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ABSTRACY

Although drought causes more yleld losses than the combined effect
of all biotic stress factors, the progress in incressing yield under water:
limited environment is smal!. Major reasons for slow progress are listed
and the relationships between crop productivity and drought resistance are
examined. Adaptations to drought in sorghum are discussed In order of
their utility in the immediate future: phenological, morphological,
physiological and dbiochemical  Results of interdisciplinary resesarch at
ICRISAT in understanding drought resistance are discussed with respect
to available screening methods, gene'tic variability and bresding methods.
Breeding and management strategies should be aimed at increasing
transpirationsl water use throughout the season and decreasing drought
injury. Suggestions are made for promoting multi-disciplinary and

inter-institutional cooperation and on training plant physiologists.



PROBLEMS AND PROSPECTS FOR INCREASING YIELD UNDER DROUGHT:
CRITICISH AND SYNTHESIS WITH SORGHUM

1. INTRODUCTION

Crop production is limited more by unfavourable physiochemical
environments than by all other factors combined (J.S. Boyer, University
f | nois. pers. commu.). Even in the United States of America, In

spite of a great dea! of research and inputs, the major cersal ylelds
range from 1/h to 1/7 of the potential yiefw (Wittwer 1975). In India,
the average yiel s mejor crops n ‘armers fields are 10-30 folds
iess then those achieved by award winning ""Krishi Pandlits'',

Dudal (1976) has estimated that 90% of the global land area has
significant agricultural problem. Of these, the most Important Is
drought which is chronic, either dus to the shaliowness of the sol!
(24%) or due to minera! toxicity (23%) etc All the international
agricultural 'nstitutes are well geared to address the problems of
drought. For instance, rhe sorghum improvement program at ICRISAT has
given top priority in lts 10 year research projections to work on
genetic improvement for drought resistance and on management to
increase vie'ds (n drough' prone areas 'ICRISAT, 1981a),

'Krish] Pandit' is the award given annua!ly by the Ministry of
Agricuiture to an indian farmer who achieves for a given crop
the maximum yie!d recorded 'n a given yeasr.



2. IMPROVEMENT FOR OROUGHT RESISTANCE: A NYTH?

Breeding plants resistant to drought or devising menagement strategies
to increase water use efficiency ‘s not new. Unfortunstely the progress has
not kept up with expectations, and research in these sreas, especiaily
breeding for drought resistence, Is very frustrating. To quote Arnon (1980)
"Sreeding for drought resistance has been & consistent theme for as long as
| remember and probably the grestest source of westedbreeding efforts in
the whole fleld of plant breeding”. Recently Asana {1981 ,lso reviewed
the literature on drought r-s:stance and concluded that “'rrigation s
the best solution".

We wish to differ from these two opinions, even though thage
conclusions have been based on life-long pioneering work of the individuals
in agricultural productivity, mainly on the following grounds: Firstly,
only falrly recently has drought, with all its remifications been
systemstical'y analyzed at all levels of biological organization.

Secondly, breeders have not extensively used diverse germplasm and nove!
breeding techniques such as the recurrent selection method for improvement
of drought resistance. Thirdly, the tools available to us todsy such as
remote sensing and dynamic modeling are far more superior and powerfu}

than those employed by previous workers. Furthermore tools for
quantification of stress such as infrared thermometers will grestly

assist the screening efforts. The cost of these need not be prohibitively
high and such 'ools can be simplified For example, simple temperature
sensitive adhesive naper can be used to measure and register leaf
temperature. With tne advance in e ectronics it should be soon possible

to "'video~tape" the icaf 1enperatures in the field and scrutinize the
response in a quantitative wuy .and screen large number of genotypes in the field)
Milburn (J.A, Milburn, Jniversity of New England, Australia; pers. commu.)
has dcvistq a sounc equipment for monitoring cavitation in plants subjected
to stress. Thus, as technology becomes more accessible, quantification of
stress and mass screening in the field will soon be possible. Finally, in
recent years new field screening techniques, such as the line source
sprinkier irrigation system (Hanks et a1 1976), have been introduced and
statistical methods have been improved to dea! with the higher levels of
fleld sampling variability which is common under drought.



in th's report we wil  examine the problem. und prospects of
breeding for drought resi.tance in sorghum, which "= n=r nt the five most
mportant cereal crops of :ne worid We w:!! also briefis examine the
-~ i» of management factors which wi | inflienge vie ¢ under drought.

Foally *he -ec’ ons ‘ir tuture research and training will be projected.



3. PROBLEMS IN CROP IMPROVEMENY FOR DROUGHT PESISTANCE:

Experimentally it '« more difficylt to incorporate drought resistance
nocrops than it iy 1o incnroorate disease OF pest resictance farlier
workers failed to distinguish the subtle difference between breeding for
disease ur pest resistance, and for drought resistance. The former kind
of resistence can be handled independently of vield and in most cases the

number of genes involved is ani‘e sma! Ir the case of drought resistance,
crop productivity i« 'ine. Nler et 4 Luttirate  CcongtiBuent
(e.g. of hydroph ¢ rrive o ane the mediarm in wrach all celly ar
processes take place. Water + . o« ert & for svaprrative cooling - f
the plan’ Porthermare he “low of water in the soil-plant-atmospher -
continuum (SPAC) (¢ crur o "o r v flow nf nutrients, hormones and other
substances .

The specifi¢ prablems v _rop improvement fo- drought resistance

are listed below

1. Even under the same manageme~t pract ces the profile of drought varies
considerably from year to vear, fromibcatint to location and on
different soil types within o farm Even when the scil and plﬂpt
character stics as wel as management factors are inown of controlable
the awria: environment (e q rain‘all and atmospheric demand for water

is difticilt to predict.

2. Severa: adaprtations favour n; wa'er loss under drought seem 'O negate
crop productivity, For exam.le both leaf rolling and stomatal clocure
conserve witer Lut reauce either tight nterception or entry of carbon

dioxide into the leaf

3. Drought affec:s many m:-ohological and physlelbgical processes; hence
consideration ~f a 4 ngle character has not yielded any consistent
results

4. Sensitivity of drought varies considerably between stages of crop
growth. Resistance at one stage {e.g. seedling stage) is not
necessarily correlatec with resistance at other stages.

5. In the absence of simrle methods v quantitatively estimate the effects
of drought, the measurement. of reduction in yield under drought as
compared to yield under optimur moisture supply is the only method



avaliable so far. This is very laborious and time consuming.

Screaening for drought resistance during 'rain=out' dry seasons may no?
correspond to the performance under drought occurring during a normal
season of growth.

Some of the adaptations are difficult to transfer. For exemple, the
Nigerian sorghums escape drought by completing heading at the end of

rains regardiess of the:~ planting date because of thelir photosensitivity
(Bu~> n and C.rtis 197C 't this character is not universally acceptable
and -~uch genotypes cannot be oas ly t.ransfurrnd to other latitudinal zones.

Drougr: is frequently associated with high temperature stress. At higher
eieva' ~n it 's 1130 associated with cold stress {(which reduces water
uctake . and high radiation stress. Orought also reduces nutrient uptake,



k., ECOPNYSIOLOGICAL CONSIDERATIONS IN IMPROVEMENT FOR DROUGHT RESISTANCE .

The outiine of the complexity of the prob em in section 3 serves as
the basic d'arnocis of the protler and there are severs! implications. The
first and bn foremost task of & d-ought researcher is to characterize the
profile o! water stress. The effectiveness of any attempt tc improve
drought resistance in a crop must be based on a thorough knowledge of ,
and an appreciation for locatinnal and tempora, spec’ ficity lrajnfall,
temperature, radiation, humicity, day lengtr, so ! charascterice s
duration of crop row'h, "*e <tane at which strecs actcurs and the
intensity and duration of stress) that characterizes » narticular cgrount!

cond-tion 0 Tou « and Chang 1979).

An exampie 4 the case of the wheat variety Pitic=-62, which
performs we!l! under terminal drought conditions of the (ansdiar
praires., but ~ of no obvicus wdvantage in Britain, where the periodic
streswes occusring throughout the grow:ng se8son are quite mi'd  Jones
1979} . Another example could he comparing the effet of s0il mcicture

stress on transp-ration under 'he fol owing two environments

a) Sorghurm qrown dur ng "tr ra ny neason tkhar . f) at Anantapur on

shallow A ficale (plart avar 'able water-holding capacity. PAWHC=%

b) Sorghum arowr {yring ‘h: posirain. season (rabi on deep verter o

Pata cher ., Hvderabac +awH{ = 73 (m).

Figure. 1 and I show “te wimulated relative transpiration anc
hepce stre.s) rates of sor ~ur 1»% Jays to flower' planted at ' ne
beginning of the .eason whe o = rainfs | on the dav of cowing exceedecd

Zems

' The time of somin: LevLouncertain at Arartapur, while @1 s

-

falriy ear ¢~ at Patanche-c nterannud: variabil oty is very high
at Anantapur though the w~at+=r uva (ab- 1 ty at the end of the season is
reasonably assured. At © ramchery, c¢ach year, i~ the peginning of 'ne
Season water S5 refative. nienti® . and stress increases continuous!ly
throughout the season. NoTe 1nat during 1977, ~hen the profiie was
not fully recharged, the ::-ess ~a 3! ghtiy more in "he beginning of

the season).



Thus more uncertainty exists at Anantapur due to erratic rainfall
and poor water-holding capacity of the sol! and highar evaporative demand.
At Patancheru, the moisture environment is more easily and accurately
predictatie and hence more rapid progress can be made in breeding or
evolving management strategies to make best use of avallable water and
to ~tabilize productlonr

* However, the progress in breeding for better adapted rabi types has been
very siow, indicating the possibility of involvement of other limiting
factors such as daylength, temperature regimes etc.



5.

EMPIRICAL SCREENING N THE FIELD

ongptebility in the field tests: The ultimate test of drought resistance
is yield measured In the field under typica! drought conditions. It is
very difficult to develop field techniques to evaluste large number of

genotypes for drought resistance. In normal seasons in the tropics,
reinfall is erratic and hence even at & given location it is very
difficult to conduct field experiments which can provide results
spplicable over many years Yo be very efficient, field evaluations
ideally need one irrigated (non-stressed) control to compare the
effect of stress per se or grain yield. The proportional reducflor
in yield under stress compared to the yield obtalned inder well .
watered conditions is more useful as a selection criterion {Bium
1974; Asana 1976, Seetharama and Bidinger 1977) than mere absolute

yleld estimates under stress.

When using the information from multilocational testing progrems,
care should be taken to compare the st sites {environments) with
those of target regions. 1f thig is nut done types which have a high
degree of drought resistance across different environments, but much
poorer iocal adaptabilitv and productivity, may be selected, For
example it is more valid to select or test under different depths

of soil in the postrairy season than to use muitilocationa! trials
in the rainy season. The problem of repestabi! ty in practical
brescing can be solved by selecting in large popuiations (Hurd
1976). Selection of entries from field trials within a single
sclfon ieven from severa' closely related sites) ‘s often

difficule

Ranking of genotypes ir drought screening trials for vield from
ohe yedr to another or belween similar iocations is frequently
found to be variable. A maior problem lies in develocing field
sites and irrigation techniques to produce a required nattern of
stross. Also’:ﬁé;?fng the within-test variability, differences
in s0il texture, depth etc. which are not ver, evident under non-

stress conditions becames a major problem under stress conditions.
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The coefficient of varlutlo§ (CV) of the trial mean (Fig. 3A) or CV of
meen yield of a cultiver (Flg‘ 38) increases as the stress lovel
increases (or as mean yield decreases). Successful fleld testing
involves & careful selection of site, time of sowing, good control of
irrigation and development of statistical methods to adjust for yleld
variability (e.9. use of covariance or moving mean u;ing systematic
checks). Use of 'hi1) plots' seems ©be less advantageous In sorghum
since the plant produces noda! or basel tiliery under such conditions,
The loss of competitive environment under hill plots may also Incresse
the variability (work of Leisle quoted by Hurd 1976)  With proper
techniques, cultivar differences in drought resistance for rice and
wheat have been demonstrated and this was repeatable over a number of
seasons (0'Toole and Chang, 1978; Fisher and Maurer, 1978). At

ICRISAT we have reasonably sound techniques to screen sorghum (Sestharems et 8l

1982) and pear! miilet Pidinger et al 1982) for drought resistance in
the field.

Screening for drought resistarce using a line source: The line source
(LS) (Manks et al 1976), as described earlier (ICRISAT 1979, Seetharams
st al 1981) continues to be useful for screening sorghum cultivars for

drought resistance since it can be used for maintaining a stress
gradient with minimum land requirement and cost with a great degree
of precision. An experiment was conducted during the 1980 rabi with
18 cultivars on medium deep Alfisols. From each of the two
replications (on either side of LS) each row was “arvested for graln
yield and .biomass estim&&iOn. Regression of grain yields against
water applied throug* LS;plus rainfall received until physiological
maturity of each genotype (Fig. 4) was used to determine the yield
wotential (yield of rows nearest to the LS, intercepts in Fig. 4)
and drought susceptibility (slopes). Since the actual water

applied {which differed depending on maturity, 6 irrigations for
early ones and ] for late ones) rather than distance from LS |s

used as independent variable, nearly a fortnights' difference in
maturity is ignored in this discussion,
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The correlation coefficient betweer intercepts (yield potentiasl)
and slopes (droyght suscep:ibility) in Figure 4, was very highly
significant (f"0»313**df» This spparently poses a serious probler
to the breeders a:ming a' combining high vield potential with the
iow drought susceptit’ iity. Mence the following approsch was used
te selec: drought resistant genotypes. The slopes from the
regressions shown 'n Figure 4 were regressed against intercepts
(yield potential in Figure S]. Gennt.uec showing above average
yield potential (pointy nrn rigr* harc - ~e of brokem vertica)

1

line) and s opes 'ess thas reqression predicted values (points.
above regression .ines; were .rlected 3s drought res stant
‘ypes least reduction ir yielo per unit decline in water
supply!. S'miiarly the jenotypes below the regression lipe

anc on the left hanc -i1e o' the broken vertical 1ine can be

identified as suscept b e types.

When the genotypes were selectes using the abcve approach |t

was noted that the entr. ey 'n "he drought resistant group

(CSHE, CJ1198 and SPV3SEY d ¢ -0t nececsarily have a steeper

slope than entries ‘n tre ~u-ceptible groups (CSVS, V302 and

071463). D 1463 ane "7 anw ar. 5. cter ines arisi.ng from the

same Cross  Ir ke el reen/fartieaf firing (1CRISAT 1981b;

Peacock 1981, under hot irv -~ummer condit:ons D71464 was found

to0 be more res <tart tmar [ Lb3; tne former [ lso recovergo

‘aster. F-om F gure. « . & ¢ ¢t s apparent that while the

difference » '« Yie : ootent ais under moist condit:ons is

vjry $Ma ., the ¢ ‘¢ (e Zecab e varialion in drought

res stance Stucien [o-duciea r collaboration with scieatists

at Haryana Agraux:;urai rove s Ty i*issar: during hot and

dry summer /ﬁ‘nl{kétw tra' the above d fferences may be primarily
due 0 d fferences n pnenoiogy i.e., DTTL63 is late,

especially uncer sire-s

in order to compare t“e I oucm' ‘uscept'bility a.one amongst

genotypes. wi'hout concider'ng -iclc potentia’', y'elds were
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expressed on & relative basls as fractions of the Intercept (Fig. ).

The siopes In Figure 6 can be directly compared for drought susceptibility,
uninfluenced by yield potential. Although the slopes for CSHE and D716
are quite different in Figure & they are similar when adjustment is made
for the yleld potential. Susceptible entries like VY02 and CSVS have

far stesper slope than resistant lines {s.g. CSHG end BJ119S). Thare

were considerable differences between the two sister tines 071463 and
D7146h.

Since the applied irrigetion water doc;&ascd continuoustly and linearly as
the distance from LS increased, the stability analysis of Eberhart and
Russels (1966) was adopted using each row as one ‘(moisture) environment’
The regression coefficients indicating stability (b's) and residualy
were highly correlated with siopes (r--.976***) and coefficient of
determination (-.769***) respectively, obtained in the analysis

described parllcr (Fig. 4). Thus, the dats coliected on a smell

piece of land using a LS in a single location can be used to select
drought resistant (‘stable’') genotypes. The stability mode! can also

be used to categorise the genotypes in terms of their stability across

moisture environments created at a single location.

The early hybrid check CSH6 showed the highest yield potential, and,
in spite of having a steeper slope in Flgure 4, out-yielded all
varieties at al) levels of water supply used in the experiments.
This supports the common belief that hybrids are more productive

than varieties even under stress.
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6. YIELD POTENTIAL vs DROUGHT RESISTANCE

f
The higher ylaldnlgavnnced varieties (e.g. SPY 351) or hybrids (e.g.

CSH6) are highly related to their overall yield potentis! per se rather than
drought resistance. Garrity et al (1981) have quoted Quinby's earlier work
(1974) which suggested that the higher yield of hybrids Is relsted to their
greater efficiency in dry matter production snd to a higher harvest index.
Within the plant kingdom xerophytes sre qenerally less productive then
mesophytes. Gaff (1981) nav -tudied 3! resurrecticn grasses and found

that most of them were low ir dry matter accumuation. In their survey of
drought resistant species in Ra asthan deserts, Almed and Sankhla® (1981)
found that tho-e species whichsurvive better are poorer in biological
productivity. From figures 4 and 5 it is clear that drought resistant
cultivars like DJ1195 and 1512611 are less productive than CSHE (although
this conclusions doesn't hold good when biomass productivity, rather

than grain, is considered)

High yielding strains of forage grasses under conditions of adequate
molsture supply are not always high yielders under drought {Johnson et 8l
1981). Orians and Solbrig (1977) have reported that ‘trade~off' exists
betwesn performance under well watered and stress environmants. Reitz
(1974) has imp:ied that selection for wide adaptability may, in reality,
result in selection for mediocrity. Bunce (1981) has reported that
photosynthetic -ate {anad stomatal! conductance) of Taraxacum populations
under favourable conditions was negatively correlated with ability to
grow in dry soil. Sullivan (1972) has also noted that sorghum p'ants
with high drought tolerance are generally associated with decreased
growth and development. Some of the traits which reduce the loss of
water from the plant such as decreased leaf area (either by production
of gmaller and fewer leaves or by rapid senescence), leaf rolling or
stomata! closure, waxiness etc. also reduce photosynthesis since less
light Is intercepted or less (O, abosrbed (Table 2). MHanson and Nelson
(1980) have thoroughly reviewed this aspect and concluded that a 'trade-
off' exists between adaptidility to drought and maximum growth or

ybeld and they explained this from the view point of plant strategies
or energy drain' caused by the production of a chemical or structura)

component regarded & unnecessary under non-stress situations. Parson



13

(1979) has pointed out that t@ selection for drought resistanc care must
be taken not to select just for small plants with |imited growth potential.

Figure 7 conceptusiizes the relationship batwesn productivity and
drought resistance. The relative growth efficiency of two hypothetical
cultivars with or without drought resistance, but with hl@h yleld potentisl
(RP and rP, respectively) and a third drought resistant one with low yield
potentia! (Rp) sre compared. Notice that the high yield potential cultiver
RP always takes advantage of the growth opportunities (mostly !imited by
water supply), while the low yield potentjal type (Rp) lags behind. However
the latter may sometimes appear more efficient than the former a.g., tetween
70 and 85 days. The RP would have a higher demand for water because of the
higher leaf area developed and maintained over time. Rp on the other hand,
may have less leaf area and hence more moisture remains untapped in the
sol| for later use. However, the high yield potential type also has
mechanisms to cut down its water consumption temporarily when the supply
is llmltlng_aﬁd als0 to Increase consumption If the water becomas avallable
Bter in the season. The susceptible cultivar rP, which has a highar growth
rate under wel) watered conditions (before stress starts), may run out of

water at a critical stage after stress and collapse.

The above arguments Imply that any further increase in drought
resistance is difficult at higher yield potentials. Howeser this is not
necessarily true. Seetharsma and Bidinger (1979) have shown that the
correlation between yield potential and drought resistance (measured as
maintenance of yield under stress) becomes weaker as the stress level
increased. Ii is only under severe stress that the drought resistance
attributes are completely expressed and yleld '‘maintained’' in resistant
types. This means that the survival mechanisms become more important
than maintenance of productivity (yleld potential) if the stress intensity
is high or duration is long. In this way production steps in the
developmenta! sequence will be totally disrupted. Boyer and McPherson
(1975) have fairly rejected the Mederski and Jeffer's (1973) conclusion
(that it is possible to select for drought resistance under optimum growth
conditions) on similar grounds: to screen for physiological characteristics
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that are only called into pisy during drought one must select under
desiccating conditions.

Arnon (1975) hes concluded that breeding for specific environmental
contitions is not a worthwhile exercise. Instead, a high yielding broadly
adapted sariety should be vsed. However, it is well known thet the
materia) selectsZ on the basis of international trials of international
institutes is not suited to all countries which have served as a test
location., High yielding ma ze varieties of CIMMYT do not grow well in
isrse) (A. Blum, volcani Center, israel, per. commu.) or in Indig
(D. Sharma, ICRISAT, pers. commu.;. Hence strong local efforts are
needed to produce materia! useful for eny specific region giving due
consideration to the local drought situation.

From the logic developed in section 4, it would follow that the
kind of genotype which could perform well from year to year at
Anantapur during the kharif season (Fig. 1 ) may not be the same as
the one resistant to terminal drought at Patanchervu during the rabi
season (Fig. 2).

In order to eveluate the relative importance of yield potential
(as we!l as wide adaptability) and drought resistance, and to essablish
whather specific adaptability exists for the particular pattern of
drought, direct selections were made in different stress eﬁvironments
(see below) from the So generation of NPIBR and Downs' nopulations and
f rom FZ
adapted cultivars (CSVY and CK6OB) with a susceptible one (CSVS) for

's derived from single crosses between two resistant and widely

twd generations.

. The selection environments (in Fy's. F3‘s etc.) included the
folliowing:
1) Kharif stress (on lignt shallow Alfisols)
ii) Rabi stress (receding moisture situation on medium deep Vertisols)
iil) Summer mid-scason stress (crop not irrigated during panicle
development stage, shallow Alfisol).
iv) Summer control (regularly irrigated summer crop).
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Twenty~-three sclucttoQi made from esch population and crosses
during each of the ssasons were tested for yield together with the CSNE
hydrid and CSVA variety as checks, during kharif, rabl and summer of
1980-1981. The objective was to see whether the selections mede during
arv particular season are in reality best sulted only for that particulsr
season, Table ! shows the mean yields of kharif and rabl trials, The
rabi selections are distinctly superior In radl yleld trial. Additionally
rabi selections are also good for the kharif season; In fact they are
even better than kharif seiections. VYield differences between selections
made during different seasons could not be explained in terms of phenology.
For example, during the kharif, mean day; to flower and physlologica!
maturity for both groups were same (61 and 92 days,respectively).

The above anamoly can be explained in terms of the overriding
effect of yield potential of the selections rather than gene effects
responsible for drought resistance or adsptabllity, DOuring the kharif
test, terminal drought did occur because of lack of rains and poor
water-holding capacity of shallow Alfisols. Thus, the stress profile
was more conducive for rabl selections and adaptation for terminal
stress, than kharif types. Seetharama et al (1981) emphasized that
the ideotype for any glven location can never be more precise then
the quantitative and probabilistic description of the sessonal molsture
environment and other factors influencing growth and productivity.
Arnon (1980) has pointed out Lhat variability within a given
ecological niche can be greater from year to year, than between

locations or seasons.

There was no difference in yield between the summer selections
made under midseason stress or under reqular irrigation. This points
out the difficultyin selecting for each agroecological set of
conditions, Although several distinct agroclimatic divisions exist
in India {Murthy and Pandey 1978), widely adapted cultivars such as
CSH1, CSH6, CSVh, SPV3S1, are found to yield far better in almost
all years of testing in most of the locations, than the best local
cultivars. Hence the conclusion has been made that the whole part
of the country growing grain sorghum during the khatif cen be
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trested as one zone (Reo et al 1979). Only varieties with wide adsptability
ars liksly to be retained sfter such tests.

While we may succeed in characterising 8 location on the basis of
bng term weather records, It is difficult to dea! with the intersnnus!
variabllity. The problem is made more complex as the sessonsi plant
microenvironment is further subjected to menagement factors (e.g. date of
sowing or plant populetion!. A« the weasonal rainfall decreases, the
variations increase (Cocheme and Franquin 1967) and hence theg problem of
breeding for a specific plant type adopttd to that location becomes more
difficult. The profile of drought/:h;‘plant undergoes during Fz could be
qualitatively and quantitatively far different from thet for the seiection
of the F3 generation. Hence only those sdaptive features which are given
8 chance to express themselves during each year of the selection period
are likely to be retained in the finai selections. This smphasizes the
need for choosling proper locat:on or season where the relgvant pattern of

drought stress occurs on aimost all years.

In planning @ breeding nrogram it is necessary to study a relative
screage under different kinds of drought as well as the itlhili:y of
production potential of each region. Maximising producthbn in favourable
years to provide a buffer for the lean years, has limited applicabllity
tn solving the food problem especially in densely populated developing
gountries (Swindale and Bidinger 1981),
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7. ADAPTATIVE MECHANISMS

To snswer the question of which paremeter best describes snd explaing
plant response to water stress, and which adeptive feature is responsible for
drought resistance requires an understanding of how plant water stress Is
transduced Into plant performance (Steponkus et al 1980). There has been
& great dea! of published matearial in the form of proceedings of various
sympos {8 and workshops (Goodwin and Notingham 1979, Mussel! and Staples
1979, Turner and Kramer 1980, Paleg and Aspinall 1881, IRR! 1981, iCRISAT
1980, 81c Johnson 1981, Montelth and Webb 1981, Krizek 1981), books {Brown
1974, Lyons and Briedenbach 1979, Levitt 1980, Simpson 1981) and reviews
(Boyer and McPherson 1975, Benboudian 1977, 8eqgg and Turner 1976, Parson
1979, Jordan and Monk 1980, Jordan 1981) and hence we wil!! confine
ourselves to the general assessment of the significance of various
mechanisms or adaptive features in the immediate as well as the distant

future.

Several authors (Jordan and Monk 1980, Turner 1981 a & b, Seetharams
et al 1981, Hanson 1981) have listed the various types of adaptive
mechanisms found in sorghum (Table 2) which can be classified as:

a) Phenological

b) Morphologicel

¢) Physiological

d) Biochemical

a) Phenological adaptations are of three kinds:

i) Earliness
ii}) Photoperiod sensitivity
ill) Developmental plasticity

i) Earliness: The most important and common change that occurs in
high yielding cultivars bred for drought prone areas is earliness
in maturity. Thus the early hybrids and varieties have replaced
all locals in iIndia under progressive farming and thereby achieved
a quantum jump in the yield of sorghum (Rao et al 1979). Further,
earliness has also made the crop more widely adapted across the
country and offers better intercropping opportunities. However,
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eariiness has not been & successful strategy elsewhere, e.g. in
limbsbwe, where substituting the late with early cultivars has made
harvest difficult st the end of the season when the unpredicteble
rains may cause demege by preventing harvest in time as well as by
grain molds (J.H. Williams, ICRISAT; pers. comm.; also see below).

1) Photoperiod sensitivity: In West African countries |ike Nigerls,
Mall and Upper Volta, the rainfa!l at the beginning of the season |s

very erratic, while at the end of the season it terminates abruptly.
The local farmers take advantage of the ohotosensitivity‘of the
sorghum since the plants flower at the same time irrespective of
sowing date (Curtis, 1968). With an insensitive type this kind

of flexibility 1n sowing date is not possible and a late sown crop
would flower and fill the grains under both severe moisture deficits
and coid conditions in many places every year AlsO when sown early
during wet years such genotypes will suffer from grain weathering.

An additiona) advantage of photosensitive types is the prevention

of severe buildup of pest popuilations {e.g. midge or earhead bug)
since in all flelds, "rrespective of date of sowing, the crops flower
simultaneously. If the insensitive types are grown, an early sown
(and hence early flowering) crops will undoubtedly serve’as the source
of severe epidemics for the late sown crops. Hence the ICRISAT
programs at West Africa will retain this feature of sorghum in their
breeding efforts (J.T Scheuring, ICRISAT, Bamako, Mali, per. commu.).

However, (t is noted, in the case of India, that esriiness has been
the most extensively used strategy in contrast to photoperiod
sensitivity. Photosensitive varieties have a limited range of
adaptation. For example Webster (1972) reported that a sensitive

' variety developed at Samaru, Nigeria is adapted to an ecological
zone .no more than 80 to 120 kms wide north to south. (The length
of wet season increases from north to south in Nigeria). Outside
this zone the variety was too eariy or too late. Such an
approach of breeding for extremely narrowly adespted varieties can
only be useful if each location has a strong breeding program of its ow
otherwise the crop improvement in such places will lag behind the
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centralized programs uhorc the widely adapted varieties are.
emphasized, at least lntlclly

11i) Developmental plasticity: Stout et al (1978) have described stress
induced changes In tha length of growth stages. Seetharsma and
Bidinger (1979) studied 33 germplasm lines under wall (rrigated and
midseason (approximately during panicle development stage or GS2)
stress and found that the days to flower under stress could be

esither hastened by a day or delayed as long as 33 days. There was
& positive and significant correlation (r-0.55.*) between days to
flower under contro! and delay wnder stress. This assoclation,
however, appeared to be largely due to those cultivars which
flowered earlier than about BO days (Fig. BA). In another
experiment with 33 S‘ lines from NPYBR population, the correlation
was not significant (re0.27N5 : Fig. 88). In both cases the
delay approximately follows the normal distribution. Thus this
response seems to be , partly at laast, genotype specific and
hence it may be possible to manipulate this character In a
breeding program for a region where there is a good probabliity
of adequate rains late in the season to complete an extended crop
growth period.

Figure 9 shows the relationship between delay in flowering and
grain yleld under stress. In the first experiment, the stress yields
were reasonably correlated with delay up to about 10 days in flowering.

in the second experiment the same factors were unrelated (Fig. 98).

Th; nontillering sorghum commonly grown in indla lacks the degree
of plasticity exhibited by other tillering cereals like wheat and pear!
millet which can use tiller number (and head size) to buffer against
the.availabln water for fairly long periods during the season. However,
some sorghums do produce nodal tillers and, {f the midseason stress
has reduced the main culm yield, the nodal tillers make up for the
loss by producing grain rather quickly, once the stress is released
by rains. During the 1976 summer experiment at ICRISAT, IS 1037 under
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midseason stress produced 1.1 t/ha on the main shoot, and an additional

1.5 t/ha was produced on nodal tillers; the control only produced 2.1 tons,
Simllar observations were made in the U.S.A. in the case of sorghum
undergoing stress early in the season (T.C. Hsiso, University of California,

Davis, pers. comm.).

b) Morphological sdaptations: Morphologica! adaptations which incresse

water uptake (Table 2) as well as reduce consumption of water have
been extensively discussed in the literature (see above). At ‘TCRISAT
msistance to wilting, lea’ firing and recovery sbility at seedling
stage have besn evaluated in the field, in wooden and brick flats,
and in cylinders. Significant genotypic differences in response to
drought were found both in the germpiasm and breeder's elite |ines
(Figure 10A) as measurec by scoring for witling and recovery and
survival sfter relesase of stress. Most of the seediing drought
resistant lines had light green leaves with & ‘glossy' surface,

while the susceptible iines, n general, had dark green leaves

(maiti 1980). Scanning electron micrography showed that the
‘glossy' leaves (Fig. 10B) have smooth wax plates forming large
crystals, whereas the ron-glossy (Fig. 10C) ones have small needle
shaped crystals Hu' el al (1978} have noted similar differences

In wex structure amonast drought resistant and susceptible

Eragrostis species. Currently more germplasm is being screened

20 test the wide scaic applicability of the '‘glossy' tralt and
epidermal wax deposition pattern in the breeding program.

c) Physiological adapations: Physiological adaptations have been
ander study for more than a century and the findings for sorghum
., are summerized in several recent reviews (Jordan and Monk 1980, Jordan and

Sullivan 1981, Garrity et ai 1981, Turner 1981a, Seetharama et al
lSB\f. We want to emphasise that any single physiological
characteristic independent of others is unlikely to be directly
correlated with drought resistance in the field. Table 3 shows
the various physinlogical characteristics of ten sorghum cultivars
under typical rabi conditions at Patancheru. Although M35-1 and
CSHB are more resistant cultivars in the field than CSVS and V302,
no single physiologica! characteristic can match with that observation
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Figure 11 shows the seasonal pattern of differences in leaf tempetiture
between different irrigation treatments over fully irrigated controf,
The LI treatment had cooler lsaves than the control during the later
stages. This was because of reduced leafsares in LI compired with
controls (and hence less stress). Even the dry matter yleld of

L! was marginally more than control suggesting that it is not merely
total green leaf area, but also the activity of those leavas, which
produce higher ylald undar stress. Thus the judicious loss of some
leaf area is more beneficial than having a large sres which subsequently
undergoes morq savare strass. Plara Singh (1981) has described the
advantages of integrating various physiologicsl stress parameters to
predict yield quantitatively.

Measurement of severa! traits measured at regular intervals or
during critical stages: I physiologists are able to devise »
“battery of tests' for the given pattern of stress environment
this would tremendously stimulate breeders to use physiologlical
parsmeters (L.R. House, ICRISAT, pers. commu.). Research st
ICRISAT since 1976 has pr&Ved useful In formulating 8 hypothesis
regarding sugh a "battery of tests' for rabi sorghum. For example,
a capability for osmotic adjustment, remobilization of stem
reserves to the grain, rapid phenological development (not delayed
by stress) with proper management practices for high and stable
productivity (Seetharama gt al unpublished).

b

Biochemical adaptations: .During the course of evolution of uniovhyttl.

most of the changes that Rave taken place are .lthgr uorphologlcol
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or phenological and the basic biochemical apparatus hes remained slmost
unchanged. Amongst higher plants there is & great varisbility smongst
species (s.9. Ch vs C3 pathway; Good and Bell 1980) in efficiency of
weter use, but differences between genotypes within a crop species are
rere. Howsver there seem to be reasonable differences in the metabolism
of small molecules: e.g. differential production of proline or betaine
In responss to stress (Henson 1980) or changes in hormones (Niliborrow
1981, Kennengera et sl 1981b). Figure 12 shows changes In absclsic
scid (ABA) phaseic acid (PA) and 3-indolylacetic acid (IAR) as the
stress level incresse: the threshold leaf water potential for.
inducing ABA synthesis is around -1k bars. Genotypic differences

in hormonal levels are found even under norme! conditions and

changes under stress are also genotype - specific (Kannangers

ot 8l 1982).  Phaseic acid levels decline with stress and are
positively correlated (r = 0.61**) with yield levels. The
relstionship between leaf water potentia! and I1AA (Fig. 128) Is

more complex. The |AA levels Increase after the initial decline:

this may be dus to the fact the plants at the extreme levels arg
already acclimetized to stress, mainly by small size and reduced

leaf area. In the above preliminary study with CSHBR under LS
trestment, the correlation between ABA and yleld (r = -0.65*.Y

was similar to the correiation between irrigation and graln yield

(r = 0.68**) except being opposite in sign. Thus leaf ABA content
¢could be equally effective as irrigation to predict yield under
different levels of stress (Kannangara et a! 1982 ). However at

this stage the technique has to be further perfected and simplified
before being used on-a large scale.

Physiologists envisage the control of transpiration by hormones
as dynamic (Jones 1979, Walton 1980), responding quickly and favourably
to the onset of stress and reversing to the original level once the
stress is removed. Thus it is possible to select for a low natural
level of hormones with a tendency to produce large amounts at the
onset of stress (e.g. accumulation of ABA in response to stress) or
enhanced sensitivity under stress conditions (e.9. incressed stomstal
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sengitivity to lower concentratioés of ABA in prestressed efficient than
obligatory irreversible adcpmatioés. increased research in this ares is
expected to produce rich dlvlﬂmdﬁ. in on earlier section we have
discussed how the yield of the crip under stress s influenced by its
yield poten.i.l. Obviously we need to know fer more about the role of
hormones in the various physiological processes and thelr interactions
with the environment and also how they are integrated during ontogeny

to produce & particular magritide of yielg (or ¢ield reduct:on unuer

stress ).

Studies with mosses nave shown that the ability of the plant to
mobi 11ze enzymatic defence against Iipid peroxidation (Dhindsa and
Matowe, 1981) and to conser.e messenger ANA during drying (Dhindsa and
Bewley 1978) are very usefu! in detecting differences in drought
tolerance. Boyer (1981, and Lawior (1981) have reviewed the potentia!
for biochemical and physivlogical modifications of crops to yleld under
stress. Although they have identified a few areas for possible
applicatéonﬂ..mha existing «nowiedge 1% not enough to be of immediate

practical use 11 sCreening genctypes.

Hanson (1980) has ! ~ted three different reasons why the metabo!lic
traits could prove far more useful than conventional ones (especially
during the later phase of drought research program when the convential
approaches are exhaustes). Walbot (1980) in a recent review has sald
"unfortunately, the agriculturs. sciences have captured the imagination
of too few molecular biclogists seeking new problems largely due to
separate, insular environments »¢ land grant colleges and of major
research center; in moiecular biology'’'. However the scene has been
changing as evidercec 5y the importance given tr agricultural genetic
engineering both worldwide and in India {(GOI 1980). The United
Nations Industrial Deveiopment Organizatior is planning to establlish
an international Center ‘ur Ganetic Engineering (Stein 1981},

Woolhouse 19%1) believer 'hat 'shysiology should be pressed from the
'escription down to the ieve' of metabolic fluxes and thence to the

controlling enzymes, memtrare const tuents and their determinants so
that breeders can consider snecific attributes.’ However, Hsiao and
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Acevedo (1974) have csutioned that over-emphasis on molecular blology
sometimes leaves the basic essentia! work ot cell and plent levels (e.g.
role of turgor In growth) unexplored or overlooked. Thus a proper
balance of work on al! aspects at sach level of blological organization

must be ensured.
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8. INTERDEPENDENCE OF ADAPTIVE MECHANISMS: ROLE OF INTERMEDIATE AND
INTEGRAT ING ADAPTAT IONS “

The 8bove discussion of various adaptations under the respective four
headings should not give the impression that sach of these four are distinct
categories, independent of each other. Sinha st al (1981) have argued thet
crop productivity, Including under stress, Is & tota! sum of severs!
Interecting factors varying in quality, quantity and duration. The ultimate
yield produced under stress depends upon the net results of all these
interactions and it is necessary to have & complete plcturogf all processes
and components to fully understand snd remedy drought effects. Note that
short term biochemical events such as ABA pr&ductlon have influsnces on
both stomata! response (short term) and on vegetative and reproductive
growth (long term; Quarrie and Jones 1977). Simllarly many
physiological responses to stress influence crop growth and yield through
changes in phenology and morphology. Thus it Is very important to learn
about not only the primary effects of sbove adsptations, but also the
interactions between them.

For the immediste future it Is worthwhile to concentrate on those
adaptive features which are intermediary in character (e.g. leaf ares)
or which have an Integrative effect (leaf area duration or leaf area/
root length ratio; rmpresenting a balance between water demand and supply)
as 1llustrated below.

1. Leaf area (Flg. 13 and 14),

On 22nd April 1981, six cultivars of sorghum were grown under
irrigation for 10 days (5-leaf stage). From then on ons trestment was left
unirrigated (stress) while the other was Irrigated twice a week
(coptrol). The emergence, expansion and senescence of all leaves were
measured daily, even after the arrival of monsoon rains during mid
June (53 &ays after planting). Figure 13 shows the ares of indlvidus!
leaves under control and stress for two contrasting cultivars. While
the total number of leaves was unchanged under stress their sizes were
different. In CSHB, there was natmuch delay in emergence of leaves
under stress (delay of 0,3 and b days under stress for 10th, 15th and
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20th leaf), although leaf s!zes were reduced. In CSVS only the lesves 7-15
were reduced in size under stress; on the other hand emergence of lesves
was delayed to a grester extent (Fig. t&) (by 2, 14, end 15 days for 10th,
15th, and 20th leaf) under stress ond the fins! few leaves emerged and
sxpanded sfter the relief of stress by the advent of monsoon rains during
late June. Since the envirommental! conditions were optimum for leaf
growth after rains, the top several leaves actually grew bigger In size
under Stress"than under control. Thus the phenological changes can
markedly change the morphological, or even physiclogice! responses. If
weter avalisbllity is expected later during the season the postponement
of development could be a batter strategy than production of smaller

leaves.

2. Analysis of change in yield components under stress (Fig. 16).

The effect of three different patterns of stress during the
panicle and grain development was studied during rabi 1979, using »
line source on medium deep Alfisols (Figure 15). The seoed number (Fig.
15A) es expected, was influenced only by stress during the panicle
development stage (GS2). A linear decline in seed numbar was noticed
under the gradient of stress (treatments GS/GS or GS/NS) but under the
third trestment (US/GS) the seed number at different digtances from
the line source was not significantly different, though drastically
reduced (no irrigation during GS2; line source irrigatidn applied
only during GS3). On the other hand, seed size differences were found
only in the treatments receiving variable amounts of water during GS3
(in GS/GS and US/GS; not in GS/NS). Such yield component snalysis can
help us to define the/?;S?S?dSI{eggngnwhich occur sequentially during

the season.

Following the arguments of Sinha et a! (1981) it is also clear
that phenological and morphological adaptations represent greater
integrating effects than either physiological or biochemical adaptations,
and hence in the immediate future use should be made of them. Measure-
ment of physiological and biochemical parameters stipulate higher levels
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of time and resources (Swindale mﬂ Sidinger 1981) and hence the progress in
using them will be slower. Some cl the morphological ('glossy’) and
developmenta! ('recovery »Hlty')f traits have more profound and lntquﬂno
effects than others (Table 2}. ’

Even the drought resistance mechenisms (Levitt 1972) are not mutuslly
exclusive. Sullivan (1972), discussing the basis of selection for drought
resistance, suggested comtin:ng all interacting mechanisms. Boyer and
McPherson (1975) have argurd that some 'avoidance' type responses mey #iso
sct as pretreatment for developing greater gsolerance. Blum (1979b) has
shown that early sorghum genotypes not only escape drought but also aveoid
It because of reduced transpiration demand as a resull of decrsased |eaf
ared and high root length - leaf area ratio.
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9. PHYSIOLOGICAL APPROACH FOR BREEDING FOR DROUGHT RES!STANCE

Plant breeding has been most notsbly successful in improving
charecteristics that can be easily observed. So far as breeding for drought
reslstence |s concerned, it has been singulariy successful in breeding for
sariiness hence drought escape. However In splite of correction for
maturity, stress conditions may occur at verious yleid-determining stages.
The first reaction of & crop is to continue to grow and develop by svoiding
stress. Initially this is done by the uptake of stored soil moisture and
later, when soil water becomes !imiting, water loss from the shoot will
be curtelled by one or more adsptive mechanisms (Table 2). In addition to
drought escape end avoldance the crops should be in » position to invoke
tolersnce mechanisms under continuous stress. It should also have
capacity to recover after the restart of rains. Under field conditions
crops make use of all these mechanisms to varying degrees, but until now
breeders hsve been conscliously selecting mainly for escape and other
unidentifled or suspected traits such as recovery from stress or
deeper roots which are associated with good yielding abitity under stress.
There Is no doubt that drought escape is the first |ine of defence but
for any further improvement other mechanisms should be extensively made

use of by consciously selecting for such traits. .

Maunder (1972) pointed out that singie trait responses do not
offer a valld screening index, but rather the total plant function must
be considered. Asana (1957) attempted to expla'n the lack of
correspondence between single measurements of stress and drought
resistance. According to him these traits only indicate the ability
of the plants to survive (e.g. desiccation tolerance). (n the normal
seasons such traits may not be directly related to yield; nonetheless
their importance cannot be ignored. Some breeders alio felt that the
‘package of adaptive traits' suggested is not satisfactory. However,
the slgnlficance of the combination of these adaptations must be
ovaluated in the context of the ultimate environment in which the
plant is expected to perform. Breeders should be ready to learn by
trial and error in the absence of detailed quantitative information

& the environment.
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How can several traits be brought together, especially when some of
them seen to be mutus!ly exclusive? Sullivan (1972) has given an analogy
from nutritional and beking quality research in wheat. Several factors
which could not be identified visually have been identified and combined i
Judiclously for maximum benefit. Since simpla fiald screening techniques
can now be combined with several short mrm measurements or. miponses
indicating avoidence or tolerance mechanisms (Turner 1981¢c, Seetharame
ot al 1981) greater progress can be expected than has hitherto been possible.

Garrity et al. (1981) have recognized five distinct steges In the
physiological approach for breeding for drought resistance:

1. development of hypothesis

2. search for genetic variasbllity

3. establishing a rapid screening method

b. determination of mode of inheritance of the trait of
interest plus breeding method

5. proving that high levels of the tralt Improve drought
resistance in the field,

No doubt, It will be very difficult to satisfactorily complete
all these stages with all the characters but an enterprising breeder
would slways be happy to extend his 'srt' and work on as meny traits
as possible. It |s necessary for the physiologist to work closely
with the breeder and make use of his material and spprosch and pay
more attention to 'ldeotype verification' after 'ldeotype formulation’
(Fischer 1981).. Great expectations were associated with the fsogenic
line or population spproach to elucidate the role of Individual
character in drought resistance but some of the limitations have now
become apparent (Garrity et al 1981, Hanson and Nelson 1980, Seetherams
et 8] 1981)have suggested that the simple phenological and morphological
tralts should be used routinely while the complex physiologics! snd
biochemical ones can be used to screen parents or elite Iines from
the breeding program.

The population breeding approach (Doggett 1977, 1981) has proved
to be useful (Garrity et al 1981). While such an approach Is most
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effective in combining several traits and can be used as a vehicle to
widely disseminate brosd-based germpilasm from international programs to
countries wherever expertise exists to handle these populations for
local needs, it is unlikely that this will be used widely as & too! in
many developing countries in the nesr future. The possibility of
using populations directly on the farmers fleld, on the ether hand,
has started recelving some attention by breeders.

Populations have distinct advantage over hybrids and |ines under
low ylelding environments (Fig. 16)}. Mercer-Quarshie (1979) has shown
the advantages of growing sorghum mixtures over pure 'ines especially
under conditions of uncertain rainfall in northern Ghans. Physiologists
snd breeders are interested in explaining this effect. It is well known
that hybrids are far more uniform than varieties which are in turn more
uni form than/BOd:loasgg&y‘cid-ng environments it is this uniformity
from emergence to maturity that makes the hybrids most product|ve
(G.L. Wilson, University of Queensiand, Australia; pers. comm.). On
the other hand, the reverse would be true under a low yielding (stress)
environment since the heterogenous population acting as & 'system' has
great flexibility. The constituents of the populations vary greatly
in phenology and morpholiogy and perhaps even in physiology. .The
'system' as a whole acts as a ‘mixed crop' and is buffered myainst
stress, although low yielding under favourable environsents. This
hypothesis is similar to that of the relative advantages of synchronous
and asynchronous Lillering in cereals under high and low yielding
environments, respectiveiy. The 'populations' are like 'nomads' and
hybrids are 'city peop'e’'. Another anology is the Increasing
sdvantage of intercropping under low input conditions. it is easier
to incorporate both the constitutive and facuitative (inducible)
ad‘ptattons Iisted earlier (Seetharams et al 1981) into this approach
of growing populations. This system is expected to be more stable
across years and low vieiding environments than cultivars, which have
great potential under high vielding environments but lack the
'plasticity’ of the populations.. In West Africa, wherever sorghum

* The relative advantages of populations over pure lines and hybrids
under drought is being tested in the 1981 rabi trials at ICRISAT
center.
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is planted along the toposequence, populations cen be expected to yleld

better than lines or hybrids, since the variation In the soll and effective
rainfall con be more advantageous to the ‘mixturs’ slong the gradient then
for pure culture.

W

in view of the difficulty in combining high yield potential with
drought resistance, » first approsch should be to estimate the acceptable
yleld level (Martmenn 1981) for a given region. This consists of
determining production potential under sveragq westher conditions using
on sppropriate level of management. (f the expected level of yleld is
high, then yleld potentia! should be combined with only the few most
important drought resistance traits for the most marked sensitive stage
of crop development. On the other hand, if the yleld expectation is low
characters relsted to survival, even |f they are negatively assoclated
with high yield, should be incorporated in sufficient doses ('‘vertical
resistence'’). In most drought resistance breeding programs, sclientists
are overly concerned with drought sensitive stages and may not take
sdequate care to enhance the opportunities to increase productivity under
other growth stages when the incidence of drought is less common, Equel
emphasis on the latter will increase the crop productivity wlthout much
decline In drought resistance. Binswanger et al (1980) have pointed
out the great need for breeding high yielding sorghum for Indian SAT
regions when kharif crop production is not only risky but also has
determental effects on the mors assured rabi crop. An appropriate
genotype which can be sown earlier than existing common cultivars,
and with longer. growth duration can increass productivity since It
can tap late rain for vegetative growth over a longer period and fil1
the grains with stored moisture, In addition early planting would
encourage fertilizer use; photasensitivity can be incorporated to
meintain flexibility in planting date.

Fortunately current breeding material contains sufficient genes
for drought resistance. Hence the use of wild types is not urgently
required for several traits (Blum 1981). The CIMMYT meize populations
contaln grest variabllity for sensitivity of leaf slongation to
water stress (Fischer et al 1981) sithough direct selections have
not been mede for this trait. The range of values of seversl!
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physiologica! traits (e.g. stometal resistance] in advenced material is as
great ss in the selected germplasm (Seetharams et a! unpublished). Sobrado
and Turner (1981) have found that modern commercial cultivars of sunflower
are more drought resistant then ancient wild types. This is not surprising
since the modern ones have, under empirical field selection, probably
combined both drought resistance and high productivity.
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10. NOLE OF MANAGENENT FACTORS.

fmsliorstion of stress is very much dependent upon mensgement
decisions prior to and during the cropping season (Armon 1975, Kenwaer
1977, Jordan 1981, Jorden and Sulliven 1981). Under most circumstences,
after exploiting the potentis! of matching crop meturity and phenclogy
to the specific environment, alterations in menagement are -iHkely to be
the most powerful tool and the next logical step In Increasing water use,
officiency and reducing stres: injury. Any crop Improvement progcam
simed Bt incressing drought resistance should envisage the use of sach
of the management factors listed by Sestherams ¢t sl 1981,

The sbove point Is illustrated by reference to Flgure 17 which
indicates the interaction between fergility and Irrigation for esch of
thres cherscteristics. While the irrigation increased biomass and grain
yleld at both levels of fertility, the Incresse wes significantly greater
‘P<0.01) under high than under low nitrogen. However charcoa! rot
disease, which is prevalent under drought, occurs more with high tevels
of nitrogen than with low. The possibility of mducing terminal stress
which causes charcoal rot disease, even st the cost of pertly reducing
early growth should be tested. The problem of saving weter for grain
fliling can also be solved by employing wider rows (Blum and Neveh
1976) .

Passiours (1981b) has suggested ths squation as & conceptional
frame-work to discuss crop yleld under the water-|imited envl|ronments:
Y o W x WE x Kl ......ovnvnnenn.. e .Eq. (1)
where GY = grain yield/unit sres
W = geasonal evapotranspiration (water used/unit area)
WE = water-use efficiency (blamess/unit area/V)
Hi = harvest index (fraction)

By converting to logarithms on both sides of the Eq (1) It cen be
rewritten in the sdditive form:
log GY » logW + logWUE + logh! ..............Eq. (2)

WVhen an attempt wes made to predict GY based on the thres components
on the right hand side of Eq.(2) using & step-wise regression mode!
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It was noted that Hl sccounted for 753 or more of variation In grain yleld
over thres rabl trials with 10 genotypes (Teble 4). The contributions of
the other two variables were approximetely squa! (about 12% sach). This is
not surprising since until now the major gain in yield of sorghum grown in
the rabi season has been only through Increasing Wi,

The WE term in the equation can be derived as follows

WE = Tota! (serial) Biomass Eq. (3)
Evaporation {t) ¢ Transpiration (T)
Hence,
Biomass » WUE x (E + T) ......... Cee e tq. (&

in the rabi, the tota! available water for the crop is almost
fixed around the seeding/seedling stage, and the total! biomass is then
directly proportional to water use (Seetharams et ! 1978). However,
since It is only the transpiration that produces biomass, the way to
increase the latter under the conditions of fixed water supply is to
cut evaporation and use the max!mum amount of water for transpiration.
The svaporation component, once the soil is dry (after the seedling
stage) Is very small (Russell 1980) and the scope for Increasing
transpiration further to increase biomass in a well managed rabi
crop is also small. On the other hand the pattern of transpirational
water use during development will certainly influence both biomass
product ion and harvest index, thereby determining grain vield
(Seetharama et al. unpubiished). Thus, saving reasonably some water
by reduced transpiration until flowering is a desirable strategy for
rabi ("pessimistic environment''; Jones 1981). During kharif, on the
other hand, & raplid ground cover and full rates of transpiration from
the very beginning of the season is advocated (‘optimistic environment')

Characterization ofkthe physical environment as well as the
multicriteria approach suggests the amalgamation of expertise of
different disciplines. An appropriste way to deal with locationa!
(and temporal) specificity throughout the sorghum growing regions is
to encourage the formation of inter-disciplinary teams to work in the
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regional and nationsl programs. Since its inception ICRISAT has recognlzed
this need. Most of the ideas and results reported In this paper are made
possible because of sfforts of o tesm of scientists (Figure 18) Initially

brought together by M.3. Russell, ex-director of the I1linols Experiments!
Station, when he wes 2 consultant to ICRISAT.

Whenever water is the limiting factor In crop production, the study
of the dynamics of water movement through the soi!-plant-atmospheric
continuum (SPAC) Is extremely important. The objectives of such a study
are to understand the physical processes opcr;llng in the system and to
measure in situ the quantities of water involved, the rates at which
tronsfer occurs, and the quantitative effects of the system which control
them. Quantification of terms in the water balance equation will help
soi! and water engineers and hydrologists to understand the effects of
natural and man-induced physical propert.es of the soll=crop systems.
Plant physlologists will benefit from such studies since they can relate
time and depth pattern of moisture in the root zone to transpiration,
growth, plant adaptations to stress etc.

Agroclimatologists can help the team in describing and classifying
climate in agronomically relevant terms. Basically this consists of
transiating the Intermittent (kharif) or continuously declining (rabdl)
water supply and the atmospheric demand for water into daily values of
avallable water in the root zone. The data can then be used to model
transpiration (Figure 1 ¢ 2) and crop yield. It is our hope that such
a process-based, weather-driven, soi! and crop-modulated mode!
will be useful In (1) explaining and generalizing the results of site
and season-specific fleld experiments, (ii) identifying agroclimatic
snaldgues and efficlent 'ideotypes' oand (ii1) analyzing the likely
consequences of alternative systems of soil, water and crop management
under different sets of soll and climatic conditions (Huds et al 1980).

The traditiona! ‘trial and error agronomy' has to be at least In
part, replaced by newer system analysis and modeling approach (Nix 1980).
An observation made once or & few times on & particular crop, grown
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under & well characterized environment, should nct be re'ated solely to that
crop or to that particular set of conditions. Our interest now 'ies in
making inferences for crops that will be grown in the future, or under
other environments which are known only to the extent that probabilities
of rainfall etc. have been computed (Gold snd Raper 1980). Fortunately
the application of systems analysis (modeling) techniques to agricultural
cropping system is becoming fairly widespread. Nevertheless expectations
should not be too high initially. Anm explicit mode. :or*a . 3° best
only, that portion of the system which is clearly undervtunc ® [oer,
"fallure' of the model conveys a message that clarifies tha® na- of

the system of plant process that needs to be studied further

Mode! building, especially the process-based dynamic cnes need
a bt of Input data from different disciplines to be accurate Emphisisg
should be placed on the cooperative field research amongst sciertists
with different backgrounds. Efficient functioning of such a team is
ensured by proper structure and management {(Kanwar, 1977a; Moragan
et al. 1981). It is absolutely necessary to follow the professiona!
ethics very strictly, for example those of the type formulated by
various professional bodies such as the American Registry o{
Certified Professionals in Agronomy,Crops, and Soils (AR"PACS. American

Society of Agronomy, Wisconsin 53711 USA).
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12. ROLE OF PLANT PHYSIOLOBY IN THE SERVICE OF AGRICULTURE

Physiology Is Jjudged primarily on how enlightening it Is and
whether this enlightenment provides leads or tools for breeders and
sgronomists (Passioura 1981a). Kramer (1980) has outiined eloquently
how & plant physiologist could contribute to agriculturs! rosiirch
of immediate value. Nannv" It must be understood that plant
physiologists, osp-cll!!y/thc present day context con not be content
with enlighterment alone, and greater J'tilt! has to be made towsrds
the application of their knowledge. This can be best achieved by
physiologists, whenever possible, joining a team of agronomists,
plant breeders and others. This has already taken place In the
international crop research institutes. Turner (1981¢) has given
three good reasons why such a 'merger' of physiologists would be
more fruitful:

Firstly, under such an arrangement the physiologist Is bound

to concentrate on immediate problems and ‘midwifery' (Evans 1977)
than in the mere seeking of eniightenment. Secondly, the merger
will help encourage physiologists to use the tools and products

of agronomists and breeders. Finally the physiologists will be

in a better position to convince & counterpart of the need to
produce tools and techniques e¢.g. Isogenic lines or populations,
and make additiona! measurements in any agronomic trial, etc.).

Physiology Is & science and not 8 technology. |t seeks
explanations and its methods are universal in application. And
like any other sclence it has two facets: spectacular (e.g.
discovery of photosystems or phytochromes) and utilitarian (e.g.
development of herbicides based on inhibition of photosystems or
role of hormones In apical dominance or in breaking dormancy).
However the future of plant physiology, especially the future
of research funding-lies mainly in balancing the above two
facets with » tilt towards the latter. Unfortunately plant
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physiologists ere not always trained to do this task., Flgure 19 suggests
how the training of a plant physiologist might best be undertaker. While
the physiologist s srpecied to master the sciences in the middie circle,
it wihl only be possible to be acquainted with those in the outer circle.
Howaver snough opportunities should be provided to a recent Ph.D. to take
courses or lesrn skills which can be of immediate pen#f?}wpqgglon the

Job. The first sabbatical leave and other study eave garly 0 the
oarser can be best utilized by compliimenting and suppiementing ear'iier
forma! training. Thus on return tc the job situation there is ar enhanced
possibility of interaction with his/her colleagues in other vesciplines
(L.D. Swindale, ICRISAT, pers, commu.). 1t is hoped thal the present
conference will stimulate educators to train more compatent phys.i0iogists
because they are badly needed for programs of food production in

developing countries.
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Table 1: Grain yields of selections made under different environments
during kharif and rabi trials (1980; see text for details).

Mean grain yield/q/ha) during 1980 yield trials
Selection environment

Kharif trial Rabi trial
Kharif 38.9 10.6
(shallow alfisols)
Rabfi 40.) 13.3
(medium deep vertisols)
Summer control 38.4 9.4
(alfisol, regularly irrigated)
Summer stress 37.7 9.0
(as under control but 3 irrigations
missed during panicle development
stage)
Overall mean 38.8 10.6

LSD (5%) 1.2 2.0



Table 2: Phenological, morphological, physiological and biochemical changes
reported to contribute to drought resi.tance of sorghum and a

quaiitative assessment of their cost in terms of biomass or grain

productivity. Modified from Turmer 1979 and Jordan and Monk 1980.

Mechanism of droujht resistance

1. DROUGHT ESCAPE:

A
. Rapid phenological development

O P

T L PO —

Ny — I W B L

Phenological response

Development plasticity

. Photoperiodic response

. Carbon assimilation & remobilization

o——————— o~y

. Remobilization of stem reserves

2.
3.

High growth rates
Low respiration rates

Reduction in water loss
Increase in stomatal resistance
Reduction in leaf area (death)

Reduction in leaf area (rolling)
Increase in epicuticular wax
Increase in cuticular resistance

. Glossy leaf
. Maintenance of water uptake

. Increased root density & depth
. Increased liquid phase conductance

Maintenance of turqor

Osmotic adjustment
Increase in cellular elasticity
Decrease incell size

. Dessication tolerance

1. Protoplasmic tolerance

2. Maintenance of chloroplast
integrity

3. Resistance to leaf firing

4. Heat resistance

Productivity
reduced?

No?
Depends on conditions

Biomass only reduced
with delayed planting
Biomass only reduced

No
No

. DROUGHT AVOIDANCE (TOLERANCE AT HIGH WATER POTENTIAL)

A.
1.
2.

1es
Yes

Yes
No?
No

No?

No?
No

DROUGHT TOLERANCL (TOLERANCE AY LOW WATER POTENTIAL):
A.

Re ference

Blum '70
Seetharama &
Bidinger '79
Bunting &
Curtts '68

Seetharama et al.
'81

Garrity et al. '8

Rice 'T§

Henzel) et al. '7%
Seetharama et al.
(unpublished)

Begg 1980

Cbercon et a}. '77
Blum '79

Maiti (unpublished)

Jordan & Miller '80

Seetharama et al.'8l
Turner & Jones '80
Turner & Jones '80

Sullivan & Blum '70
Sullfvan & Blum '70

Seetharama et a1, '8
Sullivan & Ross '79



Table 3: Plant water stress parameters of 10 sorghum cultivars (HZ. 1979 rabdt).
Seasonal water stress parameters measured around noon at“12th Feb
l980::days after planting.

) Leaf water nJSolute Turgor“‘ Stomatal Leaf

Genotype  potential®  potential (bars) conduct- temperature
(bars) {(bars) ance (cm/sec) (°C)
1. NK 300 -16.8 -11.2 5.6 0.58 28.6
2. (SH 8 -19.7 -17.1 7.6 0.52 28.3
3. Qv 5 -21.9 -13.1 8.8 0.7% 25.1
4. (S 354} -20.5 -11.7 8.8 0.76 25.1
5. 151037 -20.9 -15.4 5.5 0.59 26.3
6. M 35-1 -25.9 -19.3 6.6 0.50 30.6
7. (SH 6 -17.8 -13.7 4.1 1.14 27.0
8. SPV 86 -24.1 -15.7 8.4 0.47 271.9
9. v 302 -20.4 -15.9 4.5 0.56 29.6
10. CSH 1 -16.0 -13.8 2.2 0.92 28.5

* Measured with pressure bomb

** Measured with Wescor osmometer, corrected by multiplying by 1, 2 for
dilution effects of apoplastic water (Jones and Rawson, 1979),

*#+ Differences between two. ) aund 1)



Table 4: Grain yield, seasonal water use, water use efficiency (WUE) and
harvest index (Hl) of sorghum cultivars (Bz. 1979 rabi).

Grain {ield Water use WUE

Genotype (q/ha (cm) Kg biomass/ HI (fraction)
cm water
1. NK 300 40.3 26.4 358 0.43
2. (SH 8 40.5 21.5 461 0.4
3. CSV 5 36.9 30.9 278 0.43
4. (S I 31.8 3.2 249 0.40
5. 1S 1037 20.7 27.0 296 0.26
6. M 35-] 19.4 27.2 419 0.17
7. CSH 6 31.6 16.6 495 0.39
8. SPV 86 29.5 19.7 530 0.28
9. VvV 302 3.5 23.1 389 0.35

10. CSH 1 40.6 27.6 334 0.44
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Fig.3: Relationship between {{V %) and mean yield of cultivars.
(A) CV (2) vs mean grain yields. The data from different
trials with Trrigation treatments as main plots. The trial
number appears within the treatment symbols. (B) CV (%) *_s_
mean grain yields from the same irrigation level from a line
source irrigation experiment.
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CSHE  : Y « 891.54-11.12x (r = 0.88
OJI19S : ¥ » §17.43- 9.87x (¢ » 0.95
SPVISIv: Y « 408.8Y- 7.38x (r « 0.85
D464 : ¥ « 236.42- 4.51x (r = 0.8)
CSVS . ¥ = 327.47.8.52x (p = 0.96
V302  : ¥ = 294.40- 8.80x (r » 0.90
D463 : ¥ » 232.24- 7.36x (r » 0.9%

where x = 36-cm wate received

L's’b | 2 | ) 0
Total water (cm) applied through LS + rain

Fig.4: Genotype evalustion for drought resistance using 1ine source (LS) sprinkler

fon system: Relationship between irrigation water applied through LS
;;::9::1:“(1\{'&‘- 3 uniform furrow irrigations to recha pro{ﬂa
during crop establishment phase) and grain yleld. (Field RP11B, 1980

postrainy season, regressions for only 7 (out of 18) genotypes are showm;
for all correlalions a = 18; P < 0.001).
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Fig.6: Relative grain yields at declining levels of water supply. (RP 118,
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(UnpubYished data of N. Seetharama).
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Figureld {8) Soorvning for swedling diought resintance in biick Hatw {picture was taken after the
telvase of stiews by rewatering CSI541 a susceptibie entry in the Lrial was kitled

due to stress 151160 a resistant entry shows Teast damane due to wlress and good
Tetovery)

{b) & (¢} Scanning electon micrographs 'SEM) of glossy 3) and non-gloasy (c) sorghum leal surfaces.
{Glossy leal surface has flat wax plates !ovlming large crystals; non-giossy surface has smali

needle shaped crystals ) (SEM by the couu‘sy of Dr. Susan Woodhead, Centre {or Overseas Pest
Research. London). ‘
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Fig.12. Relationship between Leaf water potential (LWP) and
(A) Abscisic acid (ABA), Phaseic acid PA, and (B)
Indolel-3-acetic acid (IAA) concentrations. (CSH-8;
R6, 1980 Rabi, line source, unpublished data of
T. Kannangara, R.C. Durley and G.M. Simpson).
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(Data of francis et al. 1979; taken
from Garrity et aT_ TYB}).
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Appendin |

PROBLEMS AND PROSPECTS FOR INCREASING YIELD UNDER DROUGHT :
CRITICISH AND SYNTHESIS WITH SORGHUM"

N. Seetharama, M.V.K. Sivakumar, F.R. Bidinger, S. Sardar Singh,
R.K. Maiti, B.V.S. Reddy, J.M. Poaccck, $.J. Reddy, V. Mahalokshmi
and R.C. Sachan
ICRISAT, Patancheru 502 324 India

and

A, Shiv Raj, S.R.K. Murthy and A. Narasyanan
APAU, Rajcndranagar, Myderabad 500 030, Indla

and

Tisss Kanangara, R.C. Durley and G.M. Simpson
Univorsity of Saskatchewan, Saskatoon, Canada $S7NOWO

Although drought causes more yleld losses than combined effect
of all blotic stress factors, the progross In Increasing yleld under
watcr limlted environment s ssall, Major reasons for slow progress
are listed and the relationships betweon crop productivity and droeght
resistance are cxamined. Adaptations to drought In sorghum are
discussed In order of thelr utility In the {mmedlate futuro:
phenological, morphological, physiological and blochemical, Results
©:f Interdisciplinary rescarch at ICRISAT in understanding drought
resistance are discussed with respect to avallable screening methods,
genetic variablilty and breeding methods. Breeding and monagement
strategies should be almed st Increasing transpirations! water use
throughout the season and decreasing injury caused by drought.
Suggestions are made for promoting sulti-disciplinary and inter-
institutional cooperation.

* Plenary
A paper presented at the symposium on
“Plant Physiology and Biochemistry In the 80's"
at
IARI, Mew Delhl, India; 23-25 November 1981
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