and genes.  However, recosbinant DNA
technology My, on a sedius ters hasis, be used to develop sclecular genetic markers which in turn
tan be use to built genetic linkage maps for economic important trails (Vallejos st gl., (984}, The
availability of this procedure would help bean breeding by sccelerating the introgression of foreing
genes into comeercial cultivar and is under study at CIAT (Roca, 1985, p.c.tb,

Other strategies are easily envisioned, hut the above examples should serve as warning that while
“standard" strategies hold the greatest promise for the {mwediate future, one should not be blind to
other strategies. FPerhaps the best recossendation comes from Ralph K. Emserson in the 1¥th century
" foolish consistency is the hobgoblin of little minds”,
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IV, PRODUCTIVITY UNDER GIRESS

For the vast majority of bean production regions, yield potentials are never realized because of
coshingd effects of edaphic, climatic, disease and pest problems.  In most cases, there is genetic
variaghility for responses to stresses, and considerable effort has gone to the study of tolerance of
resistance to different stresses. The distussions that follow emphasize ahiotic stresses such 4
drought and excess water. The last section discusses general stress toleraace of “rusticity” in
heans.

A. Drought

The isportance of water deficits in limiting crop vields ran ultimately be traced to bhe fact
that for wsost field conditions, water vapor diffuses out of a plant more easily than L0, and that
soil water is not sufficient to permit the plant to continually replace lost water. Conssrvation o
water threugh stomatal closure or other pechanisns redures photosynthesis, thus crop grosth is
limited, This results in a close relation between watsr availahility and vield (Fig. 18).

A high relationship between leaf ares index and evapoiranspiration has been observed in snap
beans by Bopanne and Mack (1983) in agreesent with the lisear function described in Fig. 19 betwson
evapotranspiration and vield of two black cultivars of beans differing in their response to drought
gtress,

Considerghie litersture exists on effects of drought in beans, and on possible mechanises of
drought tolerance, but although our understanding continues to improve, enough questions remain that
practical benefits of such work are difficult to identify. Hany of the difficulties arrive from the
inherent complexity of drought, but errors in planning and isterpretation of experisents often
underly contradictory findings, The most serious errors may be summarized ast

1. Failure to use relevant stress conditions, In particular, greenhouse conditions using
container grown plants often result in stresses developed tou rapidly, yet under conditions of
low radiation and high husidity.

2. Failure to guantitatively cheracterize the stress. FPublished reports often fail to sention
parameters such as soil water content (g Ha8 ¢! soil}, soil water or lead potential, leaf
canopy temperature, and vield reduction which help indicate levels of stress ohtained.

3. Failure to account for acclimation to stress conditions.

4. Failure to study genotypes representive of those of interest to  agronomists and plant
bresders.

3. Failure to distinguish between drought responses and drought tolerance eechanisas.  The
agre tack that a parameler such as lead size or proline or abscissic acid content is severely
attected by drought stress, does not establish that its drought response reflects  a mechanise
ot tolerance,

I. Effects of Droughi:

While the ultirzate effect of drought is lisitation of growth and vield, specific physiclogical
etfects of water stress vary depending on the previous history ef the crop (e.g. possible
acclimation), and timing and intensity of the stress. Kramer {I9E3) noted that intersctions of these
factors probably explain a larges number of conflicting results froe stugies of effects of drought.
Thus while this review considers different effects of drought, ranging fros near instantaneous
effects to long term growth effects, specific conclusions are not always given.
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Rapid responsoes

Rapid onset of drought causes interroptions both in photosynthesis and in tissus expansion.

Etfects on photosynthesis may be ascribed to two components (07Toole et al., 19770). Dhe ls
reduced gas exchange due to stomatal closure, In beans, full closure may be reached in a few minutes
atter an application of a stress (Fig. #). With stometal closure, CBr uptake is sinieal and G
aceumglates, causing decressed £0» fivation, but increased pholorespiration (Fowles and Oseond,
(999}, There is still considerable  argument as to what actually triggers stematal closure.
fbscissic acid (ABA) levels increase under drought and can trigger closwe (Aspinall, 19801, but
closure in beans was detected well before increases in ABA (HWalton ek al., 19771, Gtomatal closure
has also been correlated with decreasing leaf water potential, Fl  {Moldau, 1973} and increased
leaf teaperature (Fig. 21). FRecent work suggests that in beans as well as many obher crops, rapid
responses under field conditions may reflect sensitivity to decreasing atsospheric humidity, eeasured
as increased of vapor pressure deficit (El-Sharkawavy st al., 1783). Beans appear intersediate in
stoaatal sensitivity to humidity (El-Sharkaway, et al., 1783}, suggesting that they follow a strategy
interaadiate water conservation (drought aveidance),

The other cosporent reducing photosynthesis is loss of efficiency in the physialogical processes
ot photosynthesis, reflected as ar increase in mesophyll resistance (r.). Under dessication regimes
similar to {ield conditions such effects occur only at low water potentials, Heldaw (1973) found no
increase in r. resistance at leaf water potentials down to -1.3 HPa.

Atteapts to determine which photosynthetic processes are resposible for increased ra are
inconclusive,  O'Taole gt gl, {(1977b} found that the decline in RubPfase was actively greater than
the increase in  re. Dessication of chloroplasts and  associated disruphbion of the
chlorophyll-thyl akeid pembrane complex aay also be involved, Bsaond ef. al, (IY89) proposed that, in
beans, internal cycling of [0y through photorespiration plays a major role in protecting against
stress associated damage, and that muh of reported damage under stress is due to rapid stresses
applied in laboratory experiments,
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Fig. 20 Tise needed to reach stomatal closure in 3 detached leaf of BAT 477 as indicated by
anset of linear phase of water loss. CIAT-Palaira, 19B4.
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Drought stress may atfect tissue expansion both through redured cell expansion and division.
Using sodiue chioride concentrations to generate different water potentials in culture sclutions,
Brouwer (1363} concluded that interruption of cell espansion was sore ieportant than gifects on cell
division in limiting leaf grosth,  Bunce (1977) found a linear relation between soybean lsaf
elongation rate and turgor gressure, and further noted that plants grown in drier conditions required
less turgor to achieve a given amount of elongation.  However, sore recent work has lead toa

consensus that reduced turgor pressuwre is not the prisary cause of cessation of tissue expansion
under drought,

Cancpy temperatiwe Siflsesmint {°C)
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Fig. 21 Relation between leaf water potential and cancpy tasperature differential weasured

between stressed and irrigated plots from 4 bean lines.

Responses within hours

Az a stress continues to be applied, plant water poteatial declines, refleciing cosbined eldfects
on turgor pressure and osaotic potential as water {5 lost. Extreme reductions in turgor pressure
result in wilting including loss of ability to orient leaves. Estisates of permanent wilting points
in field grown heans are varishle. Sponchiado (I983) obtained sufficient stress to ieduce "burning”
of ieal wmargins, but Py wis never lower than -1.1 WPa. Jara (1985} obtained values of ~1.2 Wa a5
the ieaf potential of stressed plants at 82 days after planting.

Both ABA snd proline sccumelation have been dotectad in drought stressed heans  (Stewart, 1972).
ABA appears involved in stomatal function under drought, but since it accusulates in other tissues,
additional functions way be involved. Accusulation of proline, and nitrate and semonium ions say
contribute to osmotic adjustment and reflect inhibition of protein synthesis (Stewart and Hansom,
1980 Frota and Tucker, 19781,

Response over lengsr periods
The previously discussed effects ultiaately resalt in major changes in cverall plant growth,

Reduced growth is usually detectable soon after onset of stress, with reduction in leaf ares being
particularly marked. For a stress applied before flowering and sustained to saturity, Spoechiado
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{1965} found that final bhiomass and LAD were reduced to 507 of levels in contral plots, although
yield reductions were approxisately 40% and BOL for drought tolerant and susceptible lines,
respectively (Tahle 240,

Studies in other crops have shown that stress during sarly reproductive growth ussally has
particularly severe effects (Slatyer, 969}, and the sase holds in beans.  Stoker (1974), using
lysimeters to provide equal stresses at differest stages, obtained 20% yield reductions with stress
during early or late vegetative growth, 507 reduction in early podfill, and no reduction in lie
pedfill.  ln soybeans, effects on vyield cosponentes were easily interpreted in teras of tising of
drought stress {Bhaw and Laing, 1968).  In beans, the sase would appesr to be true although the
relations have not been tested as carefully. For a stress sustained to saturity, all yield
components showed reductions, while a stress terainated by rains during podfilling caused seed weight
to increase relative to the irrigated controi (Fig. 22},

Drought stress in beans is wsually assoviated with accelerated maturity (Fig. 23}, although late
season release from stress may trigger recuperative growth resubting in delayed maturity.

Comparison of drought response of sther legumes

Drought of response of ather legumes vary greatly. Within the genus Fhaseolys, P. _acutifolius
is often cited as being more drougtht tolerant than
F. wvuigaris (Cory and Webster, 1984}, but its small seed size has limited ifs coemercial
arceptability.

fable 24, Comparison of growth parapeters of two drought tolerant and
drought susceptible materials grow drought (D) and irrigated
{L} plots at Paleica, Colombia (Sponchiado, 1965).

Talerant . Gusceptible

Variahls Treatment  BAT 85 BAT 477 BAT 1224 A 70
vield (kg ha *} D 1850 a8 1460 a 0 b 55 b
£ 2526 a 7540 zh 2340 3 FMob
Biosass (kg ha"Y) g 2606 2500 2200 1905 ab
L 5200 3300 SH 5400 a
LAb [} 924 81 b 74 ah B g
£ 7% b t6l b inm b g4 a
HI 1% H] L) B oa % b 2% b
L 48 a 4 1 4 a 5t &

! Values followed by the sase letter within a row are not different at
p = .03 level of Duncan’s test,

Some traditional cowpea cultivars responde fo drought through extross stomatal closwe and
restriction of water loss (Shackel and Hall, 1979}, In a comparison of sungbean, soybean, cowpea and
peanuts (Pandy, et al,, 1964}, the first thres species showed patterns of response similar o beans,
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including reaching minisue Pp of -1.2 to ~1.4 WPa, but peanuts were euch less atfected, reaching only
”3*4 W'éh

SEEN
g”znowi @ % |«
Pl L \ :
=l N I
N .
g N\ ‘
RS = lingaisd ] = ovougm

Fig, 22 Effect of drought from preflovering o end of pod fill al Paleira and Quilichas,
Coloshia on vield components of susceptible lice & 70, Source: Sponchiada, 1985,

2. Drought Tolerance Mechanisas!

A great sany drought toierance mechanises have been proposed, and deeonstrated to function in
very specific contexts. However, the warning from the previous seetion that drought affects vary
greatly depsading on specific drought conditions is equally valid for considecation of tolerance
sachanises.

We define “drought tolerance” in an agronosic sense, For 2 group of materials which give similar
yields under non-stress conditions, a material is toleraot if it yields well compared to the others
under conditions involvieg water deficits. Asong sechanisas which may comfer tolerance are those
which ecologists usually classify as drought escape and drought avoidance. Ao outline of possible
pechanises is provided in Table 25, It follows classifications used by Turner (1988} and ohhers,
with the notable addition that for conditions where beans are grown, tolerance to factors related to
drought such as high tesperatures or saline soils say be essential. The discussion that follos
emphasize the physiology of the basic eschanisas.

Brought escape

Bean crops eay “escape” or abt  least reduce drought stress either by maturing early or delaying
aaturity until drought stresses have abated,  this latter strategy termed recuperation, The
usefulness of the two strategies varies with timing and intensity of the stress, BSevers skresses
pccuring later in the growth cycle favor earliness, while aild stresses relatively early will favor
Jater maturing lines with capability for recuperative growth,
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Fig, 23 Acceleration of maturation under drought stress as indicated by reduction in days to

gaturity of stress vs irrigated plots for 72 lines. CIAI-Palmira, 1984,

Tahle 25, [lassiticalion of possible drought tolerance sechanises in
beans.

I. Drought escape
f. Earliness
B. Recuperation
Il. Drought tolerance with high plant water potential
A. Maintenance of water uptaks
I, bBreater root growth
2. Increased hydraulic conductance
B. Reduction of water loss
I. Reduced area of evaporation
2, breater resistance along pathway of water loss
3. Reduced gradient from leaf to abmosphers
HI, Drought tolerance with low water potential
A, Maintenance of turgor
f. Oseotic adjustsent
2. Increassd cell elasticity
B, Dessicatien tolsrance
1. Meabrare stability
2. Protein function
IV. Integrated sechanism: assimilate partitionieg and remebilization
V. Drought tolerance through adaptation to factors related to drought
A, Heat tolerance
B. low soil fertility
L. Galt tolerance
B Boil diseases and pests
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Jrought tolerance with high plant water potential

Various tolerance eechanisas thought to function in bean crops result in maintenance of
relatively high plant water potentials, These include thoss which persit greater water uphake, and
those which reduce water loss.

Haintenance of water uphake:

s in sany other crops, drought tolerance ie beans has beea assoriated with greater root growth.
Coaparing tolerant and susceptible materials in a feriile soil permitting deeg root penetration,
Sponchiade {1965} showed that roots tolerant saterials penetrated about 50 ca deeper than susceptible
ones (Fig. 281, Differsnces in root growth and yield were also associated with greater exploitation
of available soil moisture by the teierant lines, However, this mechanise was not effective in a
shallowsr soil where 3 pH of § at depths below 30 ce provented extensive root growth (Fig., 231, and
in this environment, yield difierences reflecting suppnsed tolerance were not found (Table 26).

Increased efficiency of roots in extracting soil meisture sust also result in greater waler
uptake. One alternative is for a crop to be ahle to tolerate lower root water potentials and thus
extract soil water held at lower potentials, However, since this is basically a sechanises of
tolerating dessication, it is discussed later. Another alternative is for rools to have greater
hydraulic conductance, sither acially {for transport along the wyleal or radially (for uptake fros
soil te the wyleml. Tayler {19B0) concluded that axial resistance in soybean roots aay be important
at root depths over | a, but Passioura (1983} suggested that becsuse of capacity for secondary growth
of xyles, axial resistance would not be limiting in dicotyledoneous plants,

Redurkion of wabter losst

Besides increasing water uptake, a crop may have adaplations which reduce water Joss,
Unfortunately, reduced flow of water vapor wsually implies reduced diffusion of C0y into the lmaf,
and thus limitations in photosynthesis.

s sentioned previously, drought causes marked reductions in LAI, but there is no evidence that
tolerant besn lines have greater reduction than suscoptible materials.  Tolerant asaterials show
similar L&D as susceptibles (see Table 243,

Redgred leaé area may be cospensated far through a greater mesophyll surface area per unit leaf
ares (Nobel, 19000, this occurring with increased leaf thickness and/or reduced cell size, which in
turn atfects 5lA.  Changes in leaf thicknsss was considered in an experisent with two bean lines
differing on their response to water stress {Fig, 78}, Line & 21l was able to maintain higher LA]
without increasing leal thickeess as such as the line YAN-40 did, Drought yield of 25 genotypes have
been correlated with the leaf thickeess index {r = 70841, hut the correlation under irrigation wis
geen larger {r = 2144, Fig, 270, This index may be related to photosynthetic efficiency in terss of
carhoxyiating area, and in absence of water siress, msay be used for assessing genotypic
photoassimilation ability.

Mechanises involving increased resistance primarily invalve barriers to water loss at the
leaf-atmosphere interface. The greatest amount of water loss is uswally via stomata, so considerable
attention has been given to studying differences in stomatal resistance ameng bean lines. Simple
relations among stosatal resistance and level of tolerance are not expected because of the relation
between transpiration and CD; wuptake. Rather, stomatal response ta environeentsl conditions is
pribably eritical {n detersining water use efficiency. Ideally a plant should regulate transpiration
so that it nccurs when molsture gradients are low {low vapor pressure deficit in atmospherel but
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radiation levels are shove the cospensation point. The main sechanisa which would provide this
response in Uy plants is stosatal sensitivity to humidity.
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Fig. 24 Comparison of mean root  growth and available soil meisture in drought tolerant (BAT &5

and BAT 477} and susceptible (BAT 1224 and A 700 line - Falsira.
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Fig. 25 Comparison of eean root growth and available snil moisture in drought tolerant (BAT 83
and BAT 477) and susceptible (BAT 1224 and A 70} lines - Quilichae.
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fmount of cutirular wax was related to rate of water loss in sorghus (Ebercom, et al,, 1977}, and
large varietal differences in cuticular resistance of rice leaves were found (Yoshida and de los
Reyas, 1974, Woodfin (personal communication) reported considecable varistion in cubicular wax
tormation among bean cultivars.

Boundary layer resistance will increase with greater leat pubescence, (Ekleringer, [98%) although
this mechanisas has aot besn studied in beass.

Assuming resistance along pathways of water loss are equall, cultivars may differ in waler use
through sffects on the water vapor pressure gradient from leat tissue to the ateosphere.  The
external pressure will be eguall, but internal vapor pressure will vary with leat tesperature. Thus
factor affecting leaf temperature will reduce water loss. Leat orientation can reduce radiation
interception, but at the cost of some light energy interrepted for photosynthesis., Leaf pubescence
and cuticular waxes sosetimes appear to reflect infrared light with relatively little effect of PAR.

Variation in leaf celer both among varieties and between dorsal and ventral sides of the sase leal
area considerable in beans, but do not have not been exaained in relation to lesf lesperature
piferts,

Reduced lead size will can also reduce temperature since for a given total leat area convective
cooling is greater for a surface divided into sealler sections {(Gates, 1968!. This effect has lead
breeders in other crops Lo breed for sealler leaf sizes. Hiebsch ef al, 11%76) did not detact
improvesents with iso-lines of soybeans differing in leaf size.  Leaflst size was significantly
reduced by an intense post-flowering water stress, but the relationship between drought leaflet area
and stress degree-day seasured by infrared thersomelry was aot consistent among 25 bean genobypes
{fzquierdo, 1985, unpublished!.

Drought tolerance with Iow plant water potential

Although the preceding mechanises will reduce water loss, sost stress conditions are sutficiently
severs that water potentials drop to levels which affect plast function.  This leads ts the
possibility of adaptations permitting the plant to function at low water potentials.

Maintenance of turgor

Sinte water enters roots through flow along a gradient, lower root water potectials (Fr) will
result in greater exploitation of soil voluse, Thus a crop which has a gregter reduction inPp or Fr
for a given amount of water loss, should show sore drought tolerance. However, with loss of turgor,
evidenced by wilting, the plant loses the ahility to continue tissue erxpansion or to utilize
sechanises such as leaf orientation which utilize differences in turgor pressure. This indicales
the nead for mechanisas which peratt low Fp or Pr without loss of turgor.

When water deticit §s severe, plant cells accusulate solutes, which lowers  their interpal
ausotic potential, in order to at least partially masintain turgor pressure, and thus perait continusd
cell expansion and growth, Dssotic potential may be regulated through shifts in concentrations of
potassium, sugars, amine acids, and organic acids {(Turrer and Jones, 1980; Morgan, 1984}, Marbhart
{1583) compared vsmolic adjustment of Phaseolus wlgaris and Phaseolus gcutifolius grown in
containers, and did not detect differences. Jara (1905} found significant differences of sbout 0.05
fFa at tiee of flowering among two bean cultivars onder field condilions, but nob  at other growth
stages,

Assuming mechanises of oseotic adjustsent are the same in different growth stages, growth of
seedling roots in sedia with low potentials might provide 3 sieple index of capacity for turgor
saintenance through osastic adjustsent.  In 2 comparison of 25 cultivars, percent inhibitien of

e ee————.
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radival elongation was nigaly correlated (v = 0,720 waith 2reugtt suscaptibiiily measured with
Fishar indey Fig, 2B},

the mechanical characteristics of tissues also affect twrgor maintenance. Redured dissus
elasticity, indirated by a high a bulk tissue elastic sodulus (Esi, will result in 3 seall derrease
in water content per unit reduction in water potential. The protoplasm wii] retain more water under
stress, but at the cost of loss of turgor.  Kim and Les-Gtadelmann (1984) rould not detect
differenres in Em of beans in stress and conbrol conditions, and while Jars (1985} did find such
difterences for four water regimes under field conditions, varietal differences were nob significant.

Tahle 25, Yield, root growth snd other parameters of two drought tolerant
lines (BAT 55 and 477 and two susceptibles (BAT 1224 and & 200
for plantings at CIAT-Falwira and CIAT-Juilichan., 0 = Drought
treatpenty © = Irrigated contral,

Treat~ BAT BAT Bat A
Varisble ment B3 477 1224 0
Palaira
Yield thg ha "} b 145Ba* 14573 548 b 5 h
£ I 5Bk 2344 7748 b
ot root depth femd b Ll L At &0
L a0 e 5 B
Root dry weight (mg} b 41 599 534 37
L bih 115 125 598
Lanopy temperature [ A0 %3 4.8 7.
(=g1* | PO 2.6 9.9
{eaf watsr potential [ gi0 840 [0 i
{kPai® £ 456 46% i 40
Quilichan
Yisld (kg ha 1) b S8 7ika 72%a 152 b
L 8% 2952 @438 224
90 root depth (cm) [ 30 4 0 30
C I A 0 20
Root dry weight (eg) [ o4 B9 m2 b48
C iTh &1} 458 22
Lanopy temperature B B4 5.8 8.8 4.4
(=01 L 24 2.8 8.5 8.5
Leaf water potential |1 840 ga0 730 Fixs
{kFal® L 400 454 450 500

* Yislds followed by the same lelter do not differ according to Duncan’s
p = .05
* Measured during perietds of maxieum stress,
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1985} under irrigated and post-flowering water stress. The index measured during pod
tilling, bBource: Huepe, IYB&,

Pessication tolerance:

At very low plant water potential physiclegical processes may be disrupted. This subiject is
poorly understood, but it appears that effects of dessication may be divided among those on cail
sembrane function and those on protein function. Under dessication cell mesbranes appear to lose
integrity, and the efficiency of processes requiring mesbranes are reduced (Leopold, st al,, 1%B1).
Giamilarly, although it is easy to hypothesize effects of dessication on enzymatic proteins, such
effects, such less varietal differences, are apparently unresearched in beans.

Integrated mechanism: assisilate partitioning and remchilization.

The previous sechanisas have been discussed as results of independent physioclogical processss,
but it should be realized that they interact and may share cosmon hasis. For exasple remobilization
of N and stored carbohydratss (starch) may be ephanced under drought stress, and this would perait
greater root growth or capacity for osmotic adiustament.

Btudies of carbohydrate reschilization under drought conditions (Samper, 1984) suggest that
toterant cultivars are more efficient at remobilizing carbohydrate during podfilling.  Induced or
accelerated remobilization of stored dry matter dus te water stress has been ohserved in barley by
Gallaher et al., 1975, Remohilization could be triggered by the stress and them support the seed
tilling instead of the impaired photosynthetic leaf area. Figure 2% shows a yield reduction due to
a post {flowering water stress affecting 16 bean genotypes, A tendency of genotypes that accumulated
stem dry matter either under stress of check conditions to produce significantly reduced vields was
observed. On the other hand, genotypes which remobilized stem reserves produced superior yeild, but

there are exceptions, and the response is net clear under the post flowering stress.
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3. Drought Tolerance Through Adaptation to Conditions Associated with Drought:

Most discussions of drought tolerance do not consider the isportance of characteristics which,
while perhaps not dicectly related to drought, are potentially essential components of drought
tolerant hean varieties. Drought in bean growing sreas is often associated with higher temperature
conditions, and because of Miasitations on transpiration, plants under stress may esperience unusually
high leaf feaperatures (Figure 300, Thus high temperature tolsrance mechanisms may be mesded in
drought areas.

Hany regions in tropical arsas coshine poor soil fertility with drought, and limitations on
soverent of water will also reduce mubrient geailsbility. Genobypes which are especially sfticient
undor poue fertility may be advantageous. It has often been speculated that smaterials tolerant te
poor seil fertility should have greater root growth, and thus one sight espert saterials tolerant to
infartile soils to periors well under drought conditions in similar siles. However, io a comparison
of 2 drought tolerant lines and B materials selectsd {or tolerance to acid soils, the drought
tolerant eaterials were superior (Hable 27).

Nitrogen fixation is reduced under drought stress (Laing el al,, 1984}, In soybeans, fixation
appeared to be more zensitive o drought stress than was photesynthesis (Meisz et al., 1983),
suggesting that some drought vield reductions may reflect nitrogen effects.

Drought environments where limited irrigations are practiced may cause problems of soil salinity.

Although salinity causes what is physialogically a drought situation (ses section on salt

tolerante!, additional problems are caused by towic or deficiency effects of certain ions, Thus
drought tolerance under saline ronditions say require ather adaptations,
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Finally, certain diseases and pests are particularly problesstic in drought situations. Perhaps
the most notable is Bacrophoming solani ehich only becomes problesatic onder drought conditions
{(Schwartz, et al., 1978).  Screening for drought tolerarce and Macrophosina taelerance gt CIAT have
produced remarkably sisilar results (Abawi and Pastor-lorrales, personal comsunicationd, and it is
speculated that this reflects comaon tolerance sechanisms for the twn probless.
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Jable 27, C[osparison of yields under drought stress in acid soils for B
lines tolerant to acid soils, and 2 lines lolerant to drought,
Bantander de Quilichao, Colowhia.

Line Yield
kg ha™t
Tolerant to acid spils:
& 257 862
A 254 Ba3
Larioca B5
VA &7 BiS
NAR &0 B13
g 4830 B1z
BAY 1297 BiD
& 430 13

Drought tolerant:

BAT 477 0%
6 5039 g0
Hean B4é

8.E, "
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4. Conclusion:

The reader may conclude from this review that drought tolerance is teo complicated to serit
study, We would argue that while the cosplexity of effects of drosght has elisinated simple
solutions, the prospects for isproving yield under drought are good.  Improvements in bean crop
productivity can be pade only through two basic approaches: 1} by modifying plant genotypes to fit
their environment better ¢ and 2) by changyng the environment o ameliorate the efiects of
environmental stresses. To overcose the constraints in both approaches, agronomists, breeder,
phvsiologysts and genetic engineers require a clear understanding of the physiological basis
underlying yield and stress tolerance.

Studies on invidual mechanises may be inkegrated by simulation models which can predict effects
ot changes in clisate and soil type. For evample, Jones and Iur (1584} used dynamic sisulations of
sovbean growth to test the relative importance of three sechanises, ossobic adiustament, incréased
root promth, and incressed stomatal resislance at full turgor, wsder clay and sandy soils coacluded
that greater root growth was the sost effective mechanism, shile increased stopatal resistance always
resulted in reduced photosynthesis,

B. Excess Soil Water

Heavy raing often lead to soil flooding (water in evcess of field capacity}, especially in poorly
drained soils. Beans are sensitive to such conditions, and vield reductions are freguently greater
than one might expeck. This can be attributed to the nearly ismediate adverse effects on plant
growth. Wadman-van Schravendi jk and van Andel (I983) found that leaf and root growth halted within
2 days of flpoding, this being associgted with a severe drop in transpiration, but a rise in lea! ABA
concentration,

The tause of damage From inundation is directly related to reduced gas diffusion io +looded
soits, resulting in depletion of availabie Uy and accemulation of ED, and ethylens in the root zone,
fccompanving this is an iphibition of respiration, partial loss of root function, and possibly,
accumulation of tovins due to blockage of respiration or activation of alternate, amserohic
proceeses.  Higher soil temperatures, freguently found in tropical regions, can ssscerbate problems
of gas diffusion due to reduced solubility of gases snd greater respiratory activity (Forsythe et
gly, 1979}, FProbless with root rots are often associated with Hlonding.

True tolerance mechanisss have not been identified in beans, but as in obher crops, recovery from
inundations is related to ability bo produce new adventitious roots (Kshn gt al,, ISE%). In Brisls
at CIAT, flooding by maintenance of the water tahle to within 7 ce of the top of beds resulted in an
average of approximately 30 yield ceduction, hut considersble varietal differesces were found
(Figure 311,

L. Saline Goils

Beans are considered salt sensitive, although Fhasenlus coccineus has been classified as
intermediate between moderately toleraat and moderately sensitive legume species (Lagchli, 19841,
Froblees in this crop associated with salinity are generally greatest in acid regiens voder
irrigation, but localized aress of saline soils are found in many sssic environments.

Imscdiate effects of exces: salinity include reduced plant growth, especially lead ares, and
burning of leaf marging. These may reflect three underlying processes:

1. FPhysiological drought due to low oseotic potenials {high solute concentrations).
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2. Mutrient imhalances due to relatively hiph contentrations of specific elesents, sspecially
sodius, inhibiting uptake of others,
3. Todic effects of specific ions, particularly chloride and sodius.

Evidence for an osmotic effect coses from demonstrations that high relative husidity reduces
stress effects, and that leaf relative water content is reduced markedly under stress (Ayoub and
Ishag, 1374}, Byoub and Ishag (1574 also detected reductions of calcium and potassium cations under
conditions of high sodium, but noted that the reductions did not reach levels thought to produte
deficiency syaptoms.  High levels of chloride in bean leaves were associated with reduced
photosynthesis, stomatal conductance, and RuBF carborylase efficiency (Secean and Critchley, 198a).
These and similar findings suggest that effects of salinity are probably multiple,and it would be a
sistake to vaphasize a singls mechanism.
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Fig. 31 Yields of {3 bean cultivars grown under flooded control field conditions. CIAT-Falmirs,
1976,

At moderate levels of salt tolerance beans do show have been ascribed to their ability to
arcusulate sodivm ions i root parenchysa vacuoles. Some sovheans appear $o coshine this aschaniswe
with an ability to exclude evcess chloride from shoots, and this eight be @ promising avenue for
incressing salt tolerance in Fhaseolus wulgaris (Lauchli, 19B4).  Eeneral recossendations for
screening for salt tolerance in all crops were given by Greenway and Munns (ISBOI. Samillie and Mott
{1982} have described a chlorophyll flourescence as a rapid test for salt tolerance, they using bean
as a susceptible check,

Gtudies of genetic variation {for salt tolerance among Fhaseglus vulgaris cultivars are rare.
Howler {parsonal comsunication) detected varietal differences under field conditions, but noted that
variability in salinity under field ronditions makes large scale screening difficult.,  Debouck
{personal cosmunication) collected land races of beans from apparently salise soils in Mexice,

| (IR
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Beveral investigators have reported the selection of salt-tolerant cell lines inm sweet pepper,
sugar cane, coffes, rice and tare. However, regeceration of plants from salt tolerant cells have
heen lisited in these crops, and has apparently never been attespted with beans,

B, Genaralized Stress Tolerancs: “Rusticity®

it i frequently cossented that while traditional bean cultivars agy lack specific disease or
other stress resistances, they often autperfors supposedly “ieproved® salorials umder fare
conditions,

Altaro 11981} concluded froe 124 bean cultivar trials at 80 locations and 20 cowmtries that the
yields of *Jamapa" and "Perrillo Sintetico”, used as standard checks of konowe adaptability, were nat
frequeatly surpassed by diverse saterials. However, the low values of the stability index (b! for cv.
Forrillo Sintetico in the analyses of Voysest and Barcia (1984}, suggest that this cultivar perfores
relatively better in poor sites as compared to sisilarly yielding cvs. Jamapa end ICA Fijao {Table
28}, Low b values are indicative of relatively good yield in poor environments and lack of response
in rich sites. Cv, Forrillo Sintetico stands out consistantly for lower & values for sieilar
ezan yields in a given IBYAN. Since stresses varied greatly among sites in the IEYAN's, the better
perforaance of cv. Farrillo Siatetico 1n poor siles presumably reflected some generalized stress
tolerance or "rusticity” rather than resistance to a few specific- stresses and/or disesses.

[ther examples of rusticity comes from studies of cultivar response to artificial defoliation.
In a comparison of 17 cultivars receivieg 3 607 defoliation at 30 days from planting cv. Carioca
actually increased yield under the defoliation stress while line EWF B4 showed a marked yield
reduction (Fig. 32},  This would suggest that cv. Lariocca would maintain its yield under a wide
range of stresses affecting leaf growth, a conclusion comsistent with cv. Carioca’s popularity in
Brazil,

Table 28, Cosparisen of regression response (b} and mean yields atross
sites of thres cultivars used as chacks in Interaational Bean
Yield and Adaptation Nurseries from 1976 Lo 1981, Data frea
Voysest and Barcia (19841,

Ho, of Porrillo Sintetice  _ Jdamapa_ _ICA Pi jao_

Year trials b Yield b Yield b Yield

kg ha™? kg ha™t kg !

1974 54 0.77 1339 1.02 1572 0.7% 1366
97 3 0.88 1623 1.0% 1627 -

1978 1 0.84 1484 .08 1498 117 159

1579 32 0.80 1501 1.06 {57% 1.0 1354

1980 48 &.95 1564 1.06 1656 .06 1637
1981 2% 087 1345 1.0 17233 -

Hean 37 0.Eé 1550 L.93 1610 152 1570
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Calculating 2 generalized stress yield as the geometric mean of yields under 33% defoliation and
under post {flowering drought, data fros Hernandez (198%) show a low correlation between stress and
central yislds (Fig. 330, The contrast between & 231 and Defeo INIA is particularly striking with
both Tines yielding about the sase in control plots, but ditfering by 800 kg ha™? under stress. The
comparison of cvs, Forrillo Sintetico and Jamapa is also instruckive, with Jasspa outyielding
Porrillo Sintetico by B kg ha™* in the control, but being slightly inferior under stress.
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Fig. 32 Relative yield performance of 17 bean lines under 40X defoliation at 30 days after

planting. CIAV-Faleira, 1963,

Possihle characteristics which might confer rusticity include:

1. Ability to produce recuperative growth, presumsbly resclting from  remsbilization of
carbohvydrate or nifrogen reserves and an  indeiersinate growth habit,

2. EBood competitive ability,

3. High tissue concentrations of compounds such as phennlics with inhibitory eftects on & broad
range of pathogens or pests organises,

4, [Greater partitioning to root growth.

5. Buffer shility for adequate pod retention and seed filling.

Earliness also might be considered a mechanise since it permits estape of many stresses. UData
froa the 1974 IBYAN supported this.  For sites within 30° of the Equator (thus elisinating trials
with severe photoperiod effects), early maturing cultivars had significantly lower regression
response ont site mean yield (b parsseter), indicating that they yielded relatively better as compared
to late cultivars at the poorsr sites (Fig. 34}, That the regression response was not significantly
correlated with yield {r = 0.22) demonstrated that low values of b in early cultivars did not sisply
reflect poor yields across sites (White, 1989).
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While there is evidence suggestive of differences in “rusticity” of bean cultivars, it is
difticult to decide whether such a characteristic is best sought by selecting under a  soderate level
of various stresses, or identifying specific characteristics related to rusticity, Effects of local
adaptation could confound results uniess such work is restricted to specific sites.
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V. CONCLUSION

Crop physiology is oftes criticized for the lack of tangible henefilts it has provided to farsers,
this criticise certainly extending to research on the comson hean. While in some cases criticise was
invited by over enthusiastic promises about the utility of certain lines of work, we would argus that
the complexity of interactions of physiclogical processes precludes rapid selutions, It is seldom
pussible to reach firm conclusions about a given set of physiological processes, because each process
interacts with others, The evolution of owr knowledge of physiolegical processes is perhaps best
likened to the manufacture of 2 cosplex machine. Although great strides ssy have bess made in
constructing our physiology machine, and it may even have suh-units which seem to function well, only
as the machine nears complotion will it approach its intended level of productivily, Even then, if
suai parts wers poorly sanufactured, it may not eset expectations onti} the flaws are identified and
correrted, We would argue that patience and care ars needad to assure that the physinlegy machine is
wetl built,  #s in any construction project, priovities can and should be set, Hitrogen
resobilization in relation to leaf senescence and seed growth is asong the area where our
understanding is most deficient. In comparison to photosynthesis, respiration is almost untouched,
yot the few studies in other crops indicale great potential for increasing vyields. fAnd in all
research, greater pains should be taken to sssure that conditions used are relevant to what say occur
in bean fields, nol lsboratory benches or gresnhouses. "
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