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Although drought causes more yield losses than combined effect of all biotic
stress factors, the progress in increasing yield under water-limited environ-
ment is small. Major reasons for slow progress are listed and the relation-
ships 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
biochemical. Results of interdisciplinary research in understanding drought
resistance are discussed with respect to available screening methods, genetic
variability and breeding methods. Breeding and management strategies
should be aimed at increasing transpirational water use throughout the
season and decreasing injury caused by drought.
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Introduction

Crop productiva is limited more by (Boyer 1982). Even in the United
unfavourable physiochemical environ- States of America, in spite of great deal
ments than by all other factors combined of research and use of inputs, the major
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cereal yields range from 1/4 to 1/7 of the
potential yield (Wittwer 1975). In India,
the average yields of major crops in the
farmers’ field are 10-20 folds less than
those achieved by “Krishi  Pandits”
(award winning farmers selected by the
government on the basis of crop growing
competition).

Dudal (1976) has estimated that 909
of the global land area has significant
problems for agriculture. Of these,
most important is drought which is
chronic on 289 of land with another
25.4% of land sporadically under drought,
either due to the shallowness of the soil
(249%,) or due to mineral toxicity (23%),
etc. All the national and international
crop improvement programs are seriously
concerned about the problems of drought.
For instance, the sorghum improvement
program at ICRISAT has given top
priority in its 10-year research projections
to work on genetic improvement for
drought resistance, and on management
research to increase yields in drought
prone areas (ICRISAT 1982b).

Improvement for Drought Resistance:
A Myth?

Breeding plants resistant to drought, or
devising management strategies to in-
crease water-use efficiency have been
attempted since long ago, but the progress
has not kept up with the expectations.
Research on these areas, especially
breeding for drought resistance, is very
frustrating. To quote Arnon (1980)
“Breeding for drought resistance has been
a consistent theme for as long as I remem-
ber and probably the greatest source of
wasted breeding efforts in the whole field
of plant breeding”.

Recent advances in our understanding
of the problem makes us feel more opti-
mistic, mainly on the following grounds:
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Firstly, only fairly recently drought, with
all its ramifications, has been systemati-
cally analyzed on all levels of biological
organizations. Secondly, the breeders
have not extensively used diverse germ-
plasm and the novel breeding techniques
such as the recurrent selection method,
so far. Thirdly, the tools available to
us today, such as remote sensing and
dynamic modelling, are far more superior
and powerful than those employed by
previous workers. Furthermore tools
for quantification of stress such as
infrared thermometers will greatly assist
the breeding efforts. The cost of these
need not be prohibitively high, and such
tools can be simplified. For example,
simple temperature-sensitive  adhesive
paper can be used to measure and register
leaf temperature. With the advance in
electronics it should be soon possible
to “video-tape” the leaf temperatures in
the field and scrutinize the response
quantitatively. Finally, in recent years
new field screening techniques such as
the line source sprinkler irrigation system
(Hanks et al. 1976), have been introduced,
and statistical methods have been im-
proved to deal with increased field samp-
ling variability under drought.

In this paper we will examine the
problems and the prospects for increasing
grain yields under drought. Although
we have extensively used the data on
sorghum [Sorghum bicolor (L.) Moench],
which is one of the five most important
cereals of the world, the physiological
principles can be applied to other crops
under appropriate situations.

Problems in Crop Improvement for Drought
Resistance

Experimentally it is more difficult to
incorporate drought resistance in crops,
than it is to incorporate disease or pest
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resistance. The former can be handled
without affecting crop yields or adapta-
bility, and in most cases the number of
genes involved is quite small; in the case
of drought resistance, crop productivity
is linked to water which is a substrate,
constituent (e.g. of hydrophilic proteins)
and the medium in which all cellular
processes take place. Water is also
essential for evaporative cooling of the
plant. Furthermore the flow of water
in the soil-plant-atmospheric continuum
(SPAC) is crucial for the flow of nutrients,
hormones and other substances.

The specific problems in crop improve-

ment for drought resistance are:

1. Even under the same management
practices the profile of drought varies
considerably from year to year, from
location to location and on different
soill types within a farm. Even
when the soil and plant character-
istics and management factors are
known or controlable, the aerial
environment (e.g. rainfall and atmos-
pheric demand for water) is difficult
to predict.

2. Several adaptations favouring water
loss under drought seem to negate
crop productivity. For example,
both leaf rolling and stomatal closure
conserve water, but reduce light
interception and entry of carbon
dioxide into the leaf.

3. Drought affects many morphological
and physiological processes; hence
consideration of a single character
has not yielded any consistent results.

4. Sensitivity to drought varies consi-
derably between stages of crop growth.
Resistance at one stage (e.g. seedling
stage) is not necessarily correlated
with resistance at other stages.

5. In the absence of simple methods to
quantitatively estimate the effects

of drought, the measurements of
reduction in yield under drought as
compared to yield under optimum
moisture supply, is the only method
available so far. This is very labo-
rious and time-consuming.

6. Results from screening for drought
resistance during ‘rain-out’ dry seasons
should correspond to the perfor-
mance under drought occurring
during normal rainy season.

7. Some of the adaptations are difficult
to transfer. For example, the Nige-
rian sorghums escape drought by
completing heading at the end of
rains regardless of their planting
date because of their photosensitivity
(Bunting & Curtis 1970), but this
character is not universally acceptable
and it cannot be easily transferred
to other latitudinal zones.

8. Drought 1is frequently associated
with high temperature stress, and at
higher elevations with cold (which
reduces water-uptake) and high
radiation  stress. Drought also
reduces nutrient-uptake.

Approaches towards Improvement for
Drought Resistance:  Ecophysiological
Considerations

The first and the foremost task of a
drought researcher is to characterize the
profile of water stress. The effectiveness
of any attempts to improve drought
resistance in a crop must be based on a
thorough knowledge of, and an apprecia-
tion for locational and temporal specificity
(rainfall, temperature, radiation, humi-
dity, day length, soil characteristics,
duration of crop growth, the stage at
which stress occurs and the intensity and
duration of stress) that characterizes a
particular drought condition (O’Toole

& Chang 1979, Seetharama et al. 1982b).



The best example is the case of the
wheat variety Pitic-62, which performs
well under terminal drought conditions
of the Canadian praire region, but is of
no obvious advantage in Britain, where
the periodic stresses occurring throughout
the growing season are quite mild
(Jones 1979). It can be further clarified
by comparing the effect of soil moisture
stress on transpiration under the following
two environments:

1. Sorghum grown during the rainy
season (kharif) at Anantapur on
shallow Alfisol [Plant available water-
holding capacity (PAWHC) = 5cm].

2. Sorghum grown during the postrainy
season (rabi) on deep Vertisol at
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Patancheru, Hyderabad (PAWHC=
23 cm.)

Figures 1 and 2 show the simulated
relative transpiration rates (and hence
degree of stress) of sorghum (flowering
in 65 days) planted at the beginning of the
season when the rainfall on the day of
sowing exceeded 2 cms.

The date of sowing (rainfall > 2 cm) is
very uncertain at Anantapur, while it is
fairly definite at Patancheru. The inter-
annual variability is very high at Ananta-
pur though the water availability at the
end of the season is comparatively more
assured. At Patancheru, each year, in
the beginning of the season water is
relatively plentiful and stress increases
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Figure 1 Relative transpiration during crop growth at Anantapur: 1977, 1979 and 1980 kharif (rainy season)
Ta, transpiration possible with actual rainfall (mm/week); Tp, potential transpiration; based on ICSWAB
model of SJ Reddy as modified by V Mahalakshmi and GDP Rao. Computations are on weekly basis



/%

502 N Seetharama et al.

4 Date of SQwing

1
'
'
|
1
L 4 L 3 ; 1

A
40 50 &
STANDARD WEEKS

Figure 2 Relative transpiration during crop growth on

deep vertisols at Patancheru, Hyderabad: 1977 (partially

charged profile), 1978 and 1979 (fully charged) rabi

seasons (post rainy). Based on ICSWAB model of SJ
Reddy as modified by V Mahalakshmi and GDP Rao.
Computations are on weekly basis

continuously throughout the season.
During 1977, when the profile was not
fully recharged, the stress was slightly
more during early part of the season than
during other years.

Thus, more uncertainty exists at
Anantapur due to erratic rainfall and
poor water-holding capacity of the soil
(and higher evaporative demand; data
not shown). At Patancheru, the moisture
environment is more easily and accurately
predictable and hence strategies to make
best use of available water, and to
stabilize production can be devised with
greater confidence.

Empirical Screening in the Field

Repeatability in the field tests: The
ultimate test of drought resistance is
yield measured in the field under typical
drought conditions. It is very difficult
to develop field techniques to evaluate a
large number of genotypes for drought
resistance. In normal seasons in tropics,

rainfall is erratic and hence even at a
given location it is very difficult to conduct
field experiments which can provide
results which are applicable over many
years. Ideally field evaluations need one
irrigated  (non-stressed) control to
compare the effect of stress per se on
grain yield. The proportional reduction
in yield under stress compared to the
yield obtained under well watered condi-
tions is more useful as a selection
criteria (Blum 1974, Asana 1976, Seetha-
rama & Bidinger 1977) than mere absolute
yield estimates under stress.

When using the information from a
multilocational testing program, care
should be taken to compare the test sites
(environments) with those of target
regions; otherwise types which have a
high degree of drought resistance across
different environments, but much poorer
local adaptability and productivity may
be selected. For example, for rabi
sorghum growing with stored moisture,
it is more valid to select or test under
different depths of soil in the postrainy
season than to rely on the results from
multilocational trials  during  kharif.
Selection of entries from field trials
within a single season (even from several
closely related sites) is often difficult.
Selecting in large populations ensure
better repeatability (Hurd 1976).

Ranking of genotypes in the drought
screening trials for yield across years,
or between similar locations, is occasio-
nally found to be very poorly correlated.
A major problem lies in developing field
sites and irrigation techniques to produce
the required pattern of stress. Also
in handling the within-test variability,
differences in soil texture, depth etc.,
which are not very evident under non-
stress conditions become major problems
under stress conditions. The coefficient of
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variation (CV) of the trial mean (figure
3A) or CV of mean yield of a cultivar
(figure 3B) increases as the stress level
increases (or as mean yield decreases).

Successful field testing involves a
careful selection of site, time of sowing,
good control of irrigation and develop-
ment of statistical methods to adjust for
yield variability (e.g. use of covariance or
moving mean using systematic checks).
Use of ‘hill plots’ seems to be less
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Figure 3 Relationship between coefficient of variation
(CV %) and mean yield of cultivars: (A) CV (%) vs
mean grain yields. The data are from different
trials with irrigation treatments as main plots. The
trial number appears within the treatment symbols;
{(B) CV (2%) vs mean grain yields from the same irri-
gation level from a line source irrigation experiment
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advantageous in sorghum since the plant
produces the abnormal nodal or basal
tillers under such conditions. The loss
of competitive environment under hill
plots may also increase the variability
(work of Leisle quoted by Hurd 1976).
With proper techniques, cultivaral diffe-
rences in drought resistance for rice
(O'Toole & Chang 1978) and wheat
(Fischer & Maurer 1978) have been
demonstrated and this was repeatable
over seasons. At ICRISAT we have
reasonably sound techniques to screen
sorghum and pearl millet for drought
resistance in the field (ICRISAT 1982a).

Screening for drought resistance using
line source: The Line Source (LS for
short; Hanks et al. 1976), as described
earlier (ICRISAT 1979, Seetharama et al.
1982b) continues to be useful for screen-
ing sorghum cultivars for drought resis-
tance since it can be used for maintaining
a stress gradient with a minimum land
requirement and cost and with a great
degree of precision. One experiment was
conducted during the 1980 rabi with
18 cultivars. From each of the two
replications (on either side of LS) each
row was harvested for final yield and
biomass  estimation. Regression  of
final yields against water applied through
LS plus rainfall received until physiolo-
gical maturity of each genotype (figure 4)
was used to estimate the yield potential
(vield of rows nearest to LS; intercepts
in figure four and drought susceptibility
(slopes). Since the actual water applied
through LS (six irrigations for early
genotypes and seven for late ones) rather
than distance from LS was used as
independent variable, nearly a fort-
night’s difference in maturity was ignored.

The correlation coefficient between
intercepts (yield potential) and slopes
(drought susceptibility) in figure 4, was
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very highly significant (r=—0.813;
P <0.001). This apparently poses a serious
problem to the breeders aiming at combi-
ning high yield potential with the low
drought susceptibility. Hence the slopes
from the regressions shown in figure four
were regressed against intercepts (yield
potential; figure five and genotypes
showing above average yield potential
(points on right hand side of broken
vertical line) and slopes less than
regression predicted values (points above
regression lines) were selected as drought
resistant types (least reduction in yield

CSHE 'Y =591 S4-11.92x(r= 0.86)
0J119S (Y =517.43-9.87x{r= 0.96)
SPV3S) Y :408.81 -7 38x(r= 0.85)
D71464 1Y =236 42- 4.51x{r= 0.81)
CSVS Y=z 327.47- 8.52x(r=0.96)
V302  "Y=294.40- 8.80x{r= 0.90)
D71463 1Y =232.24-7.36x{r= 0.95)

Where x = 36-cm water received

Figure 4 Genotype evaluation for drought resistance using
line source (LS) sprinkler irrigation system: Relation-
ship between irrigation water applied through LS plus
rain (after 3 uniform furrow irrigations to recharge the
profile during crop establishment phase) and grain yield.
(Field RP11B, 1980 post-rainy season, regressions for
only 7 (out of 18) genotypes are shown; for all correla-
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tions n = 18; P<0.001)

per unit decline in water supply). Simi-
larly the genotypes below the regression
line and on the left hand side of the
broken vertical line can be identified as
susceptibles.

The entries in the drought-resistance
group (e.g., CSH6,DJ1195 and SPV351)
did not necessarily have a steeper slope
than entries in the susceptible group
(CSVS5, V302 and D71463). D71463
and D71464 are sister lines derived from
the same cross. In the field screen for
leaf firing (ICRISAT 1981, Peacock
1982) under hot dry summer conditions
D71464 was found to be more resistant
than D71463; the former also recovered
faster. In figures 4 and 5 it is apparent
that while the difference in the yield
potentials was very small, there was
considerable variation in drought resis-
tance. Studies conducted at Hissar
indicated that the above differences may
primarily be due to differences in pheno-
logy (D71463 is late, especially under
stress).

To make direct comparison of drought
susceptibility  independent of vyield
potential, yields were expressed on a
relative basis as fractions of the intercept
(figure 6). Although the slopes of
CSH6 and D71464 were vastly different
in figure 4, they were similar when adjust-
ment was made for the yield potential.
Susceptible entries like V302 and CSV5
have a far steeper slope than resistant
lines (e.g. CSH6, DJ1195, etc.). Distinct
differences between the two sister lines
can also be noted.

Since the applied irrigation water
decreased continuously 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 regres-
sion coefficients indicating stability (b’s)
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data for 18 genotypes are shown, unpublished data of
N Seetharama)
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Figure 6 Relative grain yields at declining levels of
water supply (RP 11B, postrainy season 1980, data
shown only for 5 selected genotypes, unpublished data
of N Seetharama)
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and residuals were highly correlated with
slopes (r=0.976; P <0.001) and coefficient
of determination (r = 0.769; P < 0.001),
respectively, obtained in the analysis
described earlier (figure 4). Thus the
data collected on a small piece of land
using LS in a single location can be used
to select drought resistant (or ‘stable’)
genotypes.

The hybrid check CSH6 showed the
highest yield potential, and, inspite of
having a steeper slope in figure 4 than
other entries, out-yielded all varieties at
all levels of water supply used in the
experiment. This supports the common
belief that hybrids are more productive
than varieties even under stress.

Yield Potential vs Drought Resistance

Higher yield of advanced varieties (e.g.,
SPV351) or hybrids (e.g., CSH6) are
highly related to their overall yield poten-
tial per se rather than drought resistance,
Garrity et al. (1982) have quoted Quinby’s
earlier work (1974) which suggested that
the higher yield of hybrids is related to
their greater efficiency in dry matter
production and to a higher harvest index.
Literature is replete with examples of the
trade-off between adaptability to drought
and maximum growth or yield (Ahmed
& Sankhla 1981. Bunce 1981, Gaff 1981,
Johnson et al. 1981, Orians & Solberg
1977. Reitz 1974) which can be explained
from the viewpoint of plant strategies or
‘energy drain’ caused by the production
of a chemical or structural component
regarded as unnecessary under non-
stress conditions (Hanson & Nelson
1980). Sorghum plants with high drought
tolerance are generally associated with
decreased growth and development
(Sullivan 1972). Some of the traits which
reduce the loss of water from the plant
such as decreased leaf area (either by
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production of smaller and fewer leaves
or by rapid senescence), leaf rolling or
stomatal closure, waxiness, etc., also
reduce photosynthesis since less light is
intercepted (table 2) Parson (1979)
has pointed out that while selecting for
drought resistance care must be taken not
to select just for small plants which do
not have high growth potential.

In figure 7 we have attempted to con-
ceptualize the relationship  between
productivity and drought resistance. The
relative growth efficiency of two hypo-
thetical cultivars with or without drought
resistance, but with high yield potential
(RP and rP, respectively), and a third
drought resistant one with low yield
potential (Rp) are compared. The high
yield potential cultivar RP always takes
advantage of the growth opportunities
(mostly hmited by water supply), while

the low yield potential type (Rp) lags
behind. However the latter may some-
times appear more efficient than the
former: e.g., between 70 and 85 days.
The RP would have a higher demand for
water because of higher leaf area built
and maintained over time. Rp on the
other hand, may have less leaf area and
hence more moisture remains untapped
in the soil for later use. However, RP
also has mechanisms to cut down its
consumption temporarily when the supply
is limiting (and again increase if the water
becomes available later in the season).
The susceptible cultivar rP, though has
a higher growth rate under well watered
conditions (before stress begins), and
may run out of water at a critical stage
when stressed and collapse.

The above arguments imply that any
further increase in drought resistance is
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difficult at higher yield potentials. How-
ever this is not true under many instances.
Seetharama 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 in-
creases; only under severe stress are the
drought resistance attributes completely
expressed and yield ‘maintained’ in
resistant types. It means that the survival
mechanisms, become wmore important
than maintenance of grain productivity
(vield potential) if the stress intensity is
high or duration is long, since few to
several production steps in the develop-
mental sequence will be totally dis-
rupted. The observation of Mederski
and Jeffer (1973) that soybean varieties
had the same rank order regardless of
whether they were grown under moist or
water-deficient conditions, can thus be
explained in terms of lack of substantial
differences in the water regime under two
treatments (Boyer & McPherson 1975).
In order to evaluate the relative impor-
tance of yield potential (as well as wide
adaptability) and drought resistance,
and to establish whether specific adaptabi-
lity exists for the particular pattern of
drought, direct selections were made in
different stress environments (see below)
from the So generation of NPIBR and
Downs’ poulations, and from F2s derived
from single crosses between two resistant
and widely adapted cultivars (CSV3 and
CK60B) with a susceptible one (CSVS),
for two generations.
The selection environments (in F2s,
F3s etc.) included the following:
(i) Kharif (rainy season) stress (on
light shallow Alfisol)
(ii) Rabi stress (receding moisture situa-
tion on medium deep Vertisol
during postrainy season)

Drought Resistance in Sorghum 507

(i) Summer mid-season stress (crop
not irrigated during panicle deve-
lopment stage, shallow soils)

(iv) Summer control (regularly
gated summer crop).

Twenty-three selections made from each
population and crosses during each of
the seasons were tested for yield together
with two checks, during kharif, rabi and
summer of 1980-81, to see whether the
selections made during any particular
season are in reality best suited for
that very season. The rabi selections
were distinctly superior in rabi yield
trial (table 1); they were also found to
be better than kharif selections even
during kharif. During the kharif test,
terminal drought did occur because of
lack of 1ains and the poor water-holding
capacity of a shallow Alfisol. Thus the
stress profile might have been more
conductive for rabi selections for adap-
tation for terminal stress than for kharif

types.

irri-

Table 1 Grain yields of selection made under different
environments during kharif and rabi trials (1980).
The phenological differences between groups of selec-
tions made under each environment were not signifi-
cantly different (see text for details)

Mean grain yield
(q/ha) during 1980
yield trials

Selection environment

Kharif Rabi
trial trial

Kharif 38.9 10.6
(Shallow Alfisols)
Rabi . 40.1 13.3
(medium deep Vertisols)
Summer control L 38.4 9.4
(Alfisol, regularly irrigated)
Summer stress 37.7 9.0
(as under control but 3 irriga-
tions missed during panicle
development stage)
Overall mean 38.8 10.6
LSD (5%) 1.2 2.0
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Thus the existence of genotypes which
can give relatively high yields consistently
from place to place and from season to
season can be found. However, at high
input levels and near-optimum environ-
ments, a strong breeding program in
every narrowly defined geographical area
within the broad band of adaption is
expected to result in distinctly superior
types for each region. But in the semi-
arid tropics, where seasonal fluctuations
are great, wide adaption is really worth
looking for. Seetharama et al. (1982)
emphasized that the ideotype for any
given location can never be more precise
than the quantitative and probabilistic
characterization of the seasonal moisture
environment and other factors influen-
cing growth and productivity. Arnon
(1980) has pointed out that variability
within a given ecological niche can be
greater from year to year, than between
locations in the old Palestine region,
and hence argued that broadly adapted
varieties must be introdued (Arnon 1975).

There was no difference in yield between
the summer selections made under
midseason stress or under regular irri-
gation. This pointed out the difficulty
in selecting for each agroecological set
of conditions. In India although several
distinct agroclimatic  divisions  exist
(Murthy & Pandey 1978) widely adapted
cultivars such as CSHI, CSH6, CSV4
and SPV351 are found to be yielding
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
kharif can be treated as one zone (Rao
et al. 1979). Only varieties with wide
adaptability can be expected to be retained
after such tests,

While we can reasonably succeed in

characterising a location on the basis of
long term weather records, it is difficult
to deal with the interannual variability.
The problem is made more complex as
the management factors also influence
seasonal plant microenvironment (e.g.,
higher rates of fertilizer or plant popu-~
lation increasing water demand). As the
seasonal rainfall decreases, the variations
also increase (Cocheme & Franquin 1967)
and hence the problem of breeding for
a specific plant type adapted to that
location becomes more difficult. The
profile of drought the plant undergoes
during the F2 could be qualitatively and
quantitatively far different from that for
the selection of the F3 generation.
Hence only those adaptive features which
are given a chance to express themselves
during each year of the selection period
are likely to be retained in the final
selections.

Adaptative Mechanisms

To know which parameter best describes
and explains plant response to water
stress, and which adaptive feature is
responsible for drought resistance requires
an understanding of how plant water
stress is transduced into plant perfor-
mance (Steponkus et al. 1980). There
has been a great deal of published material
in the form of proceedings of various
symposia and workshops (Durham et al.
1982, Goffdin & Northington 1979,
IRRI 1982, ICRISAT 1980, 1982c, 1982d,
Mussell & Staples 1979, Raper & Kramer
1983, Turner & Kramer 1980, Paleg &
Aspinall 1981, Johnson 1981, Monteith &
Webb 1981, Krizek 1981); books (Brown
1974, Christiansen & Lewis 1982, Halt
et al. 1979, Lange et al. 1982, Lyons &
Briedenbach 1980, Levitt 1980, Scott.
1979) and reviews (Boyer & McPhersorr
1975, Behboudian 1977, Begg & Turner



1976, Parson 1979, Jordan & Monk 1930,
Jordan 1981) and hence we will 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 & Monk 1980,
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Turner 1982a & b; Seetharama et al.
1982b, Hanson 1981) have listed the
various types of adaptive mechanisms
found in sorghum (table 2) which can
be classified as: (i) Phenological,
(ii) Morphological, (iii) Physiological, and
(iv) Biochemical.

Table 2 Phenological, morphological, physiological and biochemical changes reported to contribute to drought
resistance of sorghum and a qualitative assessment of their cost in terms of biomass or grain productivity (modified

from Turner 1979 and Jordan & Monk 1980)

Mechanism of drought resistance

Productivity Reference
reduced?
1. DROUGHT ESCAPE:
A. Phenological response
1. Rapid phenological development No? Blum 1970
2. Developmental plasticity Depends on conditions lSeetharama & Bidinger
979

3. Photoperiodic response

B. Carbon assimilation & remobilization
1. Remobilization of stem reserves

2. High growth rates
3, Low respiration rates

Mostly biomass only
reduced with  delayed
planting

Bunting & Cuartis 1970

Biomass only reduced
No
No

Sectharama et al. 1982
Garrity et al. 1982
Rice 1979

2. DROUGHT AVOIDANCE (TOLERANCE AT HIGH WATER POTENTIAL):

A. Reduction in water loss
1. Increase in stomatal resistance
2. Reduction in leaf area (death)

. Reduction in leaf area (rolling)

. Increase in epicuticular wax

. Increase in cuticular resistance

. Glossy leaf

B. Maintenance of water uptake

1. Increased root density & depth

2. Increased liquid phase conductance

AL h W

Yes Henzell et al. 1975

Yes Seetharama et al.
(unpublished)

Yes Begg 1980

No? Ebercon et al, 1977

No Blum 1979a

No? Maiti 1980

No? Jordan & Miller 1980

No?

3. DROUGHT TOLERANCE (TOLERANCE AT LOW WATER POTENTIAL):

A. Maintenance of turgor

1. Osmotic adjustment

2. Increase in cellular elasticity
3. Decrease in cell size

B. Dessication tolerance

1. Protoplasmic tolerance

2. Maintenance of chloroplast integrity
3. Resistance to leaf firing

4. Heat resistance

No? Sectharama et al. 1982
No? Turner & Jones 1980
No? Turner & Jones 1980
No Sullivan & Blum 1970
No Sullivan & Blum 1970
No Seetharama et al, 1982
No Sullivan & Ross 1979
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Phenological Adaptations

Earliness

The single 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 are rapidly replac-
ing all locals in India under progressive
farming, and thereby achieved a quantum
jump in the yield of sorghum (Rao et al.
1979). Further, carliness has also made
the crop more widely adapted across the
country and offers better intercropping
opportunities. However, earliness is
not a universally successful strategy
(see below).

Photoperiod sensitivity

In west African countries like Nigeria,
Mali and Upper Volta, the rainfall in
the begining of the season is too erratic,
while in the end of the season it ends
rather abruptly. The length of wet
season increases from north to south in
Nigeria. The local farmers take advan-
tage of the photosensitivity 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 in sowing date is
not possible and the late sown crop would
flower and fill the grains under severe
moisture deficits (and under cold condi-
tions) every year. When sown early
during wet years the genotype will suffer
from grain weathering. An additional
advantage of the photosensitive type is
the prevention of the severe buildup of
pest populations (e.g. midge or earhead
bug) since in all fields, irrespective of
date of sowing, the crops flower simul-
taneously. If the insensitive types are
grown, the early sown (and hence early
flowering) crop will undoubtedly serve

as the source of severe epidemics on late
sown crop.

However, in the case of India, earliness
has been the most extensively used strategy
n contrast to photoperiod sensitivity.
Photosensitive  varieties have a limited
range of adaptation. Webster (1972)
reported that a sensitive variety developed
at Samaru, Nigeria was adapted to an
ecological zone no more than 80 to
120 km wide north and south. Out-
side this zone the variety was too early
or too late. Such an approach of
breeding for extremely narrowly adapted
varieties can only be useful if each loca-
tion has a strong breeding program;
otherwise the crop improvement in such
places will lag behind the centralized
programs where the widely adapted
varieties are emphasized, at least initially.

Developmental plasticity

Stout et al. (1978) have described stress
induced changes in the length of growth
stages. Seetharama and Bidinger (1979)
studied a set of 33 germplasm lines under
well irrigated and midseason (approxi-
mately during panicle development stage
or GS2) stress conditions and found that
the days to flower under stress could be
either hastened by a day or delayed as
long as 33 days (figure 8A). There
was a positive and significant correla-
tion (r=0.55; P<0.01) between days to
flower under control, and delay under
stress. This assoctation, however,
appeared to be largely due to those
cultivars which flowered earlier than
about 80 days (figure 8A). In another
experiment with 33 Sl lines from NP9BR

population, the correlation was not
significant (r=0.27; figure 8B). In
both cases the delay approximately

follow the normal distribution. Thus
this response seems to be, partly at least,



under genetic control and hence it may
be possible to manipulate this character
in a breeding program for a region where
there is a good probability 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
yield under stress. In the first experi-
ment, the stress yields were reasonably
correlated with delay up to about 10 days
in flowering. In the second experiment
they were unrelated (figure 9B).

The common nontillering sorghum of
India lacks the degree of plasticity exhi-
bited by other tillering cereals like wheat
and pearl millet, which can use tiller
number (and size) to buffer against the
available water for fairly long periods
during the season. However, some
sorghums produce nodal tillers and, if
the midseason stress has reduced the
main culm yield, the nodal tillers make up
for the loss by producing grain rather
quickly. During the 1976 summer
experiment at ICRISAT, 1S1037 under
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 produced 2.1 t/ha only).

Morphological adaptations

Morphological  adaptations  which
increase water uptake (table 2) as well
as reduce consumption of water have
been extensively discussed in the litera-
ture (see above). At ICRISAT geno-
types resistant to wilting, leaf tissue firing
and recovery ability at seedling stage have
been evaluated in the field, in wooden
and brick flats, and in cylinders. Signi-
ficant genotypic differences in response
to drought were found both in the germ-
plasm and breeder’s elite lines (figure
10 A) as measured by scoring for wilting,
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Figure 10 (A) Screening for sesdling drought resistance in brick flats (picture was taken after the ‘release’ of
stress by rewatering. C53541, a susceptible entry in the trial was killed due to stress; IS1160, a resistant entry
shows least damage due to stress and good recovery); (B) & (C) Scanning electron micrographs (SEM) of glossy
(B) and non-glossy (C) sorghum leaf surfaces (Glossy leaf surface has flat wax plates forming large crystals;
non-glossy surface has small needle shaped crystals; SEM by the courtesy of Dr Susan Woodhead, Centre for
Overseas Pest Research, London)



recovery and survival after release of
stress. Most of the seedling drought
resistant lines had light green leaves
with a ‘glossy’ surface, while the
susceptible lines, in general, had dark
green leaves (Maiti 1980). Scanning
electron microscopy showed that the
‘glossy’ leaves (figure 10 B ) have smooth
wax plates forming large crystals, whereas
the non-glossy ones have small needle
shaped crystals (figure 10 c¢). Hull et al.
(1978) have noted similar differences in
wax structure among drought resistant
and susceptible Eragrostis species.

Physiological Adaptations

Physiological adaptations have been
under study for more than a century and
the findings for sorghum are summarized
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in several recent reviews (Jordan &
Monk 1980, Jordan & Sullivan 1982,
Garrity et al. 1982, Turner 198la,
Seetharama et al. 1982 b). Generally,
any single physiological characteristic
independent of others is unlikely to be
directly correlated with drought resis-
tance in the field. Table 3 shows the
various physiological characteristics of
10 sorghum cultivars under typical rabi
conditions at Patancheru. Although
M35-1 and CSH8 are more resistant
cultivars in the field than CSVS5 and
V302, no single physiological charac-
teristic can match perfectly with that
observation.

The physiological traits can be better
used in screening genotypes by adapting
the following:

Table 3 Plant water stress parameters of 10 sorghum cultivars (B2, 1979 rabi) seasonal water stress parameters
measured around noon on 12 Feb 1980, 94 days after planting

Genotype (i) Leaf water (i) Solute Turgor*** Stomatal Leaf
potential* potential** (bars) conductance temperature
(bars) (bars) (cm/sec) °C)
NK 300 +16.8 +11.2 5.6 0.58 28.6
CSH 8 -£19.7 +12.1 7.6 0.52 28.3
CSvs +21.9 13.1™ 8.8 0.75 25.1
CS 3541 +20.5 +11.7 8.8 0.76 25.1
IS 1037 +20.9 +15.4 5 0.59 26.3
M 35-1 +25.9 +19.3 6.6 0.50 30.6
CSH 6 +17.8 +13.7 4.1 1.14 27.0
SPV 86 +24.1 +15.7 8.4 0.47 27.9
V 302 +20.4 +15.9 4.5 0.56 29.6
CSH 1 +16.0 +13.8 2.2 0.92 28.5
Mean +20.41 +14.14 6.27 0.68 27.69
SE 40.80 +£0.39 +0.88 +0.15 +0.23
CvY 7.80 5.49 28.05 45.23 1.69

* Measured with pressure bomb; 4 plants/plot sampled
** Measured with Wescor osmometer, corrected by the procedure of Jones and Rawson, 1979; 4 plants/plot

sampled

*** Differences between (i) and (ii); only 2 plants/plot sampled
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Measure the traits diurnally and/or
seasonally and use the integrated
value, if needed, after ‘cleaning”
data for field variability, etc. Figure
11 shows the seasonal pattern of
differences in leaf temperature
between different  irrigation treat-
ments over the fully irrigated control.
The LI treatment had cooler leaves
than the control during the later
stages. This was because of reduced
leaf area in LI compared with controls
(and hence less stress). Even the
dry matter yield of LI was margi-
nally more than control suggesting
that it is not merely total green leaf
area, but also the activity of those
leaves, which produce higher yield
under stress. Thus the judicious
loss of some leaf area is more bene-
ficial than having a large area which
subsequently exposes the plant to a
more severe stress. Piara Singh
(1981) has described the advantages
of integrating various physiological
stress parameters to predict yield
quantitatively.

Use of several traits measured regu-
larly or during critical stages: Devi-
sing a “battery of tests” for the given
pattern of stress-environment would
tremendously stimulate breeders to
use physiological parameters (L.R.
House, ICRISAT, personal communi-
cation). Research at ICRISAT since
1976 has proved useful in formulating
a hypothesis regarding such a “battery
of tests” for rabi sorghum. For
example, osmotic adjustment,
remobilization of stem reserves to
the grain, rapid phenological deve-
lopment (not delayed by stress) and
deep roots-are all important for
rabi sorghum along with proper
management practices for high and
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Figure 11 Seasonal (mid afternoon) leaf temperature of
sorghum under different irrigation treatments. CSHSR
sorghum was grown in RP 17 during rabi 1978 with
uniform irrigation until 35 days. Control received two
more irrigations on 47 and 70 DAS. Treatment EI
received irrigation only 47 DAS and LT only 70 DAS.
NI didn't receive any irrigation beyond 35 DAS FR
Bidinger, unpublished

stable productivity (Seetharama et al.
1983).

Biochemical Adaptations

During the course of evolution of meso-
phytes, most of the changes that have
taken place are either morphological or
phenological but the basic biochemical
apparatus has remained almost un-
changed. Among higher plants there is
a great variability among species or
groups of species (e.g. C4 vs C3 pathway;
Good & Bell 1980) in more efficient use
of water, but difference between geno-
types within a crop species is rare to find.
However, there seem to be reasonable
differences in the metabolism of small
molecules: e.g. differential production of
proline or betaine in response to stress
(Hanson 1980) or changes in hormones
(Milborrow 1981, Kannangara et al.
1981a). Figure 12 shows changes in
abscicic acid (ABA), phaseic acid (PA)
and 3-indolylacetic acid (IAA) as the
stress levels vary. ABA increases

g
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(CSH-8; R6, 1980"Rabi, Line source, unpublished data
of T. Kannangara, R.C. Duriey and G.M. Simpson)

rapidly in response to stress. Geno-
typic differences in hormonal levels are
found under normal conditions, and the
changes under stress also seem to be
genotype-specific (Kannangara et al.
unpublished). In a preliminary
study with CSH8R under gradient
of moisture stress levels (imposed by
using a line source sprinkler), the corre-
lation between ABA and yield (r= —0.65)
was similar to the correlation between
irrigation and grain vyield (r= +0.68)
except being opposite in sign. Thus leaf
ABA content could be equally strongly
correlated as irrigation water applied,
to yield (Kannangara et al. 1981b). How-
ever at this stage the technique has to be
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further perfected and simplified before
being used on a large scale.
Physiologists envisage the control of
transpiration by hormones to be 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.g. increased stomatal
sensitivity to lower concentrations of
ABA in pre-stressed crops). Such facul-
tative adaptations are less costly, and
more efficient than obligatory irreversible
adaptations. Increased research in this
area is expected to produce rich dividents.
Obviously we need to know far more
about the role of hormones in the various
physiological processes and their inter-
actions with the environment, and also
how they are integrated during ontogeny
to produce a particular magnitude of
yield (or yield reduction under stress).
Studies with mosses has shown that
the ability of the plant to mobilize enzy-
matic defence against lipid peroxidation
(Dhindsa & Matowe 1981) and to con-
serve messenger RNA during drying
(Dhindsa & Bewley 1978) were very
useful in detecting differences in drought
tolerance. Boyer (1981) and Lawlor
(1981) have reviewed the potential for
biochemical and physiological modifi-
cations of crops to yield under stress.
Although they have identified a few areas
for possible applications, the existing
knowledge is not enough to be of imme-
diate practical use in Screening genotypes.
Walbot (1980) has regretted that agri-
cultural sciences have captured the
attention of too few molecular biologists.
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However, Hsiao and Acevedo (1974) have
cautioned that the basic work at cell
and plant levels should not be ignored
while attempting to identify  specific
attributes at molecular levels (Wool-
house 1981). The recent thrust in this
direction to support suitable research
by United Nations Industrial Develop-
ment Organization (Stein 1981) and
Government of India (GOl 1981) are
encouraging.
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Figure 13 Area of individual leaves of two genotypes
under irrigated (control) and unirrigated (stress)con-
ditions (Botanical garden, Summer 1981; see text for
details), (unpublished data of J M Peacock, P K Verma

and N Seetharama)

Interdependence of Adaptive Mechanisms:
Role of Intermediate and Integrating
Adaptations

The above discussion of various adap-
tations under the respective four headings
should not give the impression that each
of these four are distinct categories,
independent of each other. Sinha et al.
(1981) have argued that crop productivity,
including that under stress, is a total
sum of several interacting factors varying
in quality, quantity and duration. For
example, short-term biochemical events
such as ABA production have influences
on both stomatal response (short term)
and on vegetative and reproductive growth
(long term; Quarrie & Jones 1977).
Similarly many physiological responses
to stress influence crop growth and yield
through changes in phenology and
morphology.

For the immediate future for crop
improvement we should concentrate on
those adaptive features, which are inter-
mediary in character (e.g. leaf area) or
an integrated effect (leaf area duration or
leaf area/root length ratio, representing
balance between water demand and
supply) as illustrated below.

Leaf area

On 22nd April 1981, six cultivars of
sorghum were planted and grown under
irrigation for 10 days (5-leaf stage).
From then-on one treatment (stress)
received no further irrigation, while the
other (control) was irrigated twice a
week. The emergence, expansion and
senescence of all leaves were measured
daily. While the total number of leaves
was unchanged under stress, it reduced
their sizes. In CSHS8, there was little
delay in emergence of leaves under
stress (figure 14) (delay of 0, 3 and 4
days under stress for 10th, 15th and
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Figure 14 Relationship between number of leaves emer-
ged in control and stress plots (Botanical garden 1981
summer; the final leaf under stress in CSH8 and CSV35
emerged respectively, 58 and 74 days after sowing; the
circle with no. inside, denotes the no. of days from
emergence of the particular leaf pointed out by the
arrow under control (arrow pointing downwards) and
stress (upwards) (See text for details)

20th leaf); however, the size of leaves
under stress was reduced. On the other
hand in CSVS35, the emergence of leaves
was delayed to a greater extent (figure
14) (by 2, 14 and 15 days for 10th,
15th and 20th leaf) under stress, and the

Drought Resistance in Sorghum 517
final few leaves emerged and expanded
after the release of stress by the advent
of monsoon rains during late June. Since
the environmental conditions were
optimum for leaf growth after the rains,
the top several leaves of CSV5 actually
grew bigger in size in the stress plots
than wunder the control. Thus the
phenological changes could markedly
change the morphological (or even
physiological) responses. If  water
availability is expected later during the
development the postponement of deve-
lopment could be a better strategy than
production of smaller leaves under stress.

Analysis of Change in Yield Components
under Stress

During the rabi 1979, using a line source
on medium deep Alfisol, the effect of
three different patterns of stress during
panicle and grain development was
studied (figure 15). The seed number
(figure 15A) as expected, was influenced
only by stress during panicle develop-
ment stage (GS2). A linear decline in
seed number was noticed under the
gradient of stress (treatments LS/LS or
LS/UI) but under the third treatment
(NI/LS) the seed number at different
distances from line source was not signi-
ficantly different, though drastically
reduced (no irrigation during GS2; line
source irrigation applied only during
GS3). On the other hand, seed size
differences were found only in the treat-
ments receiving variable amounts of
water during GS3 (in LS/LS and NI/LS;
not in LS/UI). Such yield component
analysis can help us to logically look
back at the individual steps which occur
sequentially during the season in order to
understand the physiological basis of
yield differences under stress.
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Figure 15 Changes in yield components as a function of
distance from line source (LS) sprinkler and irrigation
treatments (Line source experiment, 1979 rabi, LS/LS—
Gradient of moisture stress using LS in GS,; and GSg.
LS/UI—Gradient only during GS,, uniform irrigation
(no stress) during GS; NI/LS—Uniform stress in GS,,
(no irrigation) and gradient of stress with LS in GSj.
(unpublished data of R C Sachan)

Following the arguments of Sinha
et al. (1981) it is also clear that pheno-
logical and morphological adaptations
should be used more extensively as they
represent greater integrating effects than
physiological and biochemical adaptations.
The use of physiological and biochemical
parameter stipulate higher levels of
committment of time and resources
(Swindale & Bidinger 1981) and hence
the progress in using them will be slower.

Some of the morphological (‘glossy’)
and developmental (‘recovery ability’)
traits have more profound and integrating
effect than others (table 2).

Even the drought resistance mechanisms
(Levitt 1980) are not mutually exclusive.
Sullivan (1972), discussing the basis of
selection for drought resistance, suggested
combining all the interacting mechanisms.
Boyer and McPherson (1975) have argued
that some ‘avoidance’ type of responses
may also act as pretreatment for deve-
loping greater tolerance. Blum (1979b)
has shown that early sorghum genotypes
not only escape drought but also avoid
it because of reduced transpiration
demand as a result of decreased leaf
area and high root length—leaf area ratio.

Summary and Conclusions

Assessment, prevention or amelioration
of drought effects in various crops at
different growth stages has remained as
one of the most challenging problems
of our time. Drought is the major
limiting factor in sorghum production in
most parts of the world, and in spite of
its reputation as one of the most drought
resistant crops, sorghum yields are consi-
derably reduced by water stress. Hence
a great deal of further research is needed
in identifying and quantifying sorghum
responses to stress, and in refining
breeding methodology and management
practices.

Both drought and the response of
plants to it are highly location specific.
Hence no single set of priorities should
be advocated universally. Selection of
the most appropriate method (or combi-
nations of methods), is thus complicated;
it must be based on environmental,
economic, social, and other relevant
factors prevailing in a certain region.



The introduction of crops and varieties
endowed with a spectrum of drought
resistant traits is not always the best and
cheapest solution. The relative merits
of high productivity and drought resis-
tance (stability) will vary across regions.
In most of the semi-arid tropics where
sorghum is grown, the farmers have
very limited resources and yield levels
are very low; further varietal improve-
ment with required alterations in the
management is expected to raise the yield
significantly above the current yield level
(e.g., approximately 600 kg/ha in India,
Seetharama et al. 1982) as well as stability
across years of erratic rainfall,

Elucidation of location specific plant
water stress profiles and the spectrum of
responses should go hand in hand with
field screening and breeding activities.
In all dynamic agricultural systems there
is always room for further improvements

References

Ahmed K and Sankhla N 1981 Studies on fodder
grasses of Indian deserts: ecological and biochemi-
cal responses to moisture stress; Symp. on Pl
Physiol. and Biochemistry in 80’s 23-25 November
1981 (New Delhi: Indian Agricultural Research
Institute)

Arnon 1 1975 Physiological principles of dryland
crop production; in Physiological Aspect of Dryland
Farming pp 3-145 ed U S Gupta (New Delhi:
IBH Publishing Co)

1980 Breeding for higher yields; in Physiological
Aspects of Crop Productivity pp T7-81 (Wageningen-
The Netherlands International Potash Institute)

Asana R D 1976 Physiological approaches to breeding
of drought-resistance c¢rops, ICAR Tech. Bull.
(Agric.) 52 25-34

Begg J E 1980 Morphological adaptations of leaves
to water stress; in Adaptation of Plants to Water
and High Temperature Stress ed N C Turner and
P J Kramer (New York: John Wiley & Sons)
3342 .

——— and Turner N C 1976 Crop water deficits;
Advan. Agron, 28 161-217

Drought Resistance in Sorghum 519
and refinements; hence the absence of
complete understanding of the problem
of drought need not discourage us from
initiating appropridte measures using
empirical approaches which can be further
refined by additional physiological and
agroclimatological research.

Acknowledgements

We are grateful to Drs G Alagarswamy,
A Anand Kumar, D J Andrews, L R
House, N P Sexena, and P K Verma for
going through the first draft. This
version has resulted from the valuable
comments of Drs H Doggett, I E Hanson
and S K Sinha. Thanks are due to
M Vidya Sagar, R Kanaka Reddy, S
Ramakrishna, and T H Rao for their
research assistance; to Shanta Maria and
I N Rao for typing the manuscript, and
to V Ramesh for drawing the figures.

Behboudian M H 1977 Water relations of cucumber,
tomato and sweet pepper; Meded. Landbouwhogesch.
Wageningen 77 1-84

Blum A 1970 Effect of plant density and growth
duration on grain sorghum yield under limited
water supply; Agron. J. 62 333-336

—— 1974 Genotypic response in sorghum to drought
stress. 1. Response to soil moisture; Crop Sci. 14
362-364

—— 1979a Genetic improvement of drought resistance
in crop plants: a case for sorghum; in Srress
Physiology in Crop Plants ed H Mussell and R C
Staples (New York: John Wiley & Sons) 429-445

—— 1979b Principles and methodology of selecting
for drought resistance in sorghum; Monografie
Genetica Agron, 4 205-215

Boyer I S 1981 Photosynthesis responses and impli-
cations for crop productivity; Paper presented at
the 13th Int. bot. Congr. 21-28 August 1981 Sydney
Australia

1982 Plant productivity and environment;
Science 218 443-448



520 N Seetharama et al,

Boyer J § and McPherson H G 1975 Physiology of
water deficits in cereal crops; Adv. Agron. 27 1-23
Brown Jr. G W (ed). 1974 in Desert Biology Vol 11

(New York: Academic Press Inc.) 601 pp

Bunce J A 1981 Relationships between maximum
photosynthetic rates and photosynthetic tolerance of
low leaf water potentials; Can. J. Bot, 59 769-774

Burnting A H and Curtis D L 1970 Local adaptation
of sorghum varieties in Northern Nigeria; Samaru
Res, Bull, 106 (Samaru, Nigeria: Institute of Agri-
cultural Research)

Christiansen M N and Lewis F (ed.) 1982 in Breeding
Plants for Less Favourable Environments (New York:
John Wiley & Sons) 459 pp

Cocheme J and Franguin P 1967 A study of the semi-
arid area south of Sahara in west Africa; FAO/-
UNESCO/WMO Inter Agency Project pp 117-129

Curtis D L 1968 The relation between the date of
heading of Nigerian sorghums and the duration of
the growing season; J. Appl. Ecol. 5 215

Dhindsa R S and Bewley J D 1978 Messenger RNA
is conserved during drying of the drought tolerant
moss Tortula ruralis; Proc. Natn. Acad. Sci. USA
73 842-846

—— and Matowe W 1981 Drought tolerance in two
mosses: correlation with enzymatic defence against
lipid peroxidation; J. Expl. Bot, 32 79-91

Dudal R 1976 Inventory of the major soils of the
world with special references to mineral stress
hazards; in Plant Adaptation to Mineral Stress in
Problem Soils 3-13 ed M J Wright (Ithaca New
York: Cornell University)

Durham N, Dunn S and Johnson R (ed.) 1982 Inr.
Symp. on Pl. Production and Management under
Drought  Conditions;  sponsored jointly by
Oklahoma State University, Water Research Insti-
tute, Oklahoma Water Resources Board, Oklahoma
Agricultural Experiment Station and Great Plains
Agricultural Council, 4-6 October 1982, Williams
Center, Tulsa, Okl home, U §

Ebercon A, Blum A and Jordan W R 1977 A rapid
colorimetric method for epicuticular wax content
of sorghum leaves; Crop Sci. 17 179-180

Eberhart S A and Russels W A 1966 Stability para-
meters for comparing varieties; Crop Sci. 6 36-40

Farquhar G D and Sharkey T D 1982 Stomatal
conductance and photosynthesis; Ann. Rev. PI,
Physiol. 33 317-345

Fischer R A and Maurer R 1978 Drought resistance
in spring wheat cultivars. I. Grain yield responses;
Aus, J. agric. Res. 29 897-912

Gaff D 1981 Dessication-tolerant ‘Resurrection
grasses’; Paper presented at the 13th Int. bot.
Congr., 21-28 August 1981, Sydney, Australia

Garrity D, Sullivan C Y and Ross W M 1982 Alter-
native approaches to improving grain sorghum
productivity under drought stress; in Drought
Resistance in Crops with Emphasis on Rice (Los
Banos, Philippines: International Rice Research
Institute) 339-356

Good E G and Bell D H 1980 Photosynthesis, plant
productivity and crop yield; in the Biology of Crop
Productivity ed. P S Carlson (New York: Academic
Press Inc.)

Goodin J R and Northington D K (ed). 1979 Arid
land plant resources; Proc. Int. Arid Lands Conf.
Pl Res. International Center for Arid and Semi-
arid Land Studies, Texas Tech. University, Texas,
USA

GOI (Government of India) 1981 Planning Commis-
sion—Sixth Five-year Plan: 1980-1985 (New Delhi:
Publications Division, Govt. of India)

Hall A E, Gannell G E and Lawton H W (ed) 1979
in Agriculture in Semi-arid Environments (Berlin:
Springer-Verlag) 340 pp

Hanks R J, Keller J, Rassmussen V P and Wilson
D G 1976 Line source sprinkler for continuous
variable irrigation—crop production studies; Soil
Sci. Soc. Am. J. 40 426-429

Hanson A D 1980 Interpreting the metabolic
responses of plants to stress; Hort. Sci. 15 9-15

—— 1981 Breeding for adaptation to drought-
prone environments; in The Biology of Crop
Productivity pp 77-152 ed P S Carlson (New York:
Academic Press Inc.)

—— and Hitz W D 1982 Metabolic responses of
mesophytes to plant water deficits; Ann. Rev. Pl.
Physiol. 33 163-203

—— and Nelson C E 1980 Water: adaptation of
crops to drought prone environments; in The
Biology of Crop Productivity pp 77-152 ed P S
Carlson (New York: Academic Press Inc.)

Henzell R G, McRee K T, Van Bavel C H M and
Schertz K F 1975 Method for screening sorghum
genotypes for stomatal sensitivity to water deficits;
Crop Sci. 15 516-518

Hsiao T 1973 Plant responses to water stress; Ann.
Rev. Plant Physiol. 24 519-570

and Acevedo E 1974 Plant responses to water
deficits, water-use efficiency, and drought resis-
tance; Agric. Meteorol. 14 59-84

Hull H M, Wright L N and Bleckmann C A 1978
Epicuticular wax ultra structure among lines of
Eragrostis lebmanniana Nees developed for screening
drought tolerance; Crop Sci. 18 699-704




Hurd E A 1976 Plant breeding for drought resistance;
in Water Deficits and Plant Growth Vol. 11 pp 317-
353 ed. T T Kozlowski (New York: Academic
Press Inc.)

ICRISAT (International Crops Research Institute
for the Semi-Arid Tropics India) Patancheru
502324 1979; Annual Report 1977-1978; 295 pp

—— 1980 Proc. Int. Workskop on the Agroclimato-
logical Res. Needs of the Semi-arid Tropics 23-24
November 1978 320 pp

—— 1981 Annual Report 1979-1980; 304 pp

—— 1982a Annual Report 1980-1981 364 pp

—~—- 1982b ICRISAT in the Eighties: A 10-year Plan;
61

11)582(‘ ICRISAT/WMO Symp. planning meeting
on the Agroclimatology of sorghum and millet in
the Semi-arid Tropics; 15-19 November 1982

— 1982d Int. Symp. on Sorghum in 80's; 2-7
November 1981

IRRI (International Rice Research Institute (Los
Banos, Philippines) 1982 Drought Resistance in
Crops with Emphasis on Rice 414 pp

Johnson CB (ed) 1981; in Physiological Processes
Limiting  Plamt  Productivity 395 pp (London:
Butterworths)

Johnson D A, Rumbaugh M D and Asay K H 1981
Plant improvement for semi-arid rangelands:
Possibilities for drought resistance and nitrogen
fixation; P/ Soil 58 279-303

Jones H G 1979 Stomatal behaviour and breeding
for drought resistance; in Stress Physiology in
Crop Plants pp 407-428 ed H Mussel and R C
Staples (New York: John Wiley & Sons)

Jones M M and Rawson H M 1979 Influence of rate
of development of leaf water deficits upon photo-
synthesis, leaf conductance, water use efficiency,
and osmotic potential in sorghum; Physiol. Plant.
45 103-111

Jordan W R 1981 Whole plants response to water
deficits; in Limitations to Efficient Water-Use in
crop Production ed H Taylo, W R Jordan and T
Sinclair (Madison: American Society of Agronomy)

—— and Miller F R 1980 Genetic variability in
sorghum root systems: implications for drought
tolerance; in Adaptation of Plants to Water and
High Temperature Stress ed N C Turner and P J
Kramer (New York: John Wiley & Sons) 383-399

— and Monk R L 1980 Enhancement of drought
resistance of sorghum: progress and limitations;
in Proc. 55th Corn and Sorghum Res. Conf. Chicago
1980

—— and Sullivan C Y 1982 Reaction and resistance
of sorghum to heat and drought; in Sorghum in

Drought Resistance in Sorghum 521
the Eighties: Proc. Int. Symp. Sorghum (Patancheru,
India: ICRISAT) 131-142

Kannangara T, Durley R C, Stout D G and
Simpson G M 1981a Drought resistance in Sorghum
bicolor. 1IV. Hormonal changes in relation to
water-deficit stress in field-grown plants; Pl Physiol.

—— Seetharama N, Durley R C and Simpson G M
19815 The relationship between growth, grain
yield, endogenous growth regulators and some
physiological parameters in Sorghum bicolor (L.)
Moench grown under a line source irrigation
gradient; Physiol. Planta.

Kramer P J 1980 The role of physiology in crop
improvement; in Linking Research to Crop Pro-
duction ed R C Staples and R J Kuhr (New York:
Plenum Press) 51-62

Krizek D T 1981 Introduction to the workshop on
Adaptation to Water stress in Plants; Horr. Sci.
16-24

Lange O L, Nobel P S, Osmond C B, Ziegler H
1982 Physiological plant ecology. II. Water
relations and carbon assimilation; Encyclopedia
Pl. Physiol. New Sci. Vol B 12 (Berlin: Springer-
Verlag)

Lawlor D N 1981 Potential for biochemical and
physiological modifications of crops to improve
yield under drought; Paper presented at the 13rh
Int. Bot. Congr., 21-28 August 1981, Sydney,
Australia

Levitt J 1980 in Responses of Plant to Environmental
Stress (2nd edn) 2 Vols (New York: Academic
Press Inc.)

Lyons J M and Briedenbach R W 1980 Strategies
for altering chilling sensitivity as a limiting factor
in crop production; in Stress Physiology in Crop
Plants pp 179-196 ed H Mussell and R C Staples
(New York: John Wiley & Sons)

Maiti R K 1980 The role of glossy and trichome
traits in sorghum crop improvement; Paper
presented at the AICSIP Annual Workshop, 12-14
May 1980, Coimbatore, India

Mederski H J and Jeffers D L 1973 Yield response
of soybean varieties grown at two soil moisture
stress levels; Agron. J. 65 410-412

Milborrow B W 1981 Abscisic acid and other
hormones; in The Physiology and Biochemistry
of Drought Resistance in Plants pp 347-388 ed
L G Paleg and D Aspinall (New York: Academic
Press Inc.)

Monteith J and Webb C (ed) 1981 Soil Water and
Nitrogen (New York: ICARDA and Martinus
Nijhoff, Dr W Junk Publishers); P/, Soil 58



522 N Seetharama et al.

Murthy R S and Pandey S 1978 Delineation of agro-
ecological regions of India; Commission V, 1Ith
Congr. Int. Soc. Soil Sci., 19-22 June 1978, Edmon-
ton, Canada

Mussell H and Staples R C (ed) 1979 in Stress Physio-
logy in Crop Plants (New York: John Wiley &
Sons) 510 pp

Orians G H Solbrig O T 1977 A cost-income model
of leaves and roots with special reference to arid
and semi-arid areas; Amer. Nat. 111 677-690

O’Toole J C and Chang T T 1978 Drought and rice
improvement in perspective; IRRI Res. Pap. Ser.
14-27

——— and —— 1979 Drought resistance in cereals—
rice: a case study: in Stress Physiology in Crop
Plant pp 373-405 ed H Mussell and R C Staples
(New York: John Wiley & Sons)

Paleg L G and Aspinall D (ed) 1981 in The Physiclogy
and Biochemistry of Drought Resistance in Plants
492 pp (New York: Academic Press Inc.)

Parson L R 1979 Breeding for drought resistance:
What plant characteristics impart resistance?;, Hort.
Sci. 14 590-593

Peacock J M 1982 Response and tolerance of sorghum
to temperature stress; in Sorghum in the Eighties:
Proc. Int. Symp. Sorghum pp 143-159 (Patancheru,
India: ICRISAT)

Piara Singh 1981 in Soil Water, Plant Water, and Plant
Temperature Relations of Pearl Millet (Pennisetum
americanum (L) Leeke) Genotypes and their Correla-
tions with Crop Yield; Ph D thesis, Kansas State
University, Kansas

Quarrie S A and Jones H G 1977 Effects of abscisic
acid and water stress on development and morpho-
logy of wheat; J. Expl. Bot. 28 192-203

Rao N G P, Vasudeva Rao M J, Rana B S and Rao
V J M 1979 Responses to water-availability and
modifications for water-use efficiency in tropical
dryland sorghums; Paper presented at the Symp.
Plant Resp. Water Availability, 22-24 February
1979, IARI, New Delhi, India

Raper Jr D Cand Kramer PJ 1983 in Crop Reactions
to Water and Temperature Stresses in Humid Tem-
perate  Climates (Boulder, Colarodo: Westriew
Press) 373 pp

Reddy S J 1983 A simple method of estimating the
soil water balance; Agric. Meteorol. 28 1-17

Reitz L P 1974 Breeding for more efficient water
use—1Is it real or mirage?; Agric. Meterol. 14 3-11

Rice J R 1979 Physiological Investigations of Grain
Sorghum (Sorghum bicolor (L) Moench) subjecteil
to water stress conditions; Ph D thesis, University
of Nebraska, Nebraska

Scott T M (ed) 1979 in Plant Regulation and World
Agriculture (New York: Plenum Press) 575 pp

Seetharama N and Bidinger F R 1977 Sorghum
Drought Resistance; Paper presented at the Inr.

Sorghum Workshop, 6-13 March 1977, ICRISAT,
Hyderabad, India

~— and —— 1979 Initial experiments on drought
resistance  screening methodology; ICRISAT
Sorghum Physiol. Progr. Rep. Patancheru 2 67 pp

, Mahalaxmi V, Bidinger F R and Sardar Singh
1982 Response of sorghum and pearl millet to
drought stress in semi-arid India; Paper presneted
at the ICRISAT/WMOQ Symp. Planning Meeting
Agrometeorology of Sorghum and Millet in the Semi-
arid tropics, 15-19 November 1982, ICRISAT
Patancheru, India

—— and Sardar Singh Tissa K 1983 Genotype
comparision for physiological attributes contri-

buting to Rabi adaptation in sorghum (unpublished
draft)

——, Subba Reddy B V, Peacock J M and Bidinger
F R 1982 Sorghum improvement for drought
resistance: in Drought Resistance in Crops with
Emphasis on Rice pp 317-338 (Los Banos, Philip-
pines: International Rice Research Institute)

Sinha S K, Chopra R K, Aggarwal P K, Chaturvedi
G S and Koundal K R 1982 Effects of drought on
shoot growth: significance of metabolism to growth
and yield; in Droeught Resistance in Crops with
Emphasis on Rice pp 153-170 (Los Banos, Philip-
pines: International Rice Research Institute)

Stein M D 1981 Biotechnology: UN plans center
(news column); Nature 293-600

Steponkus P L, Cutler J M and O'TooleJ C 1980
Adaptation to water stress in rice; in Adaptation
of Plants to Water and High Temperature Stress
pp 401-418 ed N C Turner and P J Kramer (New
York: John Wiley & Sons)

Stout D G, Kannangara T and Simpson G M 1978
Drought resistance of Sorohum bicolor. 11 Water
stress effects on growth; Can. J. Pl. Sci. 58 225-233

Sullivan C Y 1972 Mechanisms of heat and drought
resistance in grain sorghum and methods of
measurement, in Sorghum in Seventies pp 247-263
ed N G P Rao and L R House (New Delhi:
Oxford & IBH Publishing Co)

—— and Blum A 1970 Drought and heat resistance
of sorghum and corn:; Proc. 25th Annual Corn
and Sorghum Res. Cong. (Washington DC: Am.
Seed Trade Assoc.) pp 55-66

—— and Ross W M 1979 Selecting for drought and
heat resistance in grain sorghum; in Stress Physio-
logy in Crop Plants pp 263-281 ed H Mussell and
R C Staples (New York: John Wiley & Sons)




Swindale L D and Bidinger F R 1981 Introduction:
The human consequences of drought and crop
research priorities for their alleviation; in The
Physiology and Biochemistry of Drought Resistance
in Plants pp 1-37 ed L G Paleg and D Aspinall
(New York: Academic Press Inc.)

Turner N C 1979 Drought resistance and adaptation
to water deficits in crop plants; in Stress Physiology
in Crop Plants pp 343~372 ed H Mussell and R C
Staples (New York: John Wiley & Sons)

1982a Environmental factors reducing sorghum
yields: Perspectives and prospects; in Sorghum
in the Eighties: Proc. Int. Symp. Sorghum (Patan-
cheru, India: ICRISAT) pp 191-203

—— 1982h The role of shoot characterstics in the
drought resistance of crop plants; in Drought
Resistance in Crops with Emphasis on Rice (Los
Banos, Philippines: International Rice Research
Institute) 115-134

and Jone M M 1980 Turgor maintenance by

osmotic adjustment: a review and evaluation;

Drought Resistance in Sorghum 223

in Adaptation of Plants to Water and High

Temperature Stress pp 87-103 ed N C Turner and

P J Kramer (New York: John Wiley & Sons)

and Kramer P J(ed) 1980 in Adapration of Plants
to Water and High Temperature Stress (New York:
John Wiley & Sons) 482 pp

Walbot V 1980 in Molecular Biology of Crop Pro-
ductivity ed P S Carlson (New York: Academic
Press Inc.) pp 343-382

Walton D C 1980 Biochemistry and physiology of
abscisic acid; Ann. Rev. Pl. Physiol, 31 453-489

Webster O J 1972 Breeding sorghums for the 70’s;
in Sorghum in Seventies pp 173-179 ed N G P
Rao and L R House (New Dethi: Oxford & IBH
Publishing Co)

Wittwer S H 1975 Food production: technology
and the resource base; Science 188 579-584

Woolhouse H W 1981 Crop physiology in relation
to agricultural production: The genetic link; in
Physiological Processes Limiting Plant Productivity
pp 1-21 ed C Johnson (London: Butterworths)



