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1. INTROBUCTION

The common bean (Phaseolus vulgaris } has a poor reputation bath in teras of yield potential and
tolerance to physiclogical stresses such as drought, flooding, and saline seils. 1t is imperative
and necessary then to increase bean productivity in view of its agricultural ispertance and essential
participation in the diet of sillions of inhabitants of Latin America and the Caribbean as well 4= of
other regions in the world, While agricultural research progresses without being able to aake 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 aain producing
tountry, bean productivity in the poorer regions is 405 kg ha™, {Rlves, 19671

Various research prograss have reported experisental yields over 3 ton/ha  ia bush beans, and
genetic variability for yield poteatial and stress tolerance have heen demostrated.

Although these findings have not lead to dramatic increases in bean productivity as has occurrad
with other crop species, physiological studies of beans, and other grain leguees such as soybean
Blycine w3k} and cowpea (Vigna unguiculatal, have generated useful inforsation for guiding agronomic
managesant and suggesting strategies for varietal ieprovesent of beans, and as our knowledge
incraases, further practical benefits will certainly be forthcosing.

Traditional varteties of beans respond poorly, im general, to the two agronoaic management
elesents recomsended by the green revolution, and which have made it possible to obtain high yolds
in other crops: high plant density and fertilization. In spite of these constraints, traditional
varieties contain a valusble genetic variability which is useful for plant bresders in the ssarch
for resistance to pests and dissases or other characteristics associated to high yisld,  HNew
varieties of beans and appropriate crop managesent fechnologies suilable for the conditions of the
small farmers in developing countries, ars essential in the next years. In this contegt,
bictechnology can provide, in support to genstic ieprovesent, new alternatives te achieve this
objective. However, adaptation of these future innovations to the traditional farsing practices of
the seall {farsers and to the ecological context in which they will be introduced, must be
specifically considersd. Benetic improvement and plant physiology must converge in results expressed
as new  varieties of beans, sore "rustic” and adapted to marginal conditions. These can initiate the
expected "new ravolution® in this crop. A clear understanding of the processes and physiological
phenomena that determine and regulate the expression of yield, is basic for this new stage.

Due to the diversity and complexity of physiological events deteraining yisld potential, the
authors have presented both a descriptive and integrative look at the physiclogy of the bean plant.
The chapter {first discusses basic physiological processes which detersine bean yields, and then
applies this informstion to yield potential and stress tolerance. Many unpublished results obtained
al research work conducted in latin Aserica were incluged to illustrate physiclogical phenomena aot
considared in previcus studies,

' Alves, E. 1987, s desafios de extensao rural brasileira. Mimseograph. (Unpublished).



Texts and journals on plant physiolegy 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
physiclogical processes. Although there are many unknowns concerning plant growth regulators, their
overall role appears to be one of transsission of regulatory information {roe one tissue to anether,
I relation to crop growth problems, studies of growth regulators are generally of only indirect use,
as eupressed by Wit and Fenning de Vries (1983}: "A hormonal system is a cosmunication systee. Such
systems may be analysed either in terss of seans of the hardware used or in terms of purpose of the
messages transferred. In dynamic models of crop growth, interest should be focused on the latter,
whergas the existence of the hardware, the horaonal systems, say be taken for granted”.

Bpace limitations preclude a complete literature review on the physiology of this crop but
interested readers can find pertinent and complementary information in Graham (19781, Laing, Jones
and Bavis {1984}, Tanata and Fujita (1979}, and Wallace (19831



11, BASIC PROCESSES

Physiological processes in a plant may be classified  intos wmetabolic events such as
photosynthesis and respiration which have a direct effect on growth, and sorphogenic ones #hich
aftect the change in fore or developeent of the plant. The two groups of processes interact
strongly, but are best discussed separately.

f. brouth Processes

Growth say be measured in many ways {stea elongation, accusulation of nodes, leal expansion,
etc.), but emphasis is given here to the processes which affect dry weight sccumulation and its
partitioning since yield is the ultimate epression of these processes, Accumulation of dry weight
in bean plants is a direct consequence of the balance among photosynthesis, respiration, and losses
due to senpscence and abscission. FPartitioming, on the other hand, establishes an squilibrius
betwoan vegetative and reproductive growth integrated over the development of beans, resulting in an
end product of yield.

1. Fhotpsynthesise

As in pother grain legumes, beans have a Ly photosynthelic pathway. Estimates of asxisum loaf
photosynthetic rates (AP} at amhient 00, roncentrations have ranged from 12 mg CO2 dn 2 bt o Y Mg
Chz dn2 b~ {Table 1. Recent estimates have heen relatively high, presumably reflectiog improved
measuressnt techniques, hut are still =ell below rates of soyvheans, which can reach 45 to &0 ag [,
dm* (Shibles et al,, 1979},

&F varies greatly with leaf age and environsental conditions. U(eaves increase in photosynthetic
capacity as they expand, maintain a mavinum for a highly variable period depending on cultivar and
leat position, and then decline as the leaf senpsces {Fraser and Bidwell, 1973). This decling in &F
appears to result prissrily from loss of photosynthetic rapacity, but slso involves increased
stomatal resistance (Davis and Mclree, I97B). Tanaka and Fujita (1979 detscted a significant
positive correlation between nitrogen content and AP in leaves ab ages past the tise of macimum rate,
suggesting that loss of photosynthetic capacity is related to nitrogen remobilizatiom. Similar
conclusions were rearhed in soybeans (lugg and Sinclair, 19813, with the clarification that the
lingar relation ouly holds below a critical leat protein concentration levels (12 g protein.a™ of
Ieaf in their studyl,

Table 1. Reported values pf maximom lead photosynthetic rate at
near-ashient Ly concentrations.

Fhotosynthetic Rate

wg C0p da= B g EHZll w2 {t
Austin & Haclean, 1972a 24 f.é
Fraser % Bidwell, 1974 i? 1.2
basstra, 1942 2 1.4
Hesketh & Hoss, 1943 12 0.8
Izhar & Wallace, 1947 15 1)
Lowerse & Ineerde, 1977 n 1.4
Kueneman pt, al., 197% 3 2.1
Tanaka % Fujita, 19779 35 2.3
Laing et. al., 1984 34 2.2




Haximua photosynthetic rates in beans are reached at irradisnces of 300 W.a™%, the same lsvel
reported for soybesns (Shibles el al., 1975, Burga (1%78) found evidence in beans that AF varies
with the position of the leaf within the canopy, and rearhes its macinua at the tise of initial pod
filling. Llaing et al., (1984} site unpublished work af El-Gharkaway demonstrating differences in
response of AF in twn bean cultivars, wmith optiss varying from 219 to JI°0. Mo effect of water
vapour presgure  deficit (VPR on AF was detected by Hesse and Lenz (1982} using 57 kix illusination
at 22°C, but El-Sharkaway et al. (1984} found that beans had an intermediate level of sensitivity as
corpared to other crops. & possible explanation for the different conclusions lies in interacting
etfects of irradiance, temperature and relative humidity on stomats opsning, as reported in other
species {Larcher, 1973,

Louerse and  Iweerds (1977) found that savisum AP was obtained from plants under high radiation
regiees, and that AP was positively correlated with leaf thickness, specific lzaf weight and nusher
of chioreplasts, but not with cblorophyll content, Different sources of nitrogen affect AP too,
apparently through effects on photoreactions affecting nitrogen metabolise (Harques £t al., 19832,
Even simple differences in container size can affect ieaf photosynthetic rates as in the study of
Earmi gt al, (1983} where plants which had been stunted by being grown in small pots showed higher
AP,

Further complications result froe the possibilily that other parts of the bean plant say regulate
photosynthesis independent of effects of water or nutrients. Larsi  and Eoller (1978 detected root
efiects on photosynthesis in prisary leaves of beans. Ressarch in soybean suggests that if demand
from growing tissues is insufficient {a.g. a5 induced by artificial depeddingl, photosynthesis aay be
inkibited. Starch accusulation in chloroplasts say play a key role {Chatterton and 5ilvius, 1979},
although Larai and Shoaer (1979 fpund that bean mesophyll cells appeared able to  accueulate large
amounts of starch without disrupting the chloroplasts. Leal starch in soybeans has been foind to
be negatively correlated with the activity of the sucrose-F synthetase (Huber and [Israel, 1982,
These findings support the postulate that sucrose-F synthetase is key in leguees in regulating
phatosynthetie formation of sucrose, and benre, starch., The rale of this enzyme, strangly related to
nitrogen content, appears to be critical in leguee metabelic processes.

Breen bean pods fix U0z at lower rales than adjacent leaves, and the rate decreases with pod age
{Tanaka and Fujita, 19791, Bean pods recycle substantial seounts of internally-relessed CDa, but are
not an ieporiant photosynthelic source of dry matter to developing seeds {(Crockston, 0 Toole and
Ozbun, 1%74al.

Under conditions of high mesophyll U concentrations, such as occors when stomate close under
high light intensities but limited water availability, 02 competes with (0, in reacting with FulP
carborylase, with the isportant difference that cheaical energy is expended and CO2 evolved., It was
first thought that photorespirstion, as it is termed, was either a waste process or permitied
production of compounds essential for plant grosth, No such function has been demoostrated, and most
regearchers now favor the idea that photorespiration serves to dissipate light enmergy 1fen
photosynthesis is blocked due to low C0; concentrations (Fowles and Dsaond, 1979 Tolbert, 15601 or
to maintain 0> levels relatively constant within mesophyll tissues (Lecpold and Friedesan, 1975).
Mevertheless, Dgren (1984} considered that occcurrence of photorespiration in anaerobic bacteria
disproves the protection function, and concluded that lower photorespiration rates still may be
attainable. Rates in beans have been shown to vary with environgental conditions Martin gf al,,
1970). Hallace gt al. (1974} #elt that this variability would make detection of genetic differences
in beans difficuit,

Efficiency of the photo-assiailative process is severely affected by microclimste at the crop
level, The distribution of radiation within a bhean plant commnity is one of the most important
elements of aicroclisate of the crop.  Interception of light can be approvisated by the sxponential
docay function,



I=lotepl-ktll,

where 1o is net radiation ahove the canopy, T is ragiation at 3 level corresponding to L units of
leaf area index, and ¥ is the extinction coefficient, 3 characterictic depending on leaf orientation
and distribution (Miltherpe and Moorby, 1977}, The review of the vaiues of extinction ceetiicients
for various crops by fonteith (196%) indicates that k ranges from 1.05 (horizontal leaves! to 0.24
{grasses with vertical leaves), Data from Bardiner gt al. (1979 for two varieties planted at 46 and
71 ta row spacings (Figure 1) gave values of k of 0.48 at % re and 0,36 at 71 ce, suggesting that
bean l=aves are oriented in a relatively horizontal manner, and confirming the espectation that
leaves ars gore erect &t narrower spatings. The sass tendency was found by Burga {1978}, who alse
reparted a highly significant negative correlation betweso b and leaf angle, this reflecting the
ability of the bean plant to orient their leaves with the position of the sen in the sky  to increase
canapy light interceptisn,  Hien and Mallace (1973) and Sato and Gotoh {15B3) showed that lesf
orientation responds to light, that sensors are contained both in pulvinules and leafiets, and that
varistal differences in patlerns of orientation exist.

Z. Respiration:

Although it is biochemically not 4 reslistic separation, respiration is sost easily considered as
composed of two components.  One is termed “maintenance respiration”, and represenis respiration
atiributable to activities associated with maintenance of tissue function, Browth respiration is the
other component, and represents respirstion associated with transport and biosynthesis in the
construction of new tissues during growth.

Haintenance respiration is similar to basal metasholise in animals, and is thought to vary with
tissue composition and tesperature, fustin and Holean (197233 found that rooks of bean plants in the
primary leal stage had rates approxisately twice those of leaves and steas, and that rates doubled
with & 100 incresse in temperature. Sale (1975) detected a similar level of sensitivity for dark
respiration of hean leaves,

Assuming varistal differences in plant structwre and tesperature adaptation, there s every
reason to expect as such variability in maiatenance respiration rates as is found for photosynthesis,
Genotypic variation in several grain leguaes was detscted by Fandey et al. (1978} . This point
appears unexplored in beans except where differences in dark respiration of leaves have been detected
in studies of photosynthesis {Izhar and Wallace, 1947},

Estimates of growth respirstion rates are ohtained from costs of biosynthesis (Fenning de Vries
eb, al., 1974: de Wil et al, 1978}, Using data on Lissue cosposition of beans from various sources
(Tahle 2}, approximate respiration costs for roots, leaves, stems and pods have been calculated
{White, 1981}, Fods sre the most costly due to their high protein conbent, ehile roots and stess
reguire mich less due to their relatively high carbohydrate content (Table 20,

Since growth respiration is directly related to energy requirements for specific chesical
reactions, it is believed relatively temperature insensitive. Biosynthetic pathways are similar among
sany species, 5o genebic variability is supposed low beyond sxpected differences due to variability
in plant composition. However, estimates of efficiency of carbohydrate use in nitrogen figation
{which is normally accounted for in assusptions about costs of protein synthesis) indicate major
varietal ditferences (Kipe-Molt, personal communication), and environmental effects and genetic
variahility in beans need additional research.

Fenning de Vries and van Laar {1977) used seguential tiscue analyses to estimate respiration
costs of heans during germination and early sesdling growth under ditferent tesperaturs regimes.
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Table 2. Corposition of bean plant tissues and costs of biosynthesis.
Data for compositions compiled from Fiper and Morse (19231,
dordan and Chibnall (1933}, McKee et al, (1755) and Sinclair
and de Kit (1978},

Leaf Rogt Sten Fod
¥ of dry weight---eevememann

Carhohydrate 61.7 78.9 77.4 80.9

Fratein 0.8 2.5 1.7 0.2

Lipid 7.7 0.9 0.6 1.5

Lignin 4.0 7.0 .0 4.0

Ash 5.8 3.7 3.2 1.4

g CHzD g7t tissue-————mmmmmee

Cost of bissynthesis® L350 128 1.32 .92

* Source: White, 1581



% Hitrogen hetabolise:

The high protein content of leguas seeds explains the particular isportasce of nitrogen
aotabolise in grain Iegues physielogy. In bean seads, a prolsic content of 207 to 241 ieplies g
nitrogen content of aporowimstely %4, which in turn seans thal every {000 kg of yield isplies a need
for 40 kg of W, oot including asounts nesded to replace losses due to leaching or residusl N in
other tissues. It was found that up te BOY of the foliar N is reallocated to other plant parts
betore the onset of leaf abscicion (zguierdn, I9BI). And it will be resesbered that H content of
leaves iz high, that content varies with ontogeny {(Table 3¥, and that it can show 3 dirsct
correlation with 6F,

Although B may be introdured through the foliage, the rormal route of uptake is through the
roots, either as nitrate or My, which is converted in root onodules to ammoniem ions,  For our
purposes, it will suffice to choerve that onca fixed as ammonium, N is in a fors resdily convertible
to aming acids. In the case of N absorbed as nitrate, the nitrate is first converted from nitrate
te nitrite by nitrate reductase, and then from nitrite to aseonium by nitrite reductase. The
different metabolic pathways required with difderent N sources appear to sffect efficiency of
N-partitioning Westermann et al., 15965},

In beans, aitrate reductase activity is greatest in leal tissue. This peraits the reduction
resction ta be coupled to energy directly availabie from photosyothesis, and this should reduce the
apparent energy cost 45 cospared to crops which have greatest reductsse activity in roots (Hunter et
al., 19821, Nitrate reductase activity varies greatly with leal age and crop growth stage (Franco st
al., 1979}, and some level of activity is maintained even when nitrate is escluded as 8 nitrogen
source (Tiepo and Neyra, 1983}, In other crops, considerable effort has gome to  detersining whether
nitrate reductase activity is yield limiting, bet o clear positive results have been obtained
{e.g. Faborede and Mock, 197B). The great plasticilty of nitrogenase activity in bean plants suggests
the same would be true for beans,

B. Developmental Frocesses

8z a bean plant grows, it undergoes not only & change ia size, but changes in form shich ars
associated with foreation of flowers and pods, and eventually, vield. These changes are the result
of developsental processes such as stea elongation, flower bud differsatiation, and pod growth. The
processes are closely linked to growth, but are here considered independeatly for clarity. Rales of
development are sensitive te photoperiod and tesperature.

{. Germination:

During the drying phase assoviated with pod maturation, a bean seed enters a state of reducsd
astabolic sctivity characterized by changes in dehydration of cellular sembranes and 2 severe
reduction in respiration rate. This condition is maintaived as long as the seed esisture content
resaing low, Upon contact with a mediua of sufficiently high water availability, the sesd isbibes
witer and respiration rates increases dramatically., Llultivars seem to vary in the proportion of
water taken up through the micropyle or the raphe and hilum, while uptake through the seed coat is
negligible {Korban et al., 1981). Some bean seeds present a condition of "hard seededness® such that
vater uptake is extremely restricted. This appears to be due to 2 cosbination of factors including
restrictions of the sicropyle {Kyle and Randall, 1963}, Austin and Mac Lean (1S72h) noted that under
toal (1270} tesperatures, large seeded cullivars perminste mors rapidly than seall seeded onss.

2, Vegetatiye Growth:

@lthough growth analysis (the use of sequential samples of crop dry weight and leal area to
describz crop growth! requires approvisations inherent in considering the dry weight accumulation and
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distribution as the sum of the various growth and developmental processes, sech studies have proven
yseful in describing crop plastic response to environsent and effects of differences among cullivars,

Table 3. Mean organ values for nitrogen for nine dry bean genotypes at
four reproductive stages™, East Lansing,

Reproductive stage
Mid-pod Nid-seed Fhysialogical

Plant organ Anthasis elongation tilling maturity
g AP
Root .23 aht O .27 ab .24 ab
Stoa [.50 ab 3.2 3 1Wa 1.7 &8
Patiole A8 a JJh & Bla 2h b
Isal hlade 6.3 B 7.8% a 54 b N e
Pod wall - - 5480 & .68 b
Sept - - S04 b 13.10 a

* HMeans followed by the sase letter in rows do oot differ significatnly
Duncan multiple range test at J3i.
* Bpuwrcer lzquierds, 1981,

Ater seediing establishment, bean crops under non-stress conditions generally Jollow a near
exponential growth phase until onset of rapid pod growth. Growth then sluws, soae crops reaching
zera crop growth and then declining in weight, and others obtaining their maxisum weight very near
maturity (Figure 23,

Hazimum crop growth ratss (COR) reported for bush beans range fros 14 to {8 g a~.day™? {Table
4. LClisbing beans on trellises have reached rates of 20 g &2, the greater rates presusably
reflecting better canopy structure and less investment in support bissues, These values are less than
half of values reported for other Oy crops (Hoateits, 1978

Met aszimilation rate (NOR, calculated as CGRAADY usually declines with crop age. Typical
values during flowering are from 4 to 7 g @ 2.day~', High valuss of MR say reflect compensation for
restricted leat area (8.9, dug tn a determinate growth habit] rather than high photosynthetic
gtficiency since NAR during flowering and LAD from emergence to onset of flowering eay be negatively
correlated among different cultivars (Figure 3.

LAl increases with crop growth, and as with CGR, often reaches a peak around time of onset of
rapid pod growth, the halt in leaf production presusably reflecting increased desand for nitrogen in
growing pods (Figure 20, LAL in detersminate beans may stop increasing at a relabively early stage
dus to lack of nodes ta produce additional leaves. Host bean crops undergo asarly complete leaf
senescence before maturity, but some "non-senescing® crops do occur, At CIAT-Famira, non-senescing
crops usually involve cultivars with poor pod or seed set, thus the lack of senescence probably
reflects weak sink demand.  In tesperate regions, such 2 pattern say involve probless of
photoperiod-temgerature adaptation, partitularly slowed growth with cooler temporatures (Watlace,
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Table 4, Reported maximum crop growth rates (CGR} and leaf area index
feat area index (LADY at tims of maxisua CBR,

Browth  Maxisum
Cultivar habit*  CBR Lar Source
g w2 day !
Hawkeshury Hoader - 8 5.0 Sale, 1974
flichoscan 12-8-3 3 i7 5.0 Pguilar et al., 1877
Forrille Sintetico i 14 3.2 Laing et al., 1984
Forrillo Sintetico 2 i7 3344 CIAY, unpublished
JU B4-7 2 14 - Rodriguez, 1985
Flor de Mayo 4 & 7.0-8.6  Fanjul et al., 1782
116444

% CIAT elassification,
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Fig. 3 Relation batween leaf area duration from esergence to flowering and mean net assimilation
rate from flovering to flowering plus 17 days for 38 bush bean lines. CIAT-Palaira, 1976,

Mexisua LAL's are otten ia the range of 3 to 4 unils. These are frequently below gptimal 1A1%s
estimated as LAl at saxisum CBR (Takle 51,

Table 5. Comparision of mavimum LAI and optimal LAl calcelated as LAl
estimated mavimum COR for 1} sels of data for cv. Forrilip
Sintstico at CIAL

Maximum LAI Uptimal LAl Yield

ga?
31 3.0 219
1.3 31 227
3.1 2.8 7
1.2 4.8 277
&0 2.2 293
3.0 3.7 9
1.4 b Iz
3.3 5.1 I
4.1 3.3 355
2.7 2.6 35
1.6 5.4 512

Mean 1.2 3.3 o8
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Bpecitic leaf area (LA = leat sreafleaf dry weight) usually sterts lew, increases to a saxieum
armand flowering, and then declines toward maturity (Figure 4). Detersminale varieties often have
comparatively high SLA, agsin presumably reflecting compensation for restricted LAL

Under mon-lisiting conditions, main stem leal initiation and expansion proceds at nesr lisesr
rates (Figure 51, Leaf imitiation and expansion rates differ greatly among cultivars (Table 41,
Flower initiation has been detected as early as 10 days atter planting (Wallace, 19831,

A}
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Fig. 4 Change in specific lest area over time in two bean cultivars: AlRedkloud; B) Ex-Rico 23,
Source ¢ ¥hite, 1981

3. Beproductive Growth:

Beans usually self-pollinate. Patterns of flowering opening are well known. fnther dehiscence
accur  just bhefors bud opening, wsually aft night, [In P, acutifoliug dehiscence is preceded by
appearance of stigmatic secretions, composed primarily of carbohydrates and lipids, and the
secretions rupture the stiges cuticle {lord and Kohorn, 15BS). Pollen tubes grows down the hollow
style and fertilisation pcours within 12 bours, oveles nearest the style being fertilised first,
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Fig. 5 Cosparison of main stem leaf initiastion and leaf svpansion rates of cv. ICA Fijao grown under
field conditions. CIAT-Falsira, 1977,

Table &, Hain stem leat initiation and expansion rates for cultivars of
differing growth habit, Falmira, 1972,

Hit Lest Leat
seed inititation expansiaon

Cubtivar Hahit neight rate rats

L primordia day™? teaves day™?
6 1807 l 18 0.45 0.30
b 44%8 H t4 042 0,32
5 B4 H &0 0.0 g.21
6 1542 ! 27 0.28 018
B 1993 t 18 .54 0,32
B 3643 1 17 0.5 033
b 4455 il i3 0.48 0.27
6 4523 I 17 .48 .24
£ 36 1331 22 .50 033
& 2004 i1 23 .43 .35
5 3153 i 27 .50 0,32
IR THe I z 0. 45 0.2
B HE] v 0 0.52 0.31
B 2327 v 23 ¢80 7.2¢9
§ 2540 v 13 .45 0.3%
b 2573 iv @ 0.60 0.3

Hean f.48 0.2
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Dveral} pod growth patterns in legumes are reportedly so similar that they may all be summarized
as invelving three distinct phases: pad wall growth, seed grosth, and desiccation (Dure, 19751, In
bean pods reaching maturity 48 days after flower opening, maxisue pod length was reached in 24 days,
and pod fresh weight dropped only in the last & to 8 days, although seed weight rontinued to increase
during the last phase (Diiker et al., 1978). Figure & illustrates these events for black beans. The
growth pattern of individusl pods appears relatively insensitive to source-sink manipulations (Figure
7). fs woutd be expected in a2 crop with such diversity in phenology and seeds size, pod development
rats varies greatly asong cultivars (Table 7}, but is not strongly correlated with other varisbles
(Takle 8}, TYemporal changes of pod coeposition vary significantly asbeg snap bean cultivars {Stark
and Mahoney, 1942¢ Buyer and Kramer, 1932).

12 e 4 480
o ds
-4 450
a -
’})’ 4 80 4z A 4
4 H 3 g
’Pod- § 5 —2502
Fod o §  wmght o 603_3 - 2
Langth f o ¥ -
A ]
@
4 40 42 - 150
- 30 - 1
54
i i L) i i " 0 <o -
5 4] [ 10 15 0 25 3 1 &0 45
A
14

Days altar 50% fiovesting

Fig. & Fod and sead growth of cv. "Black Turtle Soup” bean. Source: Izquierdo 1581,

Genetic ditferences exist within cultivars and bresding lines for both rate and duration of sead
filling in rice (Jones gt al,, [979), soybeans (Kaplan and Koller, 1974}, maize (Daynard gt al,,
(97t Duncan, 1980 and Jobnson and Tamner, [972), and cowpes (Wien and Ackah, 1978}, Several
studies have shown that the duration of seed filling was eors closely related to yield than was the
rate of {illing. Other works (Egli and Leggett, 1974; Sofield et al,, 1977) agresd that the rate of
seed filling were related to cultivar differences in final grain weight. In beans, negative
non-significant terrelations between ths linear filling rate and vield was reported by Izquierdo and
Hosfisld (1583}, However, the same work, significant positive correlstions were found between the
linear filling duration and eftective filling period tu yield, nusber of seed per pod, seeds.m™2, and
100 send woight among cultivars and lines with differing architectural fores. Some correlation was
found among linear filling daration and bean yields (Faredes 1986},
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{;” . ,

T T v T T
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Oyt from planting
Fig, 7 Growth pattern of isdividual pods: A} as affected by defoliation and pod removal in line ICA
Linsa 25 B} under normal conditions for four bean lines.

Tahle 7. VYield, madieum pod growth rate, and other paraseters of 20
lings, Falmira, 1985a.

100 tean Fod

Days to fDays to Daily  seed pod growth

Line Yisld flower, maturity yield weight dry «t. rate
ga= gday”* g gpod™ g e® day!

& 4455 2400 40 7 3.8 i7.6 1.33 0.1
RAB 24 EAY 2 g2 2.1 FiRY 104 .08
BAT 477 2340 43 77 30.6 0.0 116 1%
A4 2334 48 B4 7.8 3.3 1.7 a3
BAT 271 2290 42 gl .8 9.1 .21 092
& 400 2200 4 2 266 17.0 1.03 077
G 3059 2190 40 B} 7.4 1%.2 1.13 105
BAT 83 2020 42 7 29.6 2.8 1.26 B30
G 344 :30, 4 B4 2.1 27 0.53 091
A5 1830 43 B3 2.6 1.2 1.22 A%
6 13922 1820 43 82 2.2 3.9 .44 093
BAT 304 1810 37 7 5.7 1.3 1.04 J10
B 4478 1760 4 74 3.8 i8.1 0.93 078
BAT 4} 1740 33 &8 2.8 15,2 0.8? 094
& 1847 1650 At} 7t 3.3 4.4 0,72 077
XA 144 1570 3 73 21.6 22.5 1.04 JA07
B 1510 K 10 216 39.4 1.39 J17
& 149 1410 & 74 19.1 41.9 1.30 02
8 3017 1810 28 58 9.0 14.8 0.79 .13
& 15 B30 36 8 13.2 17.1 0.78 0b4
Mean 1850 76 242 2. 1.10 .
5.E. 15 l 2.0 3.3 0.12 015
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Lonsiderable research has been done on aspects of bean seed growth related Lo sesd biochesistry
iLoswenberg, 1955; Carr and Gkene, 19617 Sussex and Dale, 19791, but such works bave shed litile
light on factors affecting overali ped growth and saturstion,

Table B. Clorrelations among vield, pot growth rate, and other paramelers
geasured in 20 lines, Falmira, [985s.

HED
Bavs tn Parly soer Fod
Yield maturity yleld weight weight

Davs to maturity 74

Yield/day i H 30

180 sead ut. -3 W2 - 13

Py maight - IS 33 Nt

Pod growth rate e - T i i

Pod growth rats
{excluding B 134 -.0¢ - 2N C.08 -0 of

$, ¥ p 00 and p < .0f respectively.

4. Tensscence and Bbscission:

After photosynthesis and respiration, the processes of senescence and abscission play the sost
isportant roles in determining plant growth,  Any tissue may undergo senescence, and in stes horne
tigsues, pspecially leaflets, petioles, flower and pods, this process is wsually accompanied by an
apparently programmed pattern of sbscission, However, the tissues where senescence appears te be of
greatest importance are in leaves, flowers and pods, Hypotheses concerning the role of semescence
and abscission usually follow three lines.

The most  {requently cited hypothesis for legumes is that tissuss which are at a disadvantage in
competition awong sources and sinks are eliminated, thus saintaining the overall eHiciency of the
plant. Leaves are dropped which no longer fix sefficient (8 (are too mear the C0» compensation
poirt}, This eight result from loss of N due to reschilization to growing pods, or  lzaves losing
etficiency dus to shading by leaves higher in the zanopy.

Aonormal flower buds (Yaser et al., 1384}, and failwres of pollination or fertilization can
result in abortion of flowers and voung pods.  However, it has been reported that only one ovale
aeeds to be fertilized to prevent pod abscission, and stress enhanced bean pod absrizsion was shated
not to be caused by failure in fertilization (Harterlein et al., 1980). This datz is supported by
findings in soybesn reproductive shedding (Abermathy gt 3l., 1977; Wiedbold et al,, 1981}, Studies
of timing of bean flower and pod abscission have shown that pod abszission can continue vp to 45 dags
atter anthesis {lzquierdo and Hosfield, 198ib}. It has been stated that older pods may drop if
adequate carbon assimilate is not availsble {(Tanaka and Fujita, 1979},  Since leguses have a
particuiar high nitrogen deaand during podfill, sensscence resulting {rom competition for Nousually
results in legume crops “self-destructing” (Ginclair and do Wik, 17761,

# second hypothesis is that senescence, defined By leopold, (19890 a3 deleriorative processes
conducive to plant desth, is 3 prograsmed process of that occurs irregardless of the source-sink
balance of the plant. This sechanise i5 most easily imsgined as functioning in perennial plants in
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the process might persist as a relictusl characteristic in annual crops, having been reported in pea
(Lockhart and Botlschall, 1941}, bean (Nareing and Seth, 1947} and sovbean (Lindoo and Noodén, 15771,
Such & process would still show relations with pod set if growing pods produced a senescence
signal (which could be either an inhibiter or stisulator, depending on the pod growth shage.

The last group of hypotheses consider semsscenre as @ physiological disorder triggered by
imbalances of endogenous growth regulators. The reported rise in abscisic scid (ABAY levels during
seaescence makes ABA an attractive candidate as a geweral indurer of senescence, but mot  all studies
suppart this. [In the case of beans, widely varying levels of ABA were found during and before leaf
sencscence (Colguhoun and Hillean, 19751, On the other hand, if Ieaf senescence at maturity is
triggered by ethylens production in maturing pods, rapid Ieaf fall sight reflect nothing sore than an
excessive sensitivity of leaves to ethylene.

The strongest arguments for source-sink relations coee from studies of effects of depodding and
defatiation, Continual depudding, whether through artificial seans or physiclogical stresses causing
Hlower and pod drop, generally reselt  in delayed leaf senescence {Tanaka and Fuiita, 19791, The
fact thal senescence ultimately does pccur  {an ohservation used to support the second hypothesisg
Nooddn, 1980) may be ascribed to eventual depletion of nutrieat reserves f{particularly with
artiticial depoddingd, accusulation of diseases and pests, changes in agrenoaic conditions such as
cooler temperatures or failures to saintain irrigation treatwents, or deleterious effects of large
accumulations of starch in leaves.

A second line of evidence coaes froa studies of carbohydrate and nitrogen resobilization and leaf
photosynthetic rates, where patterns of senescence and relations between nitrogen contest and AF are
in full agreement with the idea that spurce sink balances detersine patterns of senescence, Although
the balance of evidence appears to favor a relation between source-sink balance and senescence, the
guestion is far from resolved, Thimann (1980} and Nooddn {19B0F have written lengthy reviews
defending other eschanises.

[. Integration of Processes

1. Carbohydrate and Nitrogen Partitioning:

Studies on **C distribution in beans (Seth and Wareing, 1967; Lukas et al., 1976; Tanaka and
Fyjita, 197%; Water gf al,, 1580} have provided a fairly complete picture of qualitative patterns of
tarbohydrate distribution during crop growth.  Young leaves are their own sink, incorporating atl
fived carbon into leaf tissues, but as the leaf espands, up to BOZ of fixed carbon may be exported
from a leaf. fAs a leal approaches senescence, sxports fall with declining photosynthetic capability
and increased respiratory costs. A source-sink unit has been defined, comsisting of a leaf, any
branch of raceme in the axil of the leaf, and the internode below. The degres to which this unit
pxports assimilate to other parts of the plant varies with growth habit, leaf position, and growth
stage. Stephenson and Wilsen (1977}, studying soybean with '*0 analysis, showed that this unit was
sble to account for uwp Lo 708 of the assismilate distribution. This unit, ieitially tersed a
"nutritional unit” (Adams, 19467}, was subsequently named the "phytomeric unit" (Adams, 1981} due to
its great physiological significaace in carbohydrate source-sink balance.

Although the phytomeric unit is a useful approximation, it sieplifies differences among leaves.
Lower leaves eyport a large proportion to roots, while leaves at the highest nodes of indeterainate
plants export relatively large proportions to lower nodes. Removing racemes at one node results in
greater exportation to adjacent nodes both above and below. Vegetative tissues can serve as sites of
accumilation of assisilate reserves. FRemoving pods will augeent reserves, while defoliation and
water stress triggers assimilate and N remchilization (Izquierdo and Hernandez, {984, unpublised;
fable 91.
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Tahle 9. Water stress and 33X defoliation” eean effects on dry matter
N stem remobilization of sixtsen black bean genotypes, Chillan.
{Hernandez, 1784).

Stem resohilization (- ¥*

Treataent Ury matter Nitrogen
g plant~! a9 gt
334 defoliation 21,63 2.2
Drought .32 2.55
Control 18.84 1.83
Bayes LSDTY - 0.42

* The water holding (drought} and 33X defoliation were applied at 504
{lowering.

* [Ehange in dry matter and N content at stems from 0% flowering to
physiglogical maturity.

Ctudies on nitrogen distribution have not provided as cosplete a picture due to the lack of
techniques as convenient as those used with '*C. However patterns of nitroges accumulation and
rembilization determined through analyses of tissue N suggest patterns similar to carbon with
necessary differences dus to N entering the plant through the roots, and to the relatively high N
requirements of leaves and pods (Westerman et al., 17B3).

Basic patterns beth of carbon and nitrogen distribution are probably identical to those found in
other grain legumes (Shibles et al,, 1975; Fate, 1975}, and are consistent with the idea that much of
bean plant growth and development is regulated by competition among sources and sinks. The size,
eetabolic activity, and proxiaity of a sink to sources sees to be primary determinants of the ability
of a given sink to compete among other sinks.

While this qualitative model is of great use in understanding crop growth, more guantitative data
are needed to deteraine whether allocation processes limit bean yield. Adanms et al. (1%78) showed
differences in accusulation of starch-like sustances among  different cultivars, but did not
establish whether the differences were due to variability specifically related to remchilization,
or to other {factors such as overall plant vigour which could indirectly control the amount of
assimilate available for remobilization. However the technique they used is appropriate oaly for
very gross genotypic separation, and was found to have a low correlation with quantitative starch
analyses (Izquierdo, st. al., 1%B3}.

2; The Source-Sink Model:

Having reviewed the various component processes of bean crop growth and development, there
remazins the task of integrating the components into an overall sodel of how 3 bean plant functions.
The most satisfactory model available assumes that basic processes are integrated by competition
among sinks for lisited resources, and that the relative proportions of resources allocated to
ditferent organs depends on what Brouwer (1943} described as "functional balance".  Reduced
availability of water or nutrients reduces partitioning to leaf growth, hut increases partitioning to
roots (Figure B). Defoliation results in excess root capacity in relation to leaf area (too high a
root to shoot ratio), and partitioning will favor leaf growth until the functional balance is
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rgstored. Central to the sodel is the assusption that resources, usually carbohydrate or nitregen,
are limiting, However, this presise is not wniversally accepted, and the doubts serit discussion,

10

Relxtovs partssoning
o
"
3

Incewusing woll tertllity o water Svslinbility

Fig. B Hiustration of “functionsl halance® {Brouwer, 196%) hetessn relative partitioning of grosth
in leaves or roots as affected by soil fertility or waler availabiblity,

Inhibition of photosynthesis due to insufficient siok strength is one argueent. I this
condition cceurs, then it follows that resources are not limiting., Evidence for the effect coecs
prisarily from experisental manipulations creating abrupt changes in source-sink relations (e.q.
through depodding), so while sink limitation of phetosynthetic may occur, one might argue that it is
nat & aajor factor vnder sost field conditions. In oppostion, up te 35 9 &2 of unremchilized total
nonstructural carbohydrates were found in stess of Type I beans in monoculture with a normal plant
stand at physiclogical maturity (lzguierdo, 1981). This could indicate lack of use of available
reserve resgurces due to seall sink size and/or to delayed senescence with relatively high &F,

Bnother tine of criticise comes fros work primarily of Lasbers (1979, 1982, and 1984} on cyanide
resistant respiration. This respiration utilizes pathways indepondent of those sentisosd previously,
and seess to produce no produrts coesidered essential to growing trops. ladeed, ils priscipal
effects are a depletion of carbohydrate and geseration of heat. The process appears widespread
in plant species, and occurs in beans {Rzcon-Bielo and Lasbers, 1983). As Lashers (1983} has argued,
such apparently *waste” respiratory activity is inconsistent with any theory assusing that resources
are limiting. At the moment, perhaps the best argusents against this criticisa are that scdels
assuming lisited resources are remarkably good at predicting crop growth le.g. SOYGRO by Wilkerson eb
al., 1983, and that research om cyanide resistant respiration is sufficiently new and the technigques
involved are difficult enough that its function may resain o be discovered.

A third line of criticise stees {from findings that roots can release )arge asounts of
carbohydrates and amino acids into the soil where they stimulate microbial activity (Russell, 19771,
Under conditions of nutrient stress or in the presence of soil pathogens, such activity sight
benafit the plant via stimulation of beneficial organisms such as sycorrhizal fungi or bacteria which
inhibit pathogens., However, conditions sight occur where such secretions would serve no function,
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I11. YIELD POTENTIAL
#. Introduction

Haximum yields for bush beans are on the order of J to & ton ha™ (Table 10}, Occasional reports
of higher vyields ars found, but are usually attributable to small plot sizes with strong border
effects, Clisbing beans on trallises have yielded B tons ha™' (Fanjul et al., I982), but comparisons
#ith bush beans are of limited seaning since trellises eliminate lodging while reducing the need for
allocation of assimilate to tissues for sechanical support. Although yields of 3 to & ton ha™' are
impressive {over 10 times the eean yield in Latin America), they are so infrequently obtained that
considerable research has gore inte finding ways to maxisize yields in besns,

Table (0. Maximpua bush boan experizental yields reported from the Bean
International Yield and Adaptation Nurseries, 1976-1984.

Lrop
Year Location Varigty Yield duration

kg ha™! days™!

1976 Santiagn, Chile Poshla 158 3765 113
1977 Braneros, Chile Fintn Dorado 3500 M
1978 Bransros, (hile IC4 Fijan 4400 k]
1979 Palaira, Colosbis BAT 83 4600 75
1980 Braneros, Chile Jamapa 4800 -
1981 Granerns, Chile BAT 5B O i
s Braneros, Chile damapa 500 %
1563 Braneros, Chile O 3000 3
1984 Popayan, Colosbia IRV B30 50 108

Work on "yizld potential®, as it is tereed, generally assumes that for a given climatic regise,
suil fertility and water availability are managed to provide good growing conditions, and that
effects of pests and diseases are minimal, if not cospletely abseat.  Theeretically, agronowic
practices should be "cptimal®, bubt since this wmight include use of LU fertilization, supplesentary
radiation, or artificial supports, most researchers have studied yield potential in the context of
exigting cropping systems, either for bush or clisbing beans. We follow this precedent, emphasizing
bush beans in sonocutture, but net assuming lisitations om practices such a5 plant densily, row
spacing, irrigation, and fertilizer applications,

1. Estimates of Yigld Potential:

fis mentioned above, eavimus yields for beans (Table {0) pravide ooe estimate of yield potential
in beans. Vields of over 5 ton ha™? {rom IBYAN's in Chile illustrate the ieportance of considering
production envirpnment. The Braneros site has fertile soil, high radiation {little cloud cover, and
daylight of up to 15 hoors at its 3495 latitudel, cool nights (10°C to I3°C minimum), and little
disesse or pest presswe. Photoperiod effects say provide additional benefits, since long days delasy
Hlowering and maturity. Khile high yields can be obtained in beans, one should not expect that a
trapizal site with longer, warmer nights, lower radiation, and a ayriad of other prohlees will yield
over b ton hat,
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Eonsidering saximum yields of other leguae crops (Table 11}, bean yields are similar on a per day
basis. Data for non-leguse crops suggest a considerable “yield gap® {Tahle i1,

Varipus indirect estisates of bean vield potential are available. Assuming that greater lodging
ragistance and delayed maturity are obtainshle, yields of clishing beans might approvimate the
potentizl of hush beans, Flowering and maturity have been delayed in Forrillo Siatelice through use
ot photoperiod effects provided by a gradient of artificial light giving a 18 hour photoperiod.
Yields increased 48 &g ha™! for each day of delay in maturity (Table 120,

Studies of beterosis effects sight provide another sowrce of estimatss. Batierrer and Singh

{1983) chtained Fi yields 28X to 471 over percent the seid-parent value, but no cross yielded
significantly better than the best parent,

Table 11. Estimates of yield potential of grain legumes and other crops.

Crep
Lrop Yield duration Reference
{kg/hal {days)
Legumes
Chickpea 4000 Bagena, 1954
Cowpea 4200 Wien and Susser{ield, 1784
Groundnut 5e06 fishtey, 1984
Pigeonpea £500 e Eheldrake, 1983
Goybean Shidy Shibles gt gl., 1973
Noat -1 eguses
Corn 1 2000 132 Hilthorpe and Hoorby, 1979
Rice 12600 190 Hilthorpe and Mporby, 1979
Borghum T30 Miller and ¥ebede, I9B%
Wheat 14104 Evans et al,, 1975
Fotato 19000 Hilthorpe and Moorby, 197
ttuber dry wt.]
Sugar beat 5000 300 Hilthorpe and Moorby, 1979

Cruder estimates of yield potential come from studies of flower and pod shscission. For 2 crop
producing 250 pod &2, each pod containing 1.2 g of seed {4 seeds weighting 200 mg eachi, & X
increase in pod set with no change in yield pod~! must, by sisple algebra, give a yield increase of
0%, from 3 to 3.6 ton hav!', Considering that flower and pod abortion rates are frequently on
the arder of &0% ta 80Y, yield putential would be around 5.4 ton ha™*. Further details and data on
estimates of yield potential considering reproductive sheission are discussed under the tepic of
intreasing sink strength as a strategy to increase seed yield,

Before reviewing strategies for yield potential, the role of agronomic managesent merits
attention, Although proposals usually assuee "near optimal® agronomic conditions, oae may guestion
whether preseat agronomic practices truly approach those needed to obltain mavimum vield. I four
independent fartors le.g. planting density, water mansgement, fertilizer applications and soil
compaction! are at 951 of their optieum, this results in a 192 yield reduction (20001 - (3%},
enough to reduce & hypothetical potential of & ton ha™* to 4.6 ton ha™'.
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Table 12, Yield of cv. Porrillo Sintelico wnder {four photoperiod regiass
provided by a gradient of light intensity givea an 1B hour
photoperiod, CIAT-Palmira.

Distance Pays to Sewd Total

fron lamps louer maturity yield hioaass Lap
3  ans kg ha=tewmmem
3 it 95 4100 7000 23
? 4 84 3500 S600 ib
15 35 7 3000 4700 12
2 . &9 2800 4100 i

B. VYield Potential vs Agronomic Manageaent

Before reviewing strategies for yield potential, the role of agronomic managesent merits
attention. Although proposals usually assume “near optimal® agronomic conditions, one say question
whether present agronomic practices truly approach those needed Lo obtain savieua yield. If four
independent {factors {e.g. planting density, water management, fertilizer applications and soil
compaction) are at 954 of their optimum, this results ina %% yield reduction (01 - .93%)),
enough to reduce a hypothetical potential of & ton ha™ to 4.4 ton ha !,

T, Fhysiological Strategies 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. f@s 3 conclusion, the authors
propose an ideotype for saximum yield. The problems of earliness and seed size, and for some
unconventional strategies are alsoc discussed.

1, Sowrce Lisitatioas:

Many strategies aro based on the assusption that increasing yield polential requires an increase
in source =iz, Support coses froe the observation that in comparizons of varieties, greater yvield
is closely associated with greater growth, whether seasursd a3 crop dry weight, leaf area duration,
or other size paraseters (fable 131,  FReductions of yield under shading (Escalante, 1980} and
yield increases with CO; fertilization {Laing, et al., 1984} also support the assumption that source
size linits vield,

The simplest strategy for incressing source strength is simply to increase the length of the
growth cycle.  In varietal trials managed for high yields in tropical areas, yield is wsually
correlated with tise to saturity (Table 130,
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Table 13. Correlations of yield with harvest indey, biomass, days to
saturity and leal arsa duration fros various studies.

Loaf
Har vast Days to  area
Trial index Biomass satur. durat. Source
10 lines
Habits | and 2 31 LA 751 .BOtY White, 9B
38 liney
Habits 1,2,
and 3 At BIEE LAl A2t Bhite, 1981
Forriile Sintetico
12 experiments .28 (044 .BS#0 LB7H  Laing et al., 1904
¥ spacies of
grain logumes .30 LS13F B&tE LT3t Laing et al., 19B4

Length of growth cycle

Table 14, BSeed yields of B lines grown under 3 daylengths, with and
nithout trellises. Palaira, 1985h.
Daylength Uwi
Cultivar 12.5 13.5 14.5
kg ha™t
NG TRELLISES

Ju 7812 2185 1583 1652
B 17648 1350 1234 873
BAT 450 338 2439 2413
JU 8043 204 25 2154
DOk 47 335 239 2647
X 112 2038 1686 041
& 37N 35 2307 2178
& 3807 1590 1785 1992

Hean 2052 2008 1999

WITH TRELLISES

Ju 78-12 2694 3200 348
& 17658 1862 2913 1554
BAT 450 2324 2598 21%0
Ju 8013 2013 i s | 2444
bR 49 2304 yaLil 2844
AN 112 2043 2106 2486
6 2059 1912 2800 2338
B 3807 i3 1562 2144

tiean 2115 20 2416
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The previously sentioned work with ghotoperiod treatesnts to delay maturity demoestrated this as did
a yield trial of & lines grown under I photoperiod regises (Table 14). Wallace (1985}, reported that
at higher latitudes, yield is negatively correlated with latensss, apparently because late aaterials
sature poorly as a result of growth lisitations with cooler tesperatures. Although there has been
considerable work done on genstic control of tise to flowering and saturity (Nallace, 1985), and
there have been efforts to select for late malturing lines, expected yield increases have not been
chtained. A sajor problem has been that selection for lateness resulted in selection of saterials
which are late because of poor photoporiod-tesperature adaptation, not greater vigor or source
capacity.

Fhatosynthasis

fnother strategy for increasing source capacity is to increase the photosynthetic capacity of the
crop. &s in most crops, consistent positive correlations between supposed maximua photosynthetic
rates and yield have not been found (Kuenesan et al., 1979,  Ihis failure probably results froe
interactions of factors detersing the efficiency of photosynthesis at the crop level. Comparisons of
photosynthetic rates in 20 Iines of wsung bean {(Chandra, et gal., I985) supported this assusption.
¥hile maximum rates were not correlated with yield, rates during podfilling {which were only 30 lo
601 of mavieusm rates) had a correlation of .56 with yield (signiticant at the 0.01 probsbility
level), Given that photosynthesis rates during pod filling uswally decline rapidly due to nitrogen
reachilization from leaves to pods, the weost critical probles relsting photosynthesis to yield
potential may be nitrogen partitioning during reproductive growth, as discussed later,

Respiration

Reducing respiration implies both a direct increase in availability of assisilate, and 2 possible
irdirect increass through highsr oplimal LAL. Assuming that growth respiration depends on plant
composition, selection for decreased growlh respiration would probably prove difficult, and might
result in lower protein content in seeds.  Delection for  low smaintenance respiration appears aors
promising., Work in perennial ryegrass and fescue (Wilson and Jones, 19823 Velenec, gt al., 17%8%)
have resulted in successful identification of lines with reduced respiration in ware tesperatures,
and these differences were assoriated with increased yields. Gifford and Evans (1981}, in a review of
relations asong photosynthesis and partitioning, concluded that such resulls represent the only known
tases where selection for 4 photosynthetic or respiratory characteristic were successfully related to
yield, However, to dste, research on respiration costs has received minisal attention as compared
tu phatosmthesis,

In beans, as in other crops, considerable effort has been expended in identifying lines
combining reduced photorespiration and greater yield, (Wallace, et al., 1974}, Results have been
negative, supporting the conclusion that photorespiration is an unavuidable consequence of increased
Oy concentrations fn the presence of RBP-carboyylase (Powles and Ossond, 1979 Tolbert, 1980).

Light utilization

Since crop photosynthetic rates depend on light interception patterns, yield poteatial sheuld
vary with canopy structurs, The relatively horizontal leal orientation detected in studies of light
interception in besn canopies imply loss of eficiency due to excessive illuaination of upper lsaves
and shading of lower omes. #s in sany other crops, ideotypes for beans often suggest selecting
for more erect leaf orientation. Wien and Wallace (1973} and Sato and Gotoh {1979 and 1987 detected
varietal differences in leaflet eovements, but the results wers not sxtended to effects on canopy
structure,

himple geosstric argueents suggest that for a given LAI, both ssaller leaves and greater vertical
separation of leaves will result in better penctration of light i the tanopy (Loomis and Williass,
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196%),  Reducing leaf stize should not prove prablesatic, but the Principle of Sinilitude (Thompson,
1742 dictates that the taller the plant, an increasingly great asount of resources sust be invested
in tissues with support functions {e.g. in ctems and petioles). One concludes thal for 3 given set
of growth conditions, there is an optimal bean plant height. Guantitative estimates of optima are
tacking, but in cereals reduced plant height has been associated with higher vields (Chandier, 1947},

Ladging is comsonly seen in bush beans, and often reduces plant growth severly (Fig. 7!, Gome of
the damage is wsually attributable to mechanical damage and subsequent disease infections, but loss
of plant height redures efficiency of light interception. Thus, lodging resistance is another
gechanise for photosynthetic efficiency., Although, use of trellises can reduce plant partitioning
for support tissues, freping additional assimilate for pod growth, it is instructive to consider data
for vields with and without artidicial supports in relation to other experimental manipulations.
Delayed maturity theough photoperiod estension resulted in increased yields when trellises were
arovided, but the yield effect was not detected im plots without support. Gtofells et al, (1979
reported morphological variation in roots strongly associated with fodging resistance and sesd yield
in blazk bean lines, indicating that a larger root size may reduce lodging and increase seed yield.
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Fig. 9  Effect of artiticial lodging at different dates from flowering o seed yield of v,
Porrillo Bintetica. Lodging produced by rolling a bamhoo pole over the crop. LiAT-Paleira,
1975,

Higher maximum LAD is not necessarily beneficial since greater leaf area alone results in greater
respiratory costs and a reduction in light intensities in the lower canopy. However, if respiration
is reduced or efficiency of light interception isproved, greater saxisum LAI's would be beneficial.

Incregsing LAD is desirable if arhieved without evceding optimsl LAL, but achisving higher LAFs
seems difficult.  Agronomic practices favoring rapid canopy establishment (narrower row spacings and
higher plant populations! eight help. Another possibility is to redure the rate of leat senescence
during pod $illing. Supposedly non-senescing bean lines are knawn, bet their yields are low enough
that this characteristic was probably achieved through reduced reproductive growth,
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2. SBink Lisitations:

Although rost studies on the relative importance of source and sink strengths in detersining
yield potential conclude that source limitations are more important, possible sink lisitations, sost
notably “excess” flower abortion, are often reportad. Furthermors, sink inhibition of photosynthesis
would make source strength appear limiting shile actually resulting from insufficient sink steength,

Fossible causes of low sink strength may be classed as either insufficient mmbers of sinks or low
strength of individual sinks,

Flower, seed and pod abortion

Fruit setting and pod retention procedes acropetally in leguees. fbscission of flowers or small
pods cecers on practically every raceme of the plant. There is evidence that the basal and older
pods regulate the abscission of new flowers and seall pods in several species of grain leguse. This
has heen substantiated in cowpea (Bjehoson, 19723, lupin (Van Steveninck, 1937}, lisa bean (Cordner,
1733, taba hean {Jdaquiery and Keller, {980), soybean (Riebuld
et al., 1981}, pigeon pea (fAriyanayagan, {9804, and dry bean (Subhadrzbandhu, 1974 and Tamas, 1976},

The abstission of reproductive organs during {lowering and-fruiting peried in the grain legumes
is often groater than 30%.  Binkley {1932} showed shedding of flowers of sic garden bean up to 784
while a range of 421 to 542 of reproductive abscission on nine genotypes comprising four differing
ptant architectures were found (lzguierdo, 198la).  Pod drop accounted for up to B2X of the total
reproductive structures abscised, with the shedding of s=mall pods fess than 10 ma in length
accounting for most of this {Izquierdo, 1981h).

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 gt al,, 1978 and Tucker et al,,
1973}, Abean yield potential wp to &30 kg ha™! hes been estisated if the yield loss due fo
abscission was added to the actusl yield (Table 15}, Patterns and rates of flower and pod shedding
significantly differed among genotypes with contrasting plant architecture and growth habit (Figure
10}, Since pods abscised at such an early stage of development one  might suggest that the lack of
fertilization is mainly responsible {for abscission but  evidencs is contradictory. Yare: and
comprkers (1984 found that flower buds with 2 high probability of abscissing showed a wide range of
abrorsalities including large nuabers of ovules with necrosis and 151 of buds lacking the esbryo sac.

Most ressarchers have assused that seld pollination procedes at a high enough rate in beans that
pellination is not a limiting fackwr, but the +fact that pollination does occur in the shsence of
pullinators does not establish that it is of sufficient efficiency to saxiaize yield potential,
Artificial tripping of bean {lowers, which simics the effect of bee visils, have increased seed set
per pod  and nusber of pods per inflorescence, but effect varies with genotype and season (Table 14).
This variation probably explains why artificial sanipulations resulted im yisld intreases in some,
but not  all lines whea flowers opening in the first 7 days after {lowering were artificially tripped
{Table 17}, Unfortenately, these results still do not establish that pollination lisilts yisid
potential. Ineffjciency of pollination may be a character of lines with low yield potential, while
the highest yielding materials already achieve sufficient pollination.

Halterlein et al, (1980) stated that only one fertilized ovule was needed to prevent pod drop.
Pechan and HWebster (1984} also found that abscission occurred primarily in fertilised flowers of Red

Kidney beans. And similar results have been found in soybean (Abernathy et al., 1977 Wiedbold et
al., 198l
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Table 13, Estisated losses in yield due to abscission, actual yislds
yield patential of nine dry bean entries comprising four
architectural forss, East Lansing, 1981,

Estisated
frchitectural yisld loss due
fore and entry to ahscission® fActual vield Yield potential”
- kg ha!
frchitype
61380 2661 577 & 6239
£1334 3165 3074 ab 4262
3134 3168 240 b h137
Classic 11
1% 2904 2587 bod L2
Neg-2 278 849 b 5644
Beali bush
teatarer 347 256% bed W0bh
Banilac Rei 1821 o 326h
Tuscala 82 2162 de A954
Erect small bush
L-14 3027 2366 ©d 314

* lreproductive absrision/m?] . {seed/pod) . (seed weight}.
¥ Yield potential = Estimated yield Ipss due to abscission + actual yield,
* Hzan separation ie colusns by funcas's range test, Ji.

Source:s  lzguierdo, 1981

Ferkaps the best way to reconcile these different reporis is to assume that causes of abscission
vary greatly with growing conditions and coltivar. Abscission may result from water slress or from
cospetition among developing pods for nitrogen, other nutrients and carbohydrates. Another cause of
ahscission is probably related to horsonal reguiation of abscission of younger developing structures
fn @ racese, eainly by the plder freit, Regulatory control also could be exerted through horeone
availahility, horsone balance or horsone inhibition of assimilate mchilization to developing seeds.
Bifferences between bean oddtivars for ethylene production by reproductive structures has been
reported {Izquierdo and Hosfield, 1980F and related to levels of reproductive ahscission. El-Beltagy
and Hall (i575) suggested ethylene as the cause of abscission in broad beans, and specific response
to ethylena by target cells located at pod peduncles has been described (Dsborne, 1977 and Webster,
1973,
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Patterns and mean rates of reproductive abscission (Flowers:a and pods:h) of dry bean
genotypes with diftfering plant architecture and growth habit. Gmall bush: cvs. “Geafarsr”,
*Sanilac” and “Tuscola™ (navies, growth habit 1)y classic [i: cvs. *Black Turtle Soup® and
"Nep-1* (growth habit 11}y and architypes lerect, reduced branching and narrow profile
canopyls breeding lines 41380, 61356, and 61418 (growth habit 11}, Source: Izquierds, 1981,
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Table 16. Effect of artificial tripping of bean flowers on pod and seed

spt in ten bean cultivars,

Falmira, 1984,

__Pods/Infloreseence Seeds/Fod___

Control Trioped Control Tripped
A 120 .30 0.73 4.2 1.4
Lt 1.3 .22 4.5 4.4
A 277 0.84 0.93 31 41
A 429 0.67 1.48 4.5 4.8
A 443 0.32 0.53 .8 4.4
A 488 0,22 .41 50 2.¥
BAT 202 0. 14 0.3 2.9 1.8
BAT 1044 1.42 1.0 5.9 3.8
BAT 1281 0.9 0.52 3.0 3.0
BAT 1470 n.e8 0.67 2.9 2.3
Haan 0.84 0.94 4.1 §.7
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Table 7. Effect of artificial tripping of bean {lowers on seed yield
four cultivars. Falmira, 1985,

Yield __Seeds Fod™' Fods &7
Cultivar Conkrol  Tripped  Control  Tripped  Dontrod Tripped

e 111 I T QRIS
Bat &77 2.43 2.45 5.4 5.4 218 250
BAT 1481 2.5 .89 1.3 5.2 250 240
falima 1.3 1.57 2 2.0 o5 103
& 1540 140 £.39 4.2 4.1 164 17!
F Treatment 7.8 0.9 1.2
Eultivar ¥ Trt. 2.7 1.2 2.8

1 Significant at p = 0.5 level

Arother explanation for poor pod st assumes that the other organs or older pods are competing
successfully with the flowers and small pods for assimilate. Wisbold (1961) speculsted that incressed
abscission in canopy regions receiving low irradiance might be a consequence of non-availability of
phatasynthates in soybean raceses, Llotalized cospetition asong older and younger developing pods,
at each bean “"phytomeric uwnit® could cause a Jocalized abscission, Carbohydrate availability and
level wore studied as regulatory agents in sbscission. Subbradrabandhu {1976) reported that carbon
dioxide enricheent and long  days during the reproductive phase decreased pod abscission due to 2
high accusulation of rarhohydrates in the steas of the cv, “Black Twtle Sewn™. Higher IKI-starch
scare values have been associated with higher pod retention and yield of cva. Nep-2 and Black Turtle
Soup than the navy cy. “lTuscola” {rquierdo gt al,, 1980,

In the same line, a model based on vascular limitations has been postulated for pigeon peas
{Rawson and Constable, 15817, Thiw explanation assuses that the carbon-assiwmilates can not be moved
to the flowers and skall pods rapidly enough because the vascular systes of the pedicel is not fully
operational. Axilary flowers with short pedicles and 2 large cross section with large leaves close
to the sink could increase the potential yield by reducing the resistance to the sovement of
assimilates, In wheat, phioem capacity appeared to be guits plastic, different species varying
H-iold in tross-cectional area of phloca, The variation was assoriated with sink strength, thus
leading to the conclusion that translocation was prohably not lisiting (Evans ef al., 19700,
However, seasuresents of translocation rates are difficult to eske, and the probles has aol been
resulved (Evans, {973

Esphasis is wsvally given to losses in siok strength due to flewer and pod abscission, but
abortion of individual ovules or developing sobryoes would also reduce sink strength. Unfortunately,
data on pshryo ghortion is rare since determination of ovule nusbers requires tedious dissections of
individeal ovaries. VTable 1B compares neaber of seeds per pod at harvest, and the maxisus number of
seeds per pod found in the harvest sample, Assuming owvule nusber indicates potential seed musher, a
20% or more loss in yield potential could be ascribed to eshryo abortion. But again, it reeains tobe
demonstrated whether such abortion reflects defects in developsent, or is simply due to insuddicient
assiniiate,
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Table 18. Esbryo abortion rate, sean and maxisus nusber of seeds per
sean number of owvales per pod and seed weight in 3 lines
{from White, 1981},

Enbryo?
abortion  Mean No. Havimus No. Mean Seed
Line rate seeds/pod seeds/pod ovules/pod neight
"
B 122 L1 1.5 b 6.3 9
& 1540 421 i1 5.8 5.3 27
B &% 411 2.3 1.8 1.9 440
B 4935 2 5.9 8.5 8.1 B0
5 457 441 4.0 7.3 7.4 120

* Calculated as 100t (I - seeds per pod/ovules per pod)

Fod growth rates
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Fig. H  Relation between seed yield and duration of pod filling in 20 bean lines. CIAt-Falaira,
1984,
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In addition to effscts on ausber of sinks, low strength of individusl sinks sight lisit vieid,
it this were true, pod growth rate might he correlated with vield.,  For 19 bean coltivars, savieus
pod growth rate was only slightly correlated with yield (Fig. U1}, As discussed in the inbroduction
to the section on yield patential the results only demonstrate a relation, not causs and effect., Fod
or seed growth rates and duration may reflect availability of assimilate as such as sink strength.
However, if this were the case , treatsents which alter the source-sink halance, such a5 depodding
and defoliation, should aller pod growth rates. Fod growth patterns under such treatments are very
similar as comparsd to differences asong cultivars (Figure 73, supporting the possibility of sink
strength effects.  When the pod elongation rate of 25 Hnes within an loternations] replicated trial
tor drought tolerance (BIDVT-CIATY was measured, both under post-flowering ueirrigated {(stress! and
irrigated conditions, a reduction wp to IFX in the linear elongation rste was chserved (B9
irrigated and 7.37 mm day ' under stress? (lzquierde and Huspe, 1984, unpublished!),

Harvest indey

14 sink strength is limiting, one would expect s relatively large proportion of crop weight at
maturity as vegetative growth instead of seed vield. 7o evaluate Ihis pessibility, a "harvest indsd”
is usuatly calculsted as:

HI = Eead yield/Biclogical yisld,

where bislogical yield is simply total crop dry weight ab maturity. Bhile yield iecreases in
many crops have Deen binked to increased harvest index  (Wallace et al., 1572), data showing
correlations anong yield and harvest index sust be judged with caution i sob cosplets shephicise,
Since harvest indey is calculated ia part from yield data, any correlabion will include this artifart
and he artificially inflated (Charles-Eswards, 1982}, GSimply esing pairs of random neshers to
caleatate artifirial values of harvest index, one can gecerate highly significant correlations.
Lalculating valuss representative for beans, & mear harvest index of 0,38 and se3n "yislds™ of 2.0
tons ha™' generated with random numbers, 20 pairs of data gave a correlation of r% = 077 (Figure
[z},

o

09
H
H
)
L3
g
T

o5

»
. ¥ =032 + 0 0001 78X
. =077
0.4 . .
1000 . 2000 3000

Tindd (g he ™'}

Fig. 12 Otificial correlation of yield and harvest index calculated from pairs of zandom nuaber s,

fdding to the problem of interpreting harvest indey values in beans is that varietal differences
in defoliation and stem senescence during maturation of beans make it difficult to decide which
tissues to includs in a sasple. Difficulties are also encountersd inm deciding when to  sasple, and
how to manage the sample subsequently. Harvesting at a single date will infiate values of early
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saturing lines. Permitting samples to air dry after harvest aight result in reduced differences
since respiration can continue to cause weight loss.

To cope with some lisitations due to cultivar differences in leaf abscission at maturity a
sodified harvest index (Kohashi-Shibata and da Costa, 1980) has been proposed as:  eHl = seed
yield/total cusulative biclogical yield at physiological wmaturity + dry weight of abscissed organs
(fiowers, pods and leaves). The collection receptable for field abscission studies described by
Izquierdo and Hosfield (1982) is well suited for obtaining the dry weight of abscissed components.
Fig. 13 shows a highly significant correlation between the sHI and final yield, although this result
is also an artifact.

Masaya (persenal cosmunication} compared harvest index to other paraseters for individual plant
selection in F2 and F5 populations, and found that it was essentially useless (Tahle 19}, More
ressarch is needed to svaluate sHl as a tool to overcose the limitations found with the conventional
harvest index.

Yiaid (Ton na™)

O 1 1 1 1

03 04 0.5

Madilied harvest index

Fig. 13 Modified harvest index relationship to yield for 9 dry bean cultivars with dif{ering
plant architecture (0! architype; 0: classic 1l; 0: small bush; and 0: tall erect bush),
Bource: Irquierdes, 1%9Gla.
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Table 19. fverage seed yialds of Fy progenies derived from individual
plant selections in the F; ysing various cosbinations of
selection eriteriar HI = harvest index; ¥ = plant dry weight
DY = daily yield. Nuebers in parentheses indicate F» plants in
# given splection category. Masaya, personal communication.
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3. Assisilate Partitioning

Rather than assuming that specitic characteristics of the source or sink limit yield, an
alternate hypothesis is that it is the partitioning process which is defective. Adams (1971, 1975,
and 19811 has proposed 3 series of architectural sodels eephasizing the need for cultivars shich are
efficient in sobilizing both dry matter and N to the seed, 1§ a cultivar accwsulates assimilats and
nitrogen during vegetative growth, and is able to remobilize it during podfilling, this should delay
leat sepescence, and lead to higher vields. [osbined with 2 sore erect plant type to reduce lodging,
such 4 plant-type should perail such greater efficiency during the podfiltling period,

Moditication in plant architectwe does not necessarily have to lead to increased efficiency in
transloration although yield advantages of the improved varieties over old standard cultivars has
haon associated with changes in physiclogical perforaance (Bay et al., 1980}, The sorphological
eodel characterized by the Adam’s architype has produced apparently not only a more desirable bean
plant type from the agronomic standpoint {lodging resistance, and ease of eechanical harvest), but
has lead to higher yields due to incressed physiological efficiency involving filling duration,
partitioning and remohilization of assisiiates (lzquierdo, 1781},

The hypothesis of stress tolerance due to remohilization of reserves is attractive but has
limitations. The ability to withstand & stress by assimilate resobilization is not necsssarily
linked to storage capacity. Fartitioning and remcbilization capacity are both needed and myst be
tonsidered in a breeding progras.  This suggestion is consistent with the fact that bush type
entrigs have been characterized by 2 short but rapid filling period, high partitioning, and high
resobilization of dry matter. However, these entries, as compared to the other types, are susceptible
in different degress to leal area reduction due to physical and biological stresses. Dnce the
phetosynthetic eechanise hecomes impaired  in bush  type plants, seed filling depends on
remphilization. Evidence that water stress enhances assimilate remobilization (Samper and Adaes,



unpublished) indicate the need for further research. Aspects of this probles will be distussed in a
subsequent section,

4. Yield Components:

A special group of hypotheses concerning assimilate partitioning are those related to
characteristics such as seed weight, seeds per pod or inflorescence, and pod number, which may be
defined in suth a way that when multipled together, their product is equal to crop yield. Such
"vield cosponents”, as they are termed, were first used by Engledow (1%23) in studies of sheat
yields, but analyses of vyield comporents are frequently done in leguminous crops. For beans,
components say be defined as:

Yield = 54 x 5F x N, where
SW = weight of single seeds
5F = seeds per pod
P4 = pods per node
¥ = nudes per &7

These coeponents also serve to caleulate others:

BF 5 FN x MM = seeds per #?
SN & &P = yisld per pod
L = pods per a2

54 x BF x PN = yield per node

Componeats eay be subdivided to distinguish between cosponents borme on branches or  main stess
{e.g. Bennett gt al., 19773,

The sisplest strategies for increasing yield through selection for yield cosponents observe that
if cortain cosponents are increased without alfecting the others, then yield sust increase. This
follows from sisple algebra, and as theory is unispeachable. In practice though, studies of
variation in components seasured in ditferent genotypes generally show that for pairs of components
whose product equals {eg. Seed Weight « Mumber of Seeds per 82}, the correlation between the pair is
negative {Table 2. This effect was tersed "yield cosponent compensation”™ hy Adaes (1967}, and is
attributed to compensatory growth as distribution of sose yield lisiting resource is affected by
genetic and envirormental factors. The principal ieplication of this process is that selection for
high levels of one component will probably not result in yisld increasss.

Table 20, CLorrelations between pairs of yield componsots (whose product
equals yield) for two trials of bush beans. Sourcer White,

1981,
Trial withy
i culbivars 38 cultivarg
Seed weight vs. Geeds 2 ~.Bist ~. 8418
Yield ppd™ e, Pods &2 - 65 - 801t
Yield node~' 5. Nodes w2 -2t -7

1,4t Signiticant at the p = 0.05 and p = 0,04 levels, respectively,
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However accepting that yield cosponent compensation occurs does not eliainate the possibility of
identifying an optimal combination of components, Graphs of varietal differences in two components
vhose product equals yield (Fig. 14} illustrates the overall trend of compensation, hut deviations
fros the curves for constant yields show that there is much variation becides that esplained by
compensation.  Thus one aight expect higher vielding lines to represent sose optimal coebination of
components,

3. Integrated Strategies:

fis mentioned betore, plast breeders have made no decisive breakthrough in yields of dry beans
with the excoplion of developing disease resistant varieties which allow genstic potential to be
exprassed,

Integrated approaches considering plant sorphology as well as physiological efficiency have been
attempted by defiaing crop ideotypes adapted to specific enviroosents, Donald (1948) emphasized that
a plant ideotype must be 3 poor competitor.,  This break from traditional thinking comes from the
understanding that the individual plant within a commumnity will express its potential for yield most
fully if it suffers a sminisue of interference or competition froe its neighbors. The crop ideatype
is expected to make a sinimua demand on resources per unit of dry aatter preduced, but the community
a5 a whole mest exiract a eavisum asount of the resources.
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Fig. 14 Yield component cospensation asong 38 bean lines. Curves represent levels of constant

seed yield, Bource: Bhite, 17Bi.

In beans, characteristics such as determinate hahit, early saturity and small leaves have been
considered to provide wide genotypic adaptation (Silvera, 1974},  Adaes (1973} suggested 2 Bean
identype for monccultore, and further hypothesized that only few changes needed to be made to adapt
this ideotype to be a successful competitor when growm in sixed cullure with maize,  He suggested
that the leaf size be mediue to small, and that the sink capacity be increased by raising the nusber
of flowers per racese and nusber of seeds per ped. On the physiological side, he suggested it would
be desirable to raise the net rate of 00; exchange, to increase the rate of translocation of
photosynthate te sink, and to select for 2 high harvest index.
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Tanaka (1974} suggested an indetersinate bean type which would produce sany pods on the sain stes
for sized culture with saize,

Adams {1973} mentioned the isogenic line, model building and factor analysis as three sethods
that had been used in ronstruction of plant ideotypes, but very limited numher of studies have been
conducted in beans. Denis £1971) wtilized a factor analysis of bean plant-type variables, With the
sase pproach, wore than &0 of total variance was attributable to the {factor nased “partitioning®
under stress conditions (Sampor and Adams, 1985, unpublished),

These theoretical, worpho-physiological plant models have heen approximated in breeding efforts
{Adams, 1951}, and ieproved limes have appeared to show greater yield in sonoculture,

4. A& New Strategy:

Having reviewsd various strategies for increasing yield poteatial, a logical conclusion is to
provide a new strategy. Basic coeponents of our strategy are not radically different froe those
described for cereals {e.g. Donald, 1948; Chandler, 1569}, and also share components of previous
proposals for grain leguaes,

Dur first presise is that the strategy sust be developed in the context of appropriate agronosic
aanagesent. We suggest narrow row spacings (e.g. 30 cmd at densities of 40 plants &%, The fact that
these practices do not give mavisue vields with existing materials is irrelevant since the interest
is not in current cultivars, but rather g new type of bean crop. An abhundant nitrogen supply will he
required, For a | ton ha™! yield intrease approximately B0 to 100 kg ha™! of additional nitrogen are
nepded, assuming 50X losses to non-seed tissues and leaching or volatilizatica.  Achieving sech
levels may require split applications of nitrogen or special managesent to saximize N-fivation.
Recent work on flood culture of soybeans has produced 407 increases in growth over convsntional
irrigation, suggssting that water management say require further isprovement {Nathanson el al,,
19641,

A specific sorphology {e.g. determinate stess and no lateral branches) is less important than
crop response  to high fertility. As in changes introduced in to rice cultivars (Chandler, 19670,
plants which show limited N response of stem elongation and leat expansion are needed. This response
will probably be correlated with reduced branch growth and sealler maxieus leaf size. Root or
stem strength will have to be increased to isprove lodging resistance.

The desonstration that photopericd response is often closely related to yield perforeanre
establiches the need for assuring proper climatic adaptation. Reduction of saintenance respiration at
high tesperatures may prove useful. MNilrogen partitioning should perait storage in son-leaf tissues
for remobilization during podfill. This way also require a reduction of pod sink strength in sarly
stages of podfilling.

Specitic coshination of vield components should not be sought, besides saintaining sasller seed
sizes (180 to 250 ag per seed). It is possible thet nusber of seeds per pod should be monitored in
relation to ovules per pod to assure that seed formation is efficient.

In the first 13 to 20 days after emergence, the growth curve of the crop may actually be slower
than with existing cultivars, reflecting less allocation to leaf growth. Early reproductive growth
sy also be reduced, this being associsted with longer leaf life during pod-filling stage. Greater
leat life will assure maintenance of high sesd-filling rates toward maturity,

While this crop will have a higher yield potential, compstitive ability will have been sacrificed
tJennings and Jesus, 1968}, The crop should perform poorly in mixtures with teaditional cultivars
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or other crops, and ia the presence of heavy weed cospetition. Variability in individual plant
yields will be low. The crop will have a poor tolerance to defoliation, whatever the rause.

The most efficient way to develop cultivars satisfying these requisites is first to yvield test a
wide range of climatically adapted saterials under the agronomic conditions specified above,
Haturity date should be recorded to correct yields for length of growth cycle,  Screening for
specific characters should begin with lodging resistanre, nitrogen response, and reduced mavimun
leaf size. Reduced maintenance respiration is desirable, but because of the equipment needed for
sereening it is not suggested as a primary selection criterism,

For sites where late saturity may be esploited, selection for lateness should prove useful, bot
only if combined with strict control to elisinate eaterials with low reproductive sink strength
{"poor adaptation” or low pod seti. Selection strategiss might include sekection for late flowering
anel high node position of the first sainstes inflorestence (not node of first flower).  Exclusive
reiiance on parents koown to be well adapted aight help.

Other desirable characteristics describied for the idectype should emerge through direct selection
tor yvield. Resources should not be invested on seeking thea individually.

7. Gpecial Frobless:

The preceding sections have discussed yield potential with little reference to specific cropping
systems or  limitations of seed type, However, mavimization of yield potential is often sought with
specific limitations, Frobless associated with sixed cropping and mixtures of bean cultivars are
particularly difficult. [Incressing yield potential in eedium to large seeded and in sarly matwing
lines has also proven treublesose. These two topics are discussed here.

Mediug to large seeded cultivars

For conditions peraitting yields of 2.5 to J ton ha™', sedius to large seeded lines therealier
referred to a5 "large seeded” for simplicity) typically yield 2.3 ton ha™! less than small seeded
ones, Losparing mean yields over three brials of 57 lines varying from 170 ag to 470 sy seed weight,
seed size explained approvimately 491 of variation in yield (Fig. 15}, This would suggest that for
mavimum yields, small seeded lines are needsd, but this has to be balanced agsiast consueer
preferences for larger beans. Thus, therse is considerable interest in identifying causes of this
ditterence in yield potential.

The most persuasive set of hypotheses derive support from the recent {finding that small and large
seeded cultivars represent twn genetically distinct groups, reflecting different origins. Tha small
seeded lines are predominantly Mesoamerican in trigin, while large seeded ones have an fndean origin
{(Gepts et al., 1583}, The groups are sufficiently different that progenies from inter-group crosses
useally produce dwart F1 plants (Singh and Butierrez, 19841,

fAccepting that the groups have different origins and are difficult enough to intercross that
there has heen litile introgression asong the groups, the difference in yieid potential siasply
reflect differences in adaptation of the cultivars. The sasll seeded, Mesoaserican types are adapted
to pests, diseases, soil and clisatic conditions typical of middle altitude sites (roughly 800 m to
{600 m) typical of Mespamerica, while the larger seeded types are adapted te conditions found at
higher elevations {1000 a to 3000 e} along the Andes. Although many cultivars are now grown outside
the regions they were originally adapted to, the difficulty of crossing among groups has limited the
possibilities of transferring components of adaptation which would teprove yield performance.

Evidence supporting differences in adaptation is found in comparisons of photoperiod response in
ditferent seed size groups (lable 21).
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Fig. 15 Comparison of mean of seed yields over three trials at two locations and individual seed

weight for 37 bean cultivars. CIRT, 1984 and 963,

Table 21, FPhotoperiod response of flowering for different germplasa
accessions at CIAT grouped arcording to seed size.

Humber of accessions with given
photoperiod response of floweringd

Sesd sizp Day neutral Intermediate Sensitive
Small 53 e 20
{less than 28 mg)
Medium 24 36 52
(28 ta 35 ag)
Large 14 i 3¢

igreater than 15 wg)

ThiZ = 47, p <0001

¥ Based on delay in flowering in 18 hr artificial photoperiod as comared
to natural 12 daylength at Falmira, Colosbia.

Large seeded materisls are predosinantly pholoperiod-sensitive and ssall seeded ores, day-nsulral.
In yield trials perforsed a3t differeat elavations within lolosbia, large sesded msteriasls yielded
poorly at the warmer sites, but were superior at the coolest site {Fig. 1), Austin and Maclean
(15720} also noted that large seeded materials germinated faster at copler temperatures (1200 than
small seeded ones, suggesting this sight provide a useful screening tharacteristic,
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A second ling of argumenis revelves around the assusption that if the developmental processes
which deteesine seed size share genstic conbrol affecting other developsental processes, thes large
seed size way be obligatorily iinked with larger size pf other organs or tissues. Aed thess size
gtfects may be disadvantagesus. for evample, in other creps, large fruit size results from larger
cell size, and related effects arr snidiested in size of leaves, stomsta, pollen grains and other
tissues, this phenosenon being tersed “gigantise™ {Schwanitz, 1967, In beans, seed weight is often
said to be positively correlated with leal size and mean internode length, and has been found
correlated with tissue cell sizes (Fig. 17},

Elose asseciations have been noted between leaf size, pod size, and seed size in beans {Duarte
ang Adams, 1972) and between leal size, lesea size, and seed size in barley (Hamid and brafius,
1978}, These relationships e explicable on the assumption of common genetic influences on
homologous tissues, The assusption of hoeology betwsen lpal  and seed may be reasonable on grounds
that each organ is imitiated at the earliest primordial stage in a sisilar manner froe an apical
seristea.

Sealler cell size has been associated with higher photosynthetic rate and greater drought
tolerance in other crops (Black et al., 1576; Cutler et al., 1977; Nobel, 19804,
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measurad as cross sectional ares in arbitrary units,

Fossible relations batween seed size and pod growth rate also aight influence yield potential.
1§ larger seeds imply larger individual pod weights, and this in turn regquires higher pod growth
rates or longer {illing periods, large seeds might result in excessive sink strength within a
leat-raceme unil, Mhile USSR found highly significant positive corrplatiens of 0.86 and 8.83 asong
seed size and pod dry weight in comparisons of 10 and 38 lines, respectively, However, in studies of
individual pod growth patterns, seed size and pod growth rate were not correlated (CIAY, 1963,
ditferences in pod size prisarily resulted from variation in duration of pod filling, not rate of
tilling. This is in agreesent with observed differences in the linear seed filling period found
between differing plant architectures and strongly related to final yield {Tzquierdo and Hostield,
is8h,

Clearly, the causes of the difference in yield potential among seed size groups are not well
pstablished, although hypotheses shound. Adaptation differences are probably of msior importance,
but accepting this, ooe is still left with the possibility that characteristics chligaterily
agsociated with large seeds are adaptive in cooler clisates.

Early Maturity

For conditions shere growth seasons are lieited, there is @ strong sotivation for sacisizing
vields, Although eany arguments 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 soke strategies for increasing yield potential in early smaturing lines, we
should consider the definition of earliness. Given the strong effects of climate and photoperied on
maturation rate, no rigid definition can be given, nor will specific lines be early under all
conditions. However, as a rough guideline, we will assuse in these discussions that if "normal®
lines at CIAT, Falmira mature in 75 to 80 days, thea early lines would mature in 58 to 48 days,
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The isportance of specialized agroeomic managewent for early lines also serits note.  Accepting
that source limitations will be critical in early saluring materials, rapid establishmeat of leal
areg should be critical. Besides seeking varisties with this characteristic, planting pattern and
density may be nodified for more rapid establisheent of crop cover. For four early lines, Molina
{1986} found that a 20 ce by 20 ca planting patters resulted in greater canopy cover at 3 days, crop
dry weight at 3} days, and seed yields than row spacings of 30, 45 or &) ce with the sase plant
populaticn per upit area (Table 22,

Table 22, Yields of four early saluriog lines sown at four row spacings,
but conserving a population of 20 plants.a"2, Falaira, 1985,

Betwesh _row_spacing_lcml

Cuttivar &0 15 30 20
wwwwwwwwwwwwwwwwwwwwww kg ha™ e
RAB &0 2526 2100 2298 27
XA 145 2340 2060 40 2610
BAY 44 e 2180 2050 2300
& 387 1640 1670 L 1930
Hean 2150 2040 24D 2550

8.E.  for difference of treatment seans = 107

Large seed size is also frequently mentioned a5 2 wechaniss for achisving rapid sstablisheent
{(Rodriguez, 1984}, but in comparison af 40 early matwring lines, seed weight was not correlated with
vield ar yield day~! {Table 27!,

Table 23, Corrslations among yield and other paramsters for 40 early
saturing tines plus B 4523, Palaira, 1984b.

Yigid Yigld/day Bays to maturity

Yield/day L9988 -

Bays to maturity B0 il -

Crop dry weight =733 ) B3t L778
Harvest index .18 .23 -.08

100 sead weight 4 14 .18
Ceeds/pod .28 b 23
Fods/e? 5811 6848 A9

# Signiticant at the p = 0.0 level
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I4 a short growth cycle results in a limited nusber of sites for pod filling, relatively large
pods or nusher of pods per node would increase sink size.  In contrast, for 3 crop with 2 short
period for ped fillimg, very efficient distribution of sink desand eight be crucial. This, in turs,
suggests an advantage for early materials with smaller pods disiributed over & wide range of sites.

Arguments for either a relatively long or short duration of pod filling can also be given. Gince
duration of podfilling is positively correlated with yield, one sight sesk culbivars saximizing this
period within the growth cycle of early lines. Alternately, if total vegetative growth delermines
crop yield, a line which figwered late, but filled pods rapidly would be preferred.

Hany other strategies have been sugggested for increasing vield potential in early maturing
lines. The reader is referred to Rodriguez (1984} for details.

B, Fotential of Bistechnology or other Strategies in the Future:

Frevious discussions have adhered to what might be considered conventional strategies for
increasing yield potentigl. However, with the advances in fechniques for manipulating genes and
propagating plants, there exists the possibility that advances will result from strategies
considerably outside the scope of those outlines above.

Although ewploitation of heterosis through use of hybrid seed has shown little prosise In common
beans {(hutidrrez and Singh, 1983, other strategies for evploiting heterosis exist. In some crops,
seed 13 produced without the genstic recombination occurring in meiosis {(Bashaw, 1980}, the srocess
being tereed "apominis” or more specifically “agamospermy” (ssed formation without production of
gasetes). fApomixis occurs o very low freguenciss in grain leguses (Scholev eb. al., 576}, Mt
with a sore complete understanding of control of seiosis it sight be possible to construct a
apomickic cultivars much in the way as has been proposed for potatoes (Herssen, 1SBOM,
Blternatively, apoaivis eight be scught through asutation breeding. Apomivis cosplicates bresding
stretegies, but cosbining a genstic propensity for apomixis with a requiresent for chemical indurtion
would sinieize this drawback (lwanaga, [98%).

Another avenue for eyploiting apomixis is through vegetative propagatiom, A& few areas of bean
production aiready involve transplant of seedlings (Singh, personal commusication), and introduciog
vegetativaly propagated material should prove straight foreard.  Presently, it is difficult to
propagate beans through tissue culture (Woginski and Kartha, 19841, but if barriers are overcoss, Fl
hybrids wmight be propsgated through tissue culture, and distributed as "sosatic ssbryoids”, that is,
esbryo-like propagules.

Although considerable work has been devoted to tissue rullure with P, wulgaris, te date, there is
no published and confireed procedure available for de novo plant generstion from either callus, cell
suspensiony or protoplast cultures.  Regeneration of plants by in vitro culture has succeeded with
apical seristems of zygotic esbryos only.

Ehoot apex, callus and cell suspension cultures are relatively easy to establish and were
emploved in several studies but results are very poor. In a report that has never been cond 2, Twn
plants were regenerated fros shout 4 callus cultures when explants originated froe leaves of F,
vulgarig wers cultured on a medius supplesented with bean seed extract (Crocoms gt al., 19740, fa
average of 13 regenerated buds per sach explanied shant apev was oblained frem the cultivar "Falaital
Frecoce” with {full plants recovery after the third subculture with gibherelic (BAs} and naftalen
aretic acids {NGA) growth requlaters Martins  and Sendhat, 1989, Very recent resuits of resesrch
tn this grea at CIAT have shown the induction of somatic esbryo-like stroctures on besn callus
cultures (Roca, 1964, personal comunication). But, to realize amy of these pussibilities 3 complete
breakthrough in regenerating hean plants from tissue cultures is nesded.
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Although curreat techniques for hybridizing leguaes have permitied limited crosses betwsen legume
genera or species {Alvarez et al., 1981}, investigation oo the wse of protoplast fusion to produce
somatic hybrids suggest the possibility of producing grain leguses containing desirable features of
distantly related genera (Schieder, 1¥82).  Thus, bean cultivars with the late maturity and
architecture of soviean plants, might result from somstic hybrids of comeon bean and sovbean.
Considerable information exists on {usion of soybean protoplast with non-leguees, but in no case have
plants been regenerated (Mroginski and Kartha, 19843,

Assuming that beans will be grown in environments where 2 L, photosynthetic pathway are
advantageous, one might reconsider the possibility of converting beans to a (4 pathway, Screening
of over 0000 plants of soybean, oats and wheat failed to detect a single individual with a low (0,
compensation point (Evans, 1975!, and identical failure rates in other crops suggest that such a
thange will not be achieved using current breeding technigues. However, with isproved ability to
identify and manipulate specific genes, the cosplete set of gencs required for the Lo pathway aight
be transferred,

beretic sodification of plants by genetic manipulation of the DM level are still far in the
future. Most of this research currently uses sodel plants and genes.  Howsver, recosbinant DR
techaclogy may, on 2 eedius tera basis, be used o develop solecular genetic markers which in turn
can be use to built genetic [inkage maps for economic important traits (Vallejos et al., 1584}, The
availability of this procedure would help bean breeding by accelerating the introgression of foreing
genes into cossercial cultivar and is under study at CIAT (Roca, 1984, p.c.).

Other strategies are easily envisioned, but the above exampies should serve as warning that while
“standard” strategies hold the greatest promise for the issediate fulure, one should not be blind ta
other stratogies, Ferhaps the best recosendation comes from Ralph W. Esmerson in the ITth century
A foalish consistency is the hobgoblin of little sinds".
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IV, PRODUETEVITY UNDER STRESS

For the vast majority of bean production regions, yield potentials are never realized bacause of
combined effects of edaphic, climatic, disease and pest problems. In most cases, there is genebic
variability for responses to stresses, and ronsiderabie effort has gone to the study of tolerance or
resistance to different stresses. The discussions that follow emphasize abiotic stresses such as
drought and eucess water. The last section discusses general stress toleraoce or “rusticity” in
beans.

&, Drought

The isportance of water deficits im lisiting crop yields cen ultimately be traced to the fact
that for most field conditions, water vapor diffuses out of a plant more easily than [0, and that
soil water is aot sufficient to perait the plant to continually replace lost water.  Conservation of
water through stosstal closwe or other mechanisns reduces photosynthesis, thus crop growth is
timited, This results in a close relation between water availability and yield (Fig. 18).

A& high relationship between leaf area index and evapotranspiration has been observed in sa3p
beans by Bonanno and Mack {1%83) in agreement with the linear function described in Fig. 1% betweon
evapotranspiration and yield of two black cultivars of beans differing in their response  to drought
stress, '

Eonsiderable literature evists on effects of drought in beans, and on possible sechanices o
drought tolerance, but aithough sur onderstandiog continues to improve, enough guestions resain that
practical benefits of such work are difficull to identify. Hany of the difficuities arrive from the
inhorent cosplexity of drowght, but srrors s plaaning and interpretation of experisents often
vnderly contradictory findings. The epst serious errors may be summarized as:

1. Failwe to use relevant strese conditions. In parbiculary gresshouse condilions using
container grosn plants oiten result in stresses developed too rapidly, vel under conditions of
tow radiation and high humidity.

Failure to quantitatively characterize the stress, Fublished reports often fail to sention

parameters such as soil water contept {g Ho0 @' soild, soil water or leaf potential, leaf

canopy temperature, and yield reduction which help indicate levels of stress ohtained.

3. Failure to actount for acclimation to stress conditions.

%  Failure to study genotypes representive of those of interest to  agronomists and plant
breeders,

3. Fatlure to distinguish between drought responzes and  drought tolerance mwechanises, The
sore fact that a parameter such as leal size or proline or abscissic acid content is seversly
atfected by drought siress, does not establish that its drought response reflects  a sechanise
of tolerance,

3
-

I. Ettects ol Drought:

While the ucltimate effect of drought is lieitation of growth amd vield, specific phyvsiolegical
effects of water stress vary depending on the previous history of the crop {g.g. possible
acclimation), and timing and intensity of the stress. Kramer {178]) noted that interactions of these
tactors probably explain a large number of conflicting results from studies of effects of drought.
Thys while this review considers different effects of drought, ranging from near instantaneous
efiects to long term growth effects, specific canclusions are pot always given.
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Rapid responses

Rapid onset of drought causes interruptions beth in photosynthesis and in tissue expansion.

Effacts on photosynthesis may be ascribed to two cosponents (0'Toole et al,, 197703, Une is
reducad gas exchange due to stomatal closure. In beans, tull closure may be reached in a few ainutes
after an application of g steess (Fig. 2. Hith stoeatal closure, COy uptake is minimsl and O
accusulates, causing decrsased OO fixakion, but increased photorespiration (Powles and Osmond,
{979y, There is still considerable  argusent as bo what actuslly triggers stoeatal ciosure.
fbscissic acid {ABA! levels incresse under drought and can trigger closwre (Aspisall, 1980}, but
closure in beans was detected well before increases in ABA Malton et al,, 1977}, Stometal closure
has also been correlated with decreasing leal water potential, Pl (Moldau, 1973) and increased
leat tempwrature Fig. 213,  FRecent work suggests that im beans as well as many other crops, rapid
responses under field conditions eay reflect sensitivity to decreasing atmospheric humidity, measured
as increased of vapor pressure deficit (El-Gharkaway eb al., !785). Beans appear intersediate in
stomatal sensitivity to husidity (El-Sharkaway, el al,, 1985}, suggesting that they follow a strategy
intermediate watsr conservation {drought avoidanca.

The other component reducing photosynthesis is loss of efficiency in the physiological processes
of photosynthesis, reflected as an increase in mesophyll resistance (r,). Under dessication regimes
similar to field conditions such etfzcts occur only at low water potentials. Holdau (1973 {found no
increase in r. resistance at leaf water potentials down to -1.] WPa.

fttempts to delermine which photosynthetic processes are resposible for increased rm are
intoaclusive, O'Toole ot al. (1977} found that the decline in RubFlase was actively grester than
the incresse in  rm.  Dessication of chioroplasts and  associated  disruption of bhe
chiorophyll-thylakoid nesbrane cosplex eay also be involved. Ossond et. al. {17B0} proposed that, in
besns, internal cycling of (0p through photorespiration plays a major role in protecting against
stress associated damage, and that much of reported daeage under stress is due to rapid stresses
agplied in laboratory experiments.

100 4

Srommzal ckare

8

faiative wanist (%}

B0 -

Destmaton porod lrand

Fig. 20 Time aeeded to reach stomatal closure in a detached leaf of BAT 477 as indicated by
anset of linear phase of water loss. CIAT-Palmira, [986.
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Drought stress say affect tissue espansion both through reduced cell expansion and division.
Using sodium chloride concentrations to gererate different water potentials in culturs selutions,
Brouwer {1963} concluded that interruption of cell expansion was more isportant than effects on cell
division in liaiting lesf growth.  Bunce (1977) found a linear relation hetween soybean leaf
elongation rate and turger pressure, and further noted that plants grown in drier conditions required
less turgor to achieve a given amount of glungation.  However, sore recent work has lead to a
consensus that reduced turgor pressure is not the prigary cause of cessation of tissue expansion
under drought.
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fig. 21 Felation between leal water potential and conopy tesperature differential seasured

betwsen stressed and irrigated plots from 4 bean lines.

Besponses wikhin hours

fs a stress continuds to be applied, plant vaker potential declines, reflecting coshined effects
on turgor pressure and osmotic potential as water is lost. Extress reductions in turgor pressure
rosult in wilting including loss of ability to orient leaves. Estimstes of permanent wilting points
in field grown heans are variable. Sponchiado (1985) obtained sufficient stress to induce “burning®
of leal margins, but Py wis never lower than ~1.1 MPa. Jara (17965} obtained values of -1.2 fFa a5
the ieaf potential of stressed plants at 87 days after planting.

Both ABA and proline accusulation have been detected in drought strossed beans {Stewart, 1972).
883 appears involved in  stomatal function under drought, hut since it sccusulates in other bissues,
additional {functions say be involved. Acrumulation of proline, and nitrate and sesonium ions way
contributs to oseotic adjusteent and reflect inhibition of protein synthesis (Stewart and Hanson,
1980y Frota and Tucker, 19780,

Response over longer periods
The previously discussed effscts ultimately result in major changes in pverall plant growth.

Reduced growth is usually detectable soon after onsel of stress, with reduction in leat ares being
particalarly marked. For a stress applied before flowering and sustained to saturity, Sponchiade
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(1785} found that final biomass and LAD were reduced to 50X of levels in control plots, although
vield reductions were approvimately 400 and BOY for drought tolerant and susceptible lines,
respactively (Table 243,

Studies in other crops have sheen that stress during early reproductive growth usually has
particularly severe effects (Slatyer, 1969}, and the same holds in besns.  Steber (I974), usimg
lysimeters to provide equal stresses abt different shages, ohtained 20X yield reductions with stress
during early or late vegetative growth, 50X raduction in early podfill, end no reduction in f.le
podtill.  In soybeans, elfects on yield cosponentes were sasily interpreted in terms of timing of
drought stress {(Shaw and Laing, 1964},  In beans, the sasc would appear to be true although the
relations have not been tested as carefully. For a stress sustained te maburity, all vield
components showed reductions, while a stress terminated by rains during podfilling caussd seed weight
to increase relative to the irrigated control (Fig. 22).

Drought stress in beans is usually assoriated with accelerated maturity (Fig. 230, although late
season release from stress aay trigger recuperative growth resulting in delayed msturity.

Camparison of drought response of other legumss

Brought of response of other leguses vary greatly, Within the genus Fhaseplus, P, _acutifolius
is often cited as being more drougtht tolerant thas
P, wulgaris {Lory and Webster, 19B4), but its small seed size has lisited its commercial
acceptability,

Table 24, Uomparison of growth parameters of two drought bolerant and
drought susceptible matorials grow drought (D) and ireipgated
{C} plots at Faleira, Colomhia (Sposchiado, I9B3).

. Tolerant _____ Gusceptible

Varisble Treatment  BAT B3 BRT 477 BAT 1224 AT
Yigld (kg ha ) o H6D a' 1480 2 59 & 3 b
L 352 a 24 s 2380 a DN
Biomass kg ha™) b 200 2500 2206 190 ab
£ J200 3300 5704 340 a
LAD 1 52 a 83 b 74 ab B a
L 17 b 16t b 170 b 184 a
HI % B 5% a #a 23 b 29 b
£ #Ha LEE i a2 ia

! Values followed by the saee letler within a row are mot different at
p = .05 level of Buncan’s test.

Some traditional cowpea cultivars responde to drought through extrese stomatal closure and
restriction of water loss (Shackel and Hall, 1979). In 2 comparison of aungbean, soybean, cowpea and
peanuts (Pandy, et al., 1984), the first three species showed patterns of response similar to beans,
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including reaching sinieus Fp of 1.2 to ~1.4 WP3, hat peanuts were such less affscted, reaching oaly
.4 Wa.
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Fig. 22 ttiect of drought from preflosering to end of pod 4ill1 st Faleira and Quilichan,
£oloabia on visld components of susceptible liee A 70, Bowrce: Sponchiade, 1985,

2. Drought Tolerance Mechanisas:

fi great many drought toierante mechanisss have been proposed, and deeonstrated to function in
very specific contexts. However, the warning from the previous section that drought effects vary
greatly depending on specific drought conditions is equaily valid for consideration of tolerance
sechani smy,

Fe define "drought tolerance® in an agronomic sense. For & group of materials which give sisilar
yields under non-stress conditions, a material is tolerant if it yields well compared to the athers
under conditions involving weter deficits, Asong sechanisms which may confer tolerance are those
which ecologists usually classify as drought escape and drought aveidance. Aa outline of possible
sechanises is provided in Table 25, It {follows classifications wsed by Turser (1984) and others,
with the notable addition that for conditions where heans are grown, tolerance to factors related to
drought such as high teeperatures or saline soils may be essential. The discussion that {ollos
emphasize the physiolegy of the hasic sechanisas,

Drought escape

Bean trops may “escape” or at  least reduce drought stress either by maturing esrly or delaying
saburity until drought stresses have abated,  this latter strategy termed recuperation. The
usefulness of the twn strategies varies with timing and intensity of the stress. Severs stresses
gecuring later in the growth cycle favor earliness, while eild stresses relatively early will favor
later maturing Lines with capability for recuperative grewth.
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Table 23, CLlassificalion of pessible drought tolerance mechanizas in
beans.

I. Brought escape
fi. Earliness
B, Recuperation
1. Drought tolerance with high plant water potential
#, Maintenance of water uptake
i, bGreater root growth
3. Increased hydraulic conductance
B. Reduction of water joss
L. Reduced ares of evaporation
2. bBreater resistance along pathway of water loss
3. Reduced gradient from leal to atwosphere
[11. Brought tolerance with low water potential
&, Haintenance of turgor
f. Osmotic adjusteent
2. Increased cell elasticity
B. Dessication tolerance
}o Mesbrane shability
2. Frotein function
¥, Integrated mechanism: assisilate partitioning and remobilization
V. Drought tolerance through adaptation to factors related to drought
A. Heat tolerance
B. Llow soil fertility
L. SKalt tolerance
D Goil disesses and pests
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Drought talerance with high plant water potential

Various tolerance eechanisas thought to function in bean crops result in aaintenance of
relatively high plant water potentials. These includs those which persit greater water uptabs, and
those which reduce water less.

Maintenance of water uptake:

&s i many other crops, drought tolerance in beans has been assoriated with greater root growth,
Comparing tolerant and susceptible eaterials in a fertile soil peraitiing desp root penetration,
Sponchiade {1985} showed that roots tolerant ssterials penetrated about 30 ca deeper than susceptible
ones {Fig, 24}, Differences in root growth and yield wore also associated with greater exploitation
of availsble soil moisture by the tolerant lines. However, this aechanise was nob effective in 2
shallower sail where a pH of 5 at depths below 30 ce prevented extensive root growth (Fig. 23}, and
in this envireneent, yield differences reilecting supposed tolerance were not found (Table 281,

Increased efficiency of roots in extracting soil eoistwe must alss result in greater water
uptake, One altermative is for a crop to be able to tolerate lower root water potentials and thus
extrart soil water held at lewer potentials. However, cinge this is basically a sschanisas of
tolerating dessication, it is discussed later. fnother alternative is for roots to have greater
hydraulic conductance, either axially (for transport along the =wylem! or radially Uor uptale froa
spil to the xylem). Taylor (1980] concluded that axial resistance in soybean rools may be important
at root depths over | &, but Fassioura (19831 suggested that hecause of capacity for secondary growth
of xylem, axial resistance would not be lisiting in dicotyledoneous plasts,

Redurtion nf water loss:

Besides increasing water woptake, a crop may have adaptations ehich reduce water loss,
bafartunataly, reduced flow of water vapor usually implies reduced diffusion of O into the leaf,
and thus limitations in photosynthesis.

fis mentioned previously, drought causes marked reductions in LAI, but there is ao evidence that
tolerant hean lines have greater reduction tham susceptible materials.  Tolerant materials show
similar LAD as susceptibles (see Tshie 243,

Reduced leal area msy be cospemsated for through a greater sesophyll surface area per unit leaf
areg tNobsl, 980!, this occurring with increased leaf thickeess and/or reduced cell size, which in
burn affects S,  Changes in leaf thickeess was considered in an experisent with two bean lises
differing on their response to waler stress (Fig. 28}, Line A 211 was able to waistain higher LA
without increasing leaf thickness as such as the line XW-40 did. Drought yield of 23 genotypes have
been correlated with the leaf thickness indew (r = (7080, but the correlation under irrigation wag
even larger {r = 9184, Fig. 27). This index may be related to photesynthetic efficiency in teres of
carbosylating ares, and in absence of water stress, say be used for  assessing genotypic
photoassisilation ability.

Mechanises involving increased resistance primarily involve barriers to water lozs at the
leaf-atmasphere interface. The greatest amount of water 1uss is wsually via stomata, so considerable
attention has been given to studying differences in stomatal resistance among bean lines. Sieple
ralations asong stomatal resistance and level of tolerance are not expected because of the relation
between transpiration and [0 uptabe, Rather, stomatal response to environsental conditions is
probably critical in deteraining water use efficiency. Ideally a plant should regulate transpiration
so that it occurs when molsture gradients are low {low vapor presswre deficit in ateospherel but
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radiation levels are above the cospensation point.  The msin sechanisa which would provide this
response in Oy plants is stomatal sensilivity to husidity.

Root Length (eml Availabie Soil Moisture (%)
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Fig. 24 Cosparison ¢f mesn rook growth and available soil moisture in drought tolerant (BAT 83
and BAT 477) and susceptible {BAT 124 and A 70} line - Palaira,
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Fig. 23 Comparison of s=an root growth and available soil soisture in drought tolerant (BAT 65

and BAT 477) and susceptibie (BAT 1228 and & 70! lines - Quilichan.
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fsount of cuticular way was related to rate of water loss in sorghue {Ebercon, et al., %77}, and
large varietal differences in cubicular resistance of rice leaves were found (Voshida and de los
Reyes, (976}, HWoodfin (personal communication! reported considerabile variation in cuticular wax
{orsation among bean cubtivars,

Boundary layer resistance will increase with greater leaf pubescence, (Ehleringer, 19B(% although
this mechanisas has not been studied in beans.

fAssuming resistance along pathways of water loss are eguall, cultivars may differ in water use
through effects on the water vapor pressure gradieat from leaf tissue to the atmosphere. The
external pressure will be equall, but internal vapor pressure will vary with leat tesperature. Thus
factor affecting leat temperature will reduce wakter loss. leaf orientation can reduce radiation
interception, but at the cost of some light energy intercepted for photosyathesis. leat pubescence
and cuticular waves somctimes appear te reflect infrared light with relatively little effect of FAR.
Variation in leaf color both among varieties and between dorsal and ventral sides of the same leat
area considerable in beans, but do not have not heen examined in relation to leaf tesperature
eftects.

Reduced leaf size will can also reduce temperature since for a given total leat area convective
cooting is greater for a surface divided into smaller sections {(Bates, 194B). This effect has lead
breeders in other crops to breed for smaller leaf sizes. Hisbsch et al. (1974) did not detect
improvements with ise-lines of soybeans differing in leaf size.  Leaflet size was significantly
reduced by an intense post-flowering water stress, but the relationship between drought leatlet area
and stress degree-day measured by infrared thermometry was not consistent among 23 bean genotypes
{Izquierdo, 1983, unpublished).

Drought tolerance with low plant water potential

Although the preceding mechanisms will reduce water loss, most stress conditions are sufficiently
severe that water potentials drop to levels which affect plant function.  This leads to the
possibility of adaptations permitting the plant to function at low water potentials.

Maintenance of turgor

Since water enters roots through flow along a gradient, lower root water potentials (Fri will
result in greater exploitation of soil velume. Thus a crop #hich has a greater reduction in Fp or Fr
tor a given amount of water loss, should show eore drought tolerance, However, with loss of turgor,
evidenced by wilting, the plant loses the ability to continue tissue evpansion or to utilize
sechanisms such as leaf orientation which utilize differences in turgor pressure. This indicates
the need for mechanisws which perait low Pp or Pr without loss of turgor.

When water deficit is severe, plant cells accumulate solutes, which lowers  their internal
osmatic potential, in order to at least partially maintain turgor pressure, and thus pereit eontinced
cell expansion and growth. Ossotic potential may be regulated through shifts in concentrations of
potassium, sugars, amino acids, and organic acids (Turner and Jones, 1960; Margan, 1584). Markhart
(1963) compared osmotic adjustment of FPhasenlus wulgaris and Fhaseolus acutifolius grown in
containers, and did not detect differences. Jara (1983) found significant differences of about 0.03
Wa at tiee of flowering among two bean cultivars under field conditions, but not at other growth
stages.

Assuming eechanisas of esmotic adjustmeat are the same in different growth stages, growth of
seedling roots in media with low potentials might provide a simple index of capacity for turgor
maintenance through osmotic adjustment. In a comparison of 23 cultivars, percent inhibition of
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radical elongation was highly correlated (r = 0.72) with drougnt susceptisiilty weasured with
Fisher index (Fig. 2B},

The merhanical charscteristics of fissuss alse affect turgor mainlenance, Reducsd tissue
elasticity, indicated By a high a bulk tissue slastic modulus (Eal, will result in a small decreass
in water content per unib reduction in water potential. The protoplasa will retain sore water under
stress, but 3t the cost of loss of twgor.  Kin and Lea-Stadeisann (1983} could ot detect
ditforences in Ee of beans in stress and contenl conditions, and while Jara (1985 did find such
ditferences for four water regimes ender field conditions, varietal differenres were not significant,

Tahle 2L, Yield, root growth and cther paraseters of two drought tolerant
lines (BAY 53 and 477} and bwo susceptibies {BAT 1224 and A 700
for plantings at CIAT-Falmira and CIAT-Quilichsa. [ = Drought
treatment; € = Irrigated contral,

Trpat- BAY BAT BT &
Variable gent BS a7 1224 76
Falmirs
Yield {kg ha ™% b 14565 1457a 548 b 57 b
C 3Bl7a Za38sh 5Ma 768 b
O root degth (eal ] HEY o &2 K
L 5 i 0 50
Foot dry eeight (ag) b tH 3 534 74
£ b4 715 125 e
Cancpy temperatore B M0 3.3 36.8 3.5
Sk L 2.2 9.6 7.6 1.9
Leat waler potential B B0 B4 XL 11
{kFal® C 450 460 aan §70
Builichao
Yizld fkg ha~1) b Gha T24a Tt 192 b
L 207 29523h &3 b 21
%% root depth (o i ki 4 0 0
£ » i 20 20
Roat dry weight (mgs ] B4 Bee 2 b8
C 478 411 &8 462
Lanopy temperature B 384 33.8 i8.8 4.4
{=[}* C .4 8.0 8.5 8.3
Leal water potential B 840 84l 25 1030
(kFai* C A0 50 430 S04

® Yields followed by the same letter do not differ according to funcan’s
p =05
* Measured during periods of mavieum stress.
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Fig. 27 Lincar regression of leaf thickness index on yield of Z3 bean genotypes (CIAT-BIDYT,
1985} under irrigated and post-flowering water stress. The index aeasured during pod
tilling. bhource: Huepe, 1YB&.

Dessication tolerance:

At very low plant water potential physiological processes may be disrupted. This subject is
poorly understood, but it appears that effects of dessication may be divided among those on call
pesbrane function and those on protein function. Under dessication cell mesbranes appear to lose
integrity, and the efficiency of processes requiring membranes are reduced {lLeopold, et al., 1%81).
Gimilarly, although it is easy to hypothesize effects of dessication on enzymatic proteins, such
effects, such less varietal differences, are apparently unresearched in beans.

Integrated sechanisa: assisilate partitioning and remohilization.

The previous sechanises have been discussed as results of independent physiological processes,
but it schould be realized that they interact and may share cosmon basis. For example remobilization
of N and stored carbohydrates {(starch! may be enhanced under drought stress, and this would permit
greater root growth or capacity for osmotic adjustment.

Studies of carbohydrate remohilization under drought conditions (Samper, 1954} suggest that
tolerant cultivars are more efficient at remchilizing carbohydrate during podfilling.  Induced or
accelerated remobilization of stored dry matter due to water stress has been chserved in barley by
Ballaher et al., 1573, Remobilization could be triggered by the stress and thes support the seed
tilling instead of the impaired photosynthetic lesf area. Figure 29 shows a yield reduction due ta
a post flowering water stress affecting 14 bean genotypes. A tendency of genotypes that accusulated
ste dry matter either under stress of check conditions to produce significantly reduced yields was
observed. On the other hand, genotypes which remchilized stem reserves produced superior yeild, but
there are exceptions, and the response is not clear under the post flowering stress,
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3. Drought Tolerasce Through Adaptation to Conditions Ossociated aith Drought:

tost discussions of drought tolerante do not consider the isportance of characteristics which,
while perhags not directly related to drought, are potentially essential components of drought
tolerant bean varieties. Drought ip Bean growing areas is often assoriated with higher tesperature
conditions, and because of limitations on transpiration, plants under stress may evperience unusually

high leaf temperatures (Figure I0).  Thus high temporature tolerance eechanisms may be nesded in
drought areas.

Hany regions in fropical areas combine poor soil fertility with drought, and limitations on
moveent of water will also reduce nutrient availability. Genolypes ehich sre especially efficisnt
undar poor fertility may be advantageous. It has often been speculated that eaterials tolerant to
poor sail fertility should have greater ruot growth, and thus one might expect saterials tolerant to
infertile snils to perfors well under drought conditions in similar sites. However, in 2 comparison
of 2 drought tolerant lines and B materials selected for bolerance to acid soils, the drought
tolerant mstorialy were superior {Table 270,

Nitrogen fixation is reduced under drought stress (Laing et al,, 1984, In soybeans, fivation
appeared to be sore sensitive te drought stress than was photosynthesis (Weisr et al,, 1963,
sggesting that some drought yield reductions may redlect nitrogen effects,

Drought environments where limited irrigations are practiced may cause problems of soil salimity.
Rlthough salinity causes what is physiologically a drought sitwation {see section on sait
tolerancel, additional problems are caused by tovic or deficiency effects of certain ions. Thus
drought tolerance under saline conditions may require other adaptations.



- 57 -

Fimally, vertain diseases and pests are particularly groblematic in drought situations., Perhaps
the most notable is Macrophomina solani which only becomes problematic under drought conditions
(Schwartz, et al., 19781,  Gcreening for drought tolerance and Macrophosina telerance at CIAT have
produced resarkably similar results {(Abawi and FPastor-Corrales, personal communication!, and it is
sperulated that this reflects common tolerance sechanises for the twe probless,
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Table ¥, Comparison of yields ender drought sbress in acid soils for 8
lines tolerant to acid soils, and 2 lines tolaranl to drought.
Santander de Quilichao, Colombia.

Lips Yiald
kg ha™?
Tolerant to acid soils:
& 257 B&2
# 254 643
Larioca 85
Va &7 BIS
MAE &0 Bts
§ 4830 g1z
BAT 1297 80
A M0 ni

Drought tolerant:

BAT 477 i)
£ 3057 70
Hean Bé

5.E. I
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4, lonclusiom:

The reader may conclude {rom this review that drought tolerance is tuo complicated to merit
study, Ke would argue that while the coeplexity of effects of drought has elisinated siaple
solutions, the prospects for improving yield under drought are good,  leprovesents in bean crop
productivity can be made only through two basic approaches: 1} by asodifying plant  genotypes to #it
their environment better ¢ and 2) by changvng the environment tn aeslicrate the sifectsy of
environaental stresses. To overcome the constraints in both  approsches, agronomists, breeder,
physiologysts and genetic enginesrs require a clear understanding of the physiclogical basis
underlying yield and stress tolerance.

Btudies on invidual eechanisms may be integrated by simulation models which can predict elfects
of changes in clisate and soil type. For evample, Jones and Zur (1984} used dynasic simulations of
spybean growth to test the relative importance of threp mechanises, osmotic adjusteent, increased
root growth, and increased stosatal resistance at full turgor, under clay end sandy soils concluded
that grester roct growth was the eost effective sschanism, while increased stomatal resistance always
resulfed in reduced photosynthesis,

B. Excess Soil Hater

Heavy raiss often lead to soil flopding (water in excess of field capacityl, especially in poorly
drained soils. Beang are sensiltive to such conditions, and yiold reductions are frequently greater
than one wmight expect, This can be attributed to the nearly {smediate adverse effects on plant
growth. Wadean-van Schravendijb and van Andel {1983} found that leaf and coot growth halted within
2 days of flooding, this being associated with a severe drop in transpiration, but a rise in leaf 48R
concentration.

Toe cause of damage from inundation is directly related to reduced gas diffusion in flooded
soils, resulting in depletion of available Oy and accumulation of CTr and ethylens in the reot one,
fccompanving this is an inhibition of respiration, partial loss of root fusction, and possibly,
accumulation of toxins due Eo bleckage of respiration or activation of aiternate, anaerohic
processes. Higher soil temperatures, frequently found in trogical regions, can exacerbate problems
of gas ditfusion due to reduced solubility of gases and greater respiratory activity Forsythe gt
at., 1979}, FProbless with root rots are often associated with flooding.

True tolerance mechanisas have not been identified in beans, but as in obther crops, recovery from
inandations is related to ability to produte new adventitious rocts (Kaha gt al., 1983}, 1la trials
at CIAT, flooding by maintsnance of the water table Lo within 7 ca of the top of beds resulted in an
average of aspprovimately 50% vield reduction, but considerabile varietal differeaces were found
{Figure 31},

L. Baline Boils

Beans are considered salt sensitive, although Fheseolus cocrineus has been classified as
intermediate between moderately tolerant and eoderately sensitive leguse species (Lauchii, 1984},
Frobleas in this crop associated with salinity are generally greatest in arid regicns under
irrigation, but localized areas of saline soils are found in many sesic environsents.

Impediate effects of excess salinity include redured plant growth, especially leal ares, and
burning of leat margins. These may reflect three underlying processes:

. Fhysiological drought due to low oseotic potenials (high solute concentrations).
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2. Mutrient imbalances due to relatively high concentrations of specific slements, especiallv
sodium, tnhibiting uptake of others.
3. Toxic etfects of specitic ions, particularly chloride and sodiue.

Evidence for an osmotic effect comes {from demonstrations that high relative humidity reduces
stress effects, and that leaf relative water contont is reduced sarkedly under stress (Ayoub and
Ishag, 1974} Avoub and Ishag (1974) glso detected reductions of calziue and potassiue cations under
conditions of high sodive, bul noted that the reductions did not reach levels thought to produce
deficiency symptoms.  High levels of chleride in bean leaves were assoriated with reduced
photosyathesis, stomatal conductance, and RubF cerbosylase efficiency (Sesman and Lritchley, 19851,
These and similar findings suggest that effects of salinity are probably multiple,and it would be a
mistake to emphasize a single sechaniss,
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Fig. 3 Yields of 13 bean cuitivars grown under #looded control field conditions. CIAT-Falmira,
1974,

#t moderate levels of salt tolerance beans do show have been ascribed o their ahility to
accumilate sodivs ions in rool parenchyma vacuoles, Some sovheans appear to rosbine this sechanise
with an ability to evciude excess chloride from shoots, and this sight be 2 prosising avenue for
increasing sait tolerance in Fhaseolus wvulgaris (flauchii, I9B4). General recomsendations for
scrpening for salt tolerance in all creps were given by Greenway and Mumns (15B0). Seillie and Nott
{1982} have described 2 chlorophyll flourescence as a rapid test for salt folerance, they using bean
35 a susceptible check.

Studies of genetic variation for salt tolersnce among Fhaseolus wlgaris cultivars are rare,
Howler {personal comeunication} detected varietal differences under field conditions, but noted that
variahility in salinity ender field ronditions makes large stale screening difficult. Debourk
ipersonal communication) collected land races of beans from apparently saline soils in Mexico,
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beveral investigators have reported the selection of salt-tolerant cell lines in sweet pepper,
sugar cane, coffes, rice and tare. However, regensration of plants from salt talerast cells have
been limited in these crops, and has apparently never been attespled with beans,

0. Bensralized Stress Tolerance: “Rusticity”

It is frequently commented that while traditional bean cultivars may lack specific disease or
other stress resistances, they often outperfore supposedly “leproved” saterials onder fare
conditions,

Altaro (1%B1} concluded from 124 bean cultiver trials at 80 locations and 20 countries that the
yields of “Jamapa” and "Forrille Sintetico®, used as standard checks of kebwn adaptability, were not
frequently surpassed by diverse materials. However, the low values of the stability index ) for v,
Porrillo Gintetice in the analyses of Yoysest and Barcia (1994}, suggest that this cultivar pertoras
relatively better in poor siles as cospared to sieilarly yielding cvs, Jamapa and ICA Fijao (Table
By, Low b valuss are indicative of relatively good vield in poor environsents and lack of response
in rick sites, Cv. Porrillp Gintetico stands out consistantly dfor lower b values Jor sisilar
sean yields in 2 given IBYMM. Gince stresses varied greatly among siles is the [BYAN's, the bellsr
pertormance of cv. Forrilly Bintetice in poor sites presumsbly reflected sose generalized stress
tolerance or "rusticity” rather than resistance tp a few specific- stresses and/or dissasas.

Other exasples of rusticity comes from studies of cultivar response to artificial defoliation.
In a comparison of 17 cultivars receiving a 0% defoliation ab 30 days from planting cv. Larieca
actually increased yield under the defolistion stress while line EFF BY showsd a sarked yield
reduction (Fig. 32t,  This would suggest that cv, Larioca would maietain its yield under & wide
range of stresses atfecting leaf gronth, a conclusion consistent with cv. Carioca’s popularity in
Brazil.

Table 28, Comparison of regression response (b and sean yields across
sites of thres cultivars used as cherks in International Boan
Yield and Adaptation Nurzeries from 1976 to 9Bl. Data fros
Yaysest and Barcia {1984},

Ho. of Forrille Sintetico  __ Jasapa LA Pljao.

Year trials b Yield b Yield b Yisld

kg ha™ by ha™! kg k-t

1974 34 0.77 1539 £.02 1572 0.77 1564
1977 3 .88 1623 Y 1637 -

1578 X34 0.84 1484 1.08 1498 i1 1529

197 2 .80 1301 1.04 1577 ) 1534

1o 48 0.95 1384 Lok 1456 .08 1637
1981 2 0.89 1565 i.01 1723 -

Haan L) 0.86 1357 1,05 1610 1.02 1570
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Calculating a generalized stress yield as the geometric mean of yields under 33% defoliation and
under post flowering drought, data from Hernandez (1583} show 2 low correlation between stress and
control yields (Fig. 33}, The contrast between A 231 and Drfen INIA is particularly striking with
both lines yielding about the same in control plots, bul differing by 800 kg ha™* under skress, The
comparison of cvs. Forrillo Sintetico and Jamapa is also instructive, with Jasspa outyielding
Porrillo Gintetico by BO) kg ha™? in the coatrol, but being slightly inferior under stress,
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Fig. 32 Relative yizld performance of 17 bean lines under &0Y defolistion at 30 days after
planting, LCIAT-Falmira, 1983,

Possible characteristics which aight confer rusticity incluede:

1. #bility to produce recuperative growth, presumably resulting from  romobilization of
carbohydrate or nitrogen reserves and an  indeteraminate growth habit.

1. bood competitive ability.

3. High tissue concentrations of cospounds such as phenolics with inhibitory efiects on a broad
range of pathogens or pests organises.

4. Grester partitioning to root growth.

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

Earliness also might be considered a mechanise since it permits escape of eany stresses, Data
from the 1976 IBYAN supported this, For sites within 307 of the Eguator {thus eliminating trials
with severe photoperiod effects), early maturing coltivars had significantly lowse regression
response on site mean yisld (b parameter), indicating that they yielded relatively better as cospared
to late cultivars at the poorer sites (Fig. 34}, That the regression response was rob significantly
correlated with yield (r = 0,22} desonstrated that low values of b in early caltivars did not sieply
reflect poor vields across sites (White, 1964).
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While there is evidence suggestive of differences in “rusticity” of bean cultivars, it is
difficult to decide whether such a characteristic iz hest sought by selecting under 3 soderate levsl
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. CINCLUSION

Crop physiology is often criticized for the lack of tangibie benstits it has provided lo farsers,
this eriticisa certainly extending to research on the comson bean, While in some cases criticiss was
invited by over enthusiastic promises aboot the utility of certain lines of work, we would argue that
the coaplexity of interactions of physiological processes precludes rapid solutions. It is seldos
passible to reach firs conclusions sbout a given set of physiological processes, because each process
interacts with others. The evolubion of our knowledge of physiclogical processes is perhaps best
likenad to the manufacture of a cosple sachine, Although great strides say have been sade in
eonstructing our physiology sachine, and it may even have sub-units which seem to function well, only
as the machine nears completion will it approach its intended level of productivity.,  Even then, it
spas parts were poorly samdactured, it may not mest expectations until the flaws are identified and
corrected, Re would argue that patience and care are needed to assure that the physiclogy sachine is
wall built. @s in any construction project, priorities can and should be set, Nitrogen
remohilization in relation to leal senescence and seed growth is among the area where our
understanding is most deficient. In comparison to photosynthesis, respiration is aleost untouched,
yet the few studies in other crops indicate great potential for increasing yields. And in all
research, greater pains should be taken to assure that conditions used are relevant to what say occur
in bean fields, not [aboratocy beaches or gresehouses. )
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