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Foreword

Between 1965, when the large-scale testing of high vielding
varieties of wheat, rice and hybrids of maize, Sorghum and
peart millet began, and 1985 when the country harvested over
150 million tonnes of food grains, the capacity to produce an
additional quantity of 70 million tonnes of food grains per year
was developed. Such an additional production capacity was the
result of a suitable blend of technology, services and govern-
ment policies in input and output pricing and rural infrastruc-
ture development, Beétween 1986 and 2000 A.p. India will have
to develop the capacity of produocing ot least 75 million tonnes
more of Tood grains, so as to reach an annuoal production target
of 225 million tonnes in the year 2000, Thus, we bave (o achieve
more than What became possible during the “green revolution”
pericd to maintain a satisfactory population-food production
equation,

We can achieve the desired production goal by the end of
the century only il we can ¢levate and stabilise crop vields in
rainfed, drovght-prone areas and under unfavourable soil con-
dition. Salinity is one of the more serious constraints restricting
soll productivity. The present publication is hence a timely
conitribution.

The book brings' together very valuable information on
different aspects of breeding for drought and salinity tolerance
in crop plants. In addition, the management aspects of soil
salinity huve also been dealt with. This book will hence be of
help'in intensilyving on-going reseirch designed (o extend agricul-
tural progress to areas suffering from disadvantaged climatic
and soil environments,

We owe a deep sense of gratitude to Prof. V.L. Chopra and
Pe. R.S. Paroda for making such valuable data and insights
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available to all scientists and scholars interested 1 this mmpor
tant area of rescarch.

Phirector General !

International Rice Rescarch [nstitute
Los Banos, Manila, Philippines

M.S. SWAMINATHAN



Preface

World agriculture today presents two contrasting production
systems. On the one hand is the highly mechanised, input
intensive and highly productive agriculture excmplified by the
agri-business approach of North America, On the other, is the
agriculture with numerous limitations as operated in less deve-
loped countries. In the former, high productivity is achieved
without much regard 1o investment in energy; there is also no
dearth of cultivable area. In the less fortumate agriculture,
obtainable in countries of Asia for example, there are numerous
constraints on production and productivity, In most cases the
possibilities of bringing additional land under cultivation are
excluded. In fact, the cultivable land resource gradually
shrinks under pressure of urbanisation and populaiion increase.
The economic position of the cultivators does not allow invest-
ments in costly agricultural inputs (machinery, fertiliser, agro-
chemicals, irrigation). Worst still, varying proportion of land
is unproductive because of hostile factors like stresses of mois-
ture, temperature, soil texture and composition. Since land 15 2
scarce resource. devising procedures and practices that will
improve production from stressed soil assume great relevance.

Some countries, of which India isa good example, have
made remarkable progress in improving their agricultural pro-
ductivity. The productivity increases, however, have been
restricted to irrigated agriculture and have utilised the avenue
of genetic upgradation of the productivity potential of crop
varicties, The improved genotypes make more ¢fficient use of
the applied agricultural inputs and partition a large proportion
of their photosynthetic products into seed. The elevated yield
levels of the new high vielding genotypes are consistently realis-
ed only for those crops which grow under stable environment.
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For cxample, high yiclding varicties have been produced in
India both for wheat and rice but the translated effects have
been conspicuous only in the case of wheat, The diversity of
specific environment in which rice grows and the limiting influ-
ences of ‘Kharif” environment combined with incidence of pests
and pathogens has not allowed the effect of the achicved genetic
upgradation of production potential of rice to become percep-
tible uniformly at the natiopal level: From the scientific and
sociological viewpoints the challenge is to overcome the limita-
tions to the above-mentioned factors of productivity increase. It
is imperative that the benefits of improved agricultural fechno-
logy become available to all sections of the farming community.
The production and economic requirements demand that agri-
eulture, even in arcas suffering from one or the other kind of
stress, becomes productive and remunerative; Unfortunately,
research efforts for the improvement of agriculiure in areas
sufféring from water and soil composition stresses have so far
not been as vigorous as the problem demands. One of the
possible causes for this has been the anxiety to increase produc-
tion in arcas suited for intensive agriculture so as to buy time for
mounting efforts for tackling a relatively more diflicult sitvation.
A more scientific reason is our lack of knowledge of the mecha-
nisms by which crop planis cope with a slress situation and of
the operational parameters which can be employed for identify-
ing more productive genotypes under stress situation. Experi-
ence has shown that the assumption of a productive type under
favourable conditions also being productive under siress situa-
tions is not uniformly valid. Evolution of crop varicties suitable
to stress situation specifically can, therefore, no longer be ignor-
ed. For this objective 10 be realised, it is essential to proceed in
a systematic way both to clearly and scientifically define the
stress and to mount basic research for gaining an understanding
of the physiological and biochemical pathways thil express in
plants when subjected to stress. Equally important will be to
understand the genetics of resistance to the relevant siresses,
Only when this information is available, it will be possible to
systematically devise selection criteria thit can be applied for
identifying donors for resistance and develop breeding strategies
and methodologies useful for making selections that combine
stress resistance with other required agronomic characteristics,



Preface  ix

The present volume is an attempt to present the relevant infor-
mation and the state-of-the-art for two predominantly prevalent
stresses i.c, drought and salinity. It is our hope that this infor-
mation will provide the spring board from which major advances
will be reached in the future.

V.L. CrorrA
R.S. ParODA
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Salt-affected Soils :

An Overview
I.P. ABROL

Introduction

Accumulation of cxcess soluble salts in the rool zone of soils
resuliing in - partial or complete loss of soil productivily is a
worldwide phenomenon. The problems of soil salinity are
widespread in the arid and semi-arid arcas but sali-affected
soils also occur extensively in the sub-humid and humid clima-
tes particularly in the coastal regions where the ingress of sca
water through estuaries and rivers and through ground water
movement causes large scale soil and water salinisation, Soil
salinity is also a serious problem in areas where ground walers
of high salt content are the only source of water available for
irrigation. By far the most serious problems ol salinity are
being faced in the irrigated, arid and semi-arid regions of the
world. Our ability to manage salt-affected soils and waters
both in the irrigated and in the unirrigated regions will consti-
tute & major effort in meeling potential food requirements.
The magnitude of the problemcan be appreciated from the

following.
Salt-nffected Soils in the World

Table | gives the world's polentially arable land resources and
Table 2 gives the distribution of sali-affected soils i the major
comtinents of the world. It is observed that whereas only about
10:6 per cent of the total land area of the world is cultivated
at present, cultivation can be increased 1o about 24.2 per cent
of the total land area. This means that there is more land avail-

ﬁ! d‘L'I \ TAR) _1|"JSI




2 Drowght and Salimity Resistance In Crop Plants

Table 1. Total land urea and arable land by continenis

Region Total land Cultivated Land area  Poténtlal Ratio of
ared Land area  eultivined orable lasd cultivared

(miflion Ka). (mitlion (%) Umillion ha) to porential

ha) fand (5

Africa 3,010 158 52 T4 e o]
Asta 2,740 519 159 27 4
Australia and
Mew Zealand 820 32 L5 153 1
Europe 480 154 32.1 174 BB
M. America 2110 2% 1.3 465 51
5. America 1.750 T 44 681 1
LISSH 2,240 221 0.6 356 [

Total 13,150 1406 10.6 3,180 44

~Source: The World Food Problem, A Report of the President’s Science
Advisory Committee, Yol 11; Report of the Panel of World Food
Supplies (USA).

able for being brought under cultivation in the future than is
cultivated at present in the world as a whole. The largest area
of potentially arable land not used currently for crops isin
Africa, mostly south of the Sahara. The next largest area isin
gsuth America. In the continemts of Europe and Asia more
than 80 per cent of the potentially arable land is already being
cultivated. It would, therefore, appear that each region or
country will have to develop its own strategies for incremsing
food production considering the availability of resources, levels
of technology and other socio-economic factors. It is apparent
that although much of the increased food production will have
1o came through increased yields and through inténsified crop-
ping, it will also be imperative to bring inte production the
potentially productive lands which are now not under culti-
vation. According to an FAO study (Massoud 1974) salt-affec-
ted soils occupy nearly 7 per cent of the world's land area with
great differences between continents, countries and climatic
regions (Table 2). Again, while considering the region ora
continent as a whole, the extent of salt-affected soils may not
appear large but when considering a particular agricultural
district or a region the problems of salinity may pose a serious
threat to the well-being of the people of the region. An under-
standing of the nature of the salt-affected soils and their poten-
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Table 2, Distribution of salt-affected solls

Region Area e
(thousand had

Europe fi1,454 4.6
. America 16,285 09
C. America 1,963 0.7
§. America 123,163 7.6
Alrica 08,521 315
5. Asia 85,108 }

N & C. Asia 211,686 21.0
SE Asia 19,983

Austrulasia 35,330 423

Sowrce: Massoud F1 (1974), Salinity and alkalinity as soil degrodation
hazards, FAQ/UNDP Expert Consultation on Soil Degradation,
10-14 June 1974 FAO, Rome, 1974, 21 pp.

tinl for meeting food requirements, therefore, needs urgent
attention.

Salinity Problems in India

Tables 3 and 4 give the land utilisation statistics in India and
the major constraints faced in the utilisation of potentially
arable land. Table 5 gives the broad distribution of salt-affec.
ted soils in the country. These estimates are only approximate
and the magnitude of the problem is becoming increasingly
severe because an additional 15-20° million hectares of land in
the canal irrigated tracts already run the risk of being degraded
throngh the influence of salis. Salinity problems are also wide-
spread in the arid regions where saline ground waters are the

Table 3. Lund wiflisation statistics of Tndia (area in million ha)

Total geographical ares 328.044
Totnl ares for which land use statistics are avajlable 35, 506
Ared under urban and other non-agricultural use 18,000
Areas which aro barren and unculturable

{e.g. perporumlly snow bound, rocky et} 21.000
Culturable wastes (potentially arable) 40.000
Arei tinder forests (35.0) and permanent pastures (45.0) §3.000
Agricoliuml lands [43.000

Somree! Indian Agriculture in Briel. Directorate of Economics and
Statistics, Ministry of Agricullure, Government of I[ndia, New

Delhi,

-—A
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only source of irrigation, The problems of salinity will further
intensify as efforts are. made to use water more efficiently on
farms, industrial activities are increased and land use intensi-
fied.

Table 4. Approximate ares and major constraints In (he
reclamation of potentially arable areay

Major comsiraint Approximate area
(endllor fie)

Watsrlogging 60
Salinity and alkali 7.0
Ravines 3T
Lateritic soils 120
Rivering lands, coastal sandy nreas, stony and gravel
jands, high altitude and steep sloping lands 11.3

Total 0.0

Source: Commrlé‘d from Repori of the National Commission on Agricul-
ture 1976, Ministry of Agriculture and Irrigation, Government of
India, New Delhi.

Distribotion of sall -afecied soils in India
{Abrol and Bhambla 1971)

Talle 5.

Broad groiy Statey tn which the  Approxirate aréa
safls oorcir Lamdllier Jia)
. Constal salt=affected soils
a) Coasial  salt-affected
soils of the arid regions  Gujarat 0.714
b) Deltnic coastal salt-  West Bengal, Orissa,
aftected goils  of the  Andhra Pradesh and
humid reglons Tamil MNada 1.394
¢ Acid salt-affected soils Kerala D.016
2. Salt-affected soils of the  Karnataka, Madhm
mediim and desp black  Pradesh, Andhra Pra-
4ail regions desh, Maharashira 1.420
3. Saltaffected soils of the  Guojarat, Rajasthan,
arid and semi-arid reglons Punjab, Harvans and
Uttar Pendesh 1.000
4. Afkali soils of the Indo=  Haryama,  Punjab,
Gangetic plains Uttar Pratdesh, Bihar,
Rajasthan, Madhya
Pradesh 2.500

Total

044
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Objectives

There are several approaches to the management of salt-affec-
ted soils. Breeding crop varieties for higher salinity tolerance
has, in the past few years, received considerable attention the
world over, This paper presents views on the scope and limita-
tions of this approach and draws attention to some of the
problems that those engaged in such research efforts may tend
to ignore:

Kinds of Salt-affected Soils

In the course of accumulation of knowledge on the distribution,
nature, characteristics and plant growth relationships in salt-
affected soils, two main groups have been differentiated. These
are : (a) Saline soils, and (b) Alkali soils. These two groups
of salt-affected soils differ not only in their chemical charae-
teristics but also in their geographical distribution as well as n
their physical, chemical and biological propertics. The mecha-
nismz which adversely affect plant growth in the two cases are
also different and the two categorics require different approa-
ches for their reclamation and agricultural utifisation. For this
reason, it iz imperafive that plant mmprovement programmes
gategorically define their objective regarding the kind of stress
that is intended (o be overcome through breeding programmies.
The distinguishing featores of these two groups of soils are
discussed below.

SALINE Sons
These are soils which contain sufficient neutral soluble salis

to mdversely affect the growth of most crop plants. The salts
that largely contribute to salinity include the chlorides and
sulphites (and somewhat rarely, nitrates) of sodium, caleium,
magnesium snd potassium. The salts in saline soils may be
|ndigenous, More commonly, salts are brought into an area
{rom oulside by irrigation waters. For purposes of definition,
sline soils are those the saturated soil paste extract of which
hias un clectrical conductivity of more than 4 dS/m. The unit
of measurement, dS/m (decisiemens per metre) is numerically
‘equal to the carlier units used for salinity measurement mmhos/
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cm (millimhos per centimetre). The following salinity classes
(Table 6) are usually recognised in relation to the growth of
most erop plants.

Table 6.  Effect of soil salinity on crop planis

Sofl sallnlty, chass Conducrivity of Effwcts an crop planis
saturailon ex-
fracr (dSmi~")
Nonsaline 02 Salinity effects negligible
Slightly saline 2—4 Yields of sensitive crops
may be restricted
Moderately saline 4—35 Yields of many crops res-
tricted
Strongly saline i—16 Only tolerant crops yeld
satisfactorily
Yery strongly saline =16 Only & few very tolerant
crops vield satisfactorily
ALEALI SOILS

These are soils with sodium salts which, upon hydrolysis, impart
a high pH factor to the soils. Sodium carbonate is a common
salt present in these soils. Presence of even small amounts of
sodium carbonate results in accumulation of the element sodium
on the soil exchange complex leading to high pH levels in the
soil. Excess exchangeable sodium and high pH in turn impart
poor physical properties to the soils which adversely affect
plant growth, For purposes of definition, alkali soils are those
which contain sufficient, usually more than IS5 per cont, ex-
changeable sodium (ESP) to affect plant growth adversely. The
suturated paste pH of alkali soils is nearly always more than
8.2, In scientific literature, alkali soils are also called sodic
soils, Table 7 gives the approximate alkali hazard with respect
to soils of varying ESP clisses.

The distinguishing chemical and physical properties, plant
growth relationships and related characteristics of these two
important groups of soils are summarised in Table 8

It must be pointed out here that although the above two
categaries account for a very large [fraction of salt-affected
soils the world over, undoubtedly there are borderline forma-
tions which are likely to have properties somewhat intermediate
between those of the two categories. A mention must also be
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Table 7. Exchangeable sodimn percentage (ESF) and alkali hazard

ESP classes Alkali hazard Remarks

015 Mone to slight The adverts effact of exchangeable
15-30 Light to moderate sodium on the growth and yicld of
30-50 Moderate to high crops o various classes accurs
3070 Hiigh to very high sccording 1o the relative erop tole-
70 and above Extremely high rance to excess sodicity. Whereas

the growth and yield of only sensi-
tive crops are affocted at ESP lovels
below 15, only extremely talerant
native grasses grow at ESP nbove
70 to 8O,

made of a few other categories of salt-affected soils which,
though less extensive are commonly met with in different parts
of the world. These include the acid-sulphate soils, the degra-
ded alkali soils and soils rich in or dominated by a particular
salt species, or & profile morphological feature.

Management of Salt-affected Soils

In practice two broad approaches to the utilisation of these soils
have been adopted. These are: (a) Reclamation, and (b) Adop-
tion of appropriste management practices.

a8) RECLAMATION

The term reclamation of salt affected soils refers to the meth-
ods used to remove soluble salts and/or excess exchangeable
sodium from the root zone which render the relatively unprodu-
ctive soils more productive. The methods commonly adopred 10
accomplish this include Jeaching of the soluble salts, application
of soluble calciom amendments to remove excess exchangeable
sodium. installation of appropriate drainage measures to drain
out the waters conlaining excess salts from an area inio a region-
al drainage system and ultimately into the sea etc. However,
complete reclamation of salt-affected soils is generally a capital
intensive proposition and often availability of appropriate out-
lets for disposal of the drain waters and the absence of regional
drainage systems pase serious problems.
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Salt-affected Soily & An Overview ||

bl ADpOrTiON OF APPROPRIATE MANAGEMENT PRACTICES
Management practices that can aid in obtaining better crop
production include choice of crops that are more tolerant to
salt-nffected conditions and other practices such as method and
time of planting; irrigation application rates, agronomic and
cultural practices that mimmise the salt concentration o the
root zone of growing crops. Adoption of proper management
practices helps attain satisfactory levels of production in areas
with a medium salimity problem alihough with some reduction
in the potential yield. In practice, both the approaches viz.
reclamation and appropriate management practices are impor-
tant depending on the geographical setting, soil conditions,
source of irrigation water etc. However, with increasing develop-
ment, salinity problems are likely to become more serious parti-
cularly when the cropping becomes more intensive and water
efficiency is increased by re-use of water. It is in this context
that breeding crop varietics for improved =alt tolerance will gain
importance for the optimal management of resources,

Crop Tolerance in Sallne and Alkali Soils

Although saline and alkali soils are distinct in relation to plant
growth, in the following sections the term salt-affected/salinity
has been used 1o cover both the situations. Crop plants differ
widely in their ability to survive and yield satisfactorily when
grown in salt-affected soils, Information on the relative tolerance
of crops to saline or alkali soil environment is of practical
importance in planning cropping schedules for optimum returns.
There are severnl situations where the farmers have to live with
salinity problems. These situations include areas having saline
water as Lhe only source ofirrigation, areas where adequate
guantities of good quality water is not available 1o completely
desalinise ‘soils orf where the land surfnce is continuously sub-
jected to influence of salts, as is the casé in coastal arcas.

There is extensive published literature on the relative tole-
rance of different crop: to szalinity conditions. The task of
evaluating the relative tolerance of a species is difficult because
investigations have been carried out under a wide range of goil,
climate and salinity conditions. Notwithstanding the difficuliies
involved in evaluating and normalising the exiensive published
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data worldwide, Mass and Hoffman (1977) compiled and review-
ed available sall tolerance data of over 30 years to arrive at
the best asscssment of the relative tolerance of agricultural
crops. Information on the relative yicld of a crop asa fanction
of the electrical conductivity of the soil saturation extract is
plotted in Fig. 1 and crops classified according to their place in
this chart (Table 9). The information compiled by Mass and
Hoeffman (1977) has now been extensively quoted and used for
practical purposes.. Fig. 1 shows that, in general, crop yields
were not reduced significantly until & threshold salinity level

Table 9. Relative sall tolerance of crop plants bused on the ¥icld response
bounduried of Flg. 1 (Miss and Hoffmas 1977)

CATREGORY

Sensirive Moderarely Maderarely Tolerans

semsitive tilerany
Almond Alfaifa Barlcy. (forage) Barley (grain)
Apple Bentgrass Best Bermudas grass
Apticol Reoadbean Brocall Colton
Avocido Cabbage Bromegriss Date
Bean Claver Canarygrass Sugar beet
Blickberry Corn Fescue, ll Wheatgrass (tall)
Boyugnberry Cowpen Olive Wildrye (Altai)
Carrot Cucumber Ryecgrass (perennial)  Wildrye (Russian)
Grapefrult Flax Saiflower
Lemon Grape Sorghum
Okra Letiuce Soybean
COmion Lovegrass W haat
Orunge Millet (Foxtail) Wheatgrass (crested)
Peach Orchardgrass  Wildirye (beardless)
Pham Peanut
Raspberry Pepper
Strawberry Potato

Radish

Rhodesgrass

Rice

Seshonia

Spinach

Sugar cang

Sweet potalo

Timothy

Tomata

Yetch
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Fig. 1. Classification ol crop tolerance (o walinity based on relative crop
vield ns a function of the electrical conductivity of soil saturation
entincts (ECe).  (Muss and Hoffman 1977)

was excoeded, and then the yiclds decreased almost linearly
with increased salinity. The salt tolerance curve for ecach crop
was obtained by calculating a linear regression equation for the
yield beyond the threshold point. From the curve for any crop,
relative yield (¥) at any given soil salinity can be calculated by
the equation:
ECy—ECis

where £C, g 15 the salinity threshold value (ECe where ¥ = 100)
and EC, is the salinity at zero yield (ECe where ¥ = 0). Values
of ECypy and EC, for a given crop can be taken from the
appropriate curve. Taking cotton as an example, ECyp = 8
dS/m and EC, = 27.0 dS/m (Fig. 1). Therefore, the relative
yield at an ECe of say, 10 dS/m will be:

¥ 100 (27.0—10.0)/(27.0-—8.0)
100 (17.0)/(19.0)
89%
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The tolerance of crops to alkali conditions has nol been
studied extensively, Based largely on studies at the Central Soil
Salinity Research Institute, crops have been classified in  respect
of their tolernnce to alkali conditions and the information s
presented in Table 10 and Fig. 1.

Table 10. Tolerance of crops (o salts sl (wo siages of growth
{(Canada Department of Agriculture 1977)

Crop Germimation stage Extabidished stuge
Bariey Very good CGrood
Com Good Poor
Wiheat Fairly good Fair
Alfalfn Poot Good
Sugar beet Very poor Good
Beans Yery poor Very poor

It needs to be emphasised here that the relative tolerance of
crops to saline or alkali conditions does not represent the abso-
lute salt tolerance independent of other factors. Tolerance is
strongly influenced by factors other than the salinity and/or alkali
status of soils. 1 also needs to be pointed out here that most
ofien olerance to saline and alkali conditions is not adequately
differentiated and this can lead to very inappropriste conclu-
sions, The data in Table 10 is for saline conditions and does
not apply 1o alkali conditions. For example, while barley is
known to be a very tolerant crop of saline conditions, it s not
tolerant of alkali or sodic conditions to the same degree, Simi-
farly, while cotton tolerates high salinity condilions moderately,
it is mot tolerant of alkali conditions,

Factors Influencing Salt Tolerance

Tolerance of plants to saline and/or alkali conditions is not a
fixed characteristic of a crop species or & variety but may vary
considerably with the environmental conditions. Tolerance may
also vary with the stage of crop growth for the same species.
Efforts to breed crop varieties for improved tolerance require a
proper understanding and appreciation of these and other
factors.



Salt-affected Soils ; An Overview 15

1) GrROWTH STAGE

The tolerance of a crop varies with the growth stage. Most
plants are more sensitive to salinity during germination than at
the later growth stages. However, there are large variations in
sepsitivity of germinating seeds to salinity. In Fig. 2, percentage
germination of four species is plotted against the ECe of soil
extract. It is seen (hal sugar beet; which is considered a wvery
tolerant crop, is more sensitive to salis at germination than are
alfaifa and barley. Table 10 depicts large variations that exist
in the tolerance of crops at two growth stages.

{[s]s)

| 5 E] |'3 Ir
Sateration mutroct EC mmbonfem

Fig. 2. Per cent germination of four crops as alfected by salinity of soll
under laboratory conditions. (Ayers and Hayward 1949)

2) Cimatic CoNDITIONS

Climatic conditions greatly influence plant responses to subs-
trate salinity. Plants tend to tolerate higher salinity levels
when the atmospheric evaporitive demand is low and lower
salinities when the atmospheric evaporative demands are high.
Table 11 illustrates this point. Similar observations were Tecor-
ded (Table 12) on rice (Murthy and Janardhan 1971). 1t is seen
that the yield reductions due to salinity were much more when
the crop was grown in the dry season as compared to when the
crop was grown in the wet season,

Sinha and Singh (1974) related the observed differences in
tolerance due to evaporative demand to accumulation of ions




16 Drought and Salinity Resistance in Crop Plants

Table 11. Response of three crops to salinlty in sand caliure experi-
ments @l two locations (Magisind ot al. 1943)

Crop Solution sallndry at which 25%5 veld eedic-
_tion was ofserved dSm” |
Coal location ~~ Hal lacation
Bean pods 40 3.0
Garden beet roots 111 6.6
Onion balbs 125 i3

Table 12. Effect of season on the relative rice yickds
{Murthy and Janardhan 1971)

Solinity of reot zome dSm" Relative yield
{approximate range) Wet searon Dry season
Control (non-saling) 00 100
2—i 93 81
4—8 63 53
10--12 39 1

Noter  Relative vields are comparable only within the same scason.

near the root surface. Their studics showed that the concen-
tration of ions was linearly related to water uptake per unit root
length. These observations strengthen the contention that the
relative tolegance of a crop 1s strongly influenced by climatic
conditions.

Apart from the atmospheric evaporative demand, some
workers (Hoffman et al. 1975) have shown that air pollution
may increase the apparent salt tolerance of many crops. For
example, it was observed (hat for alfalfa grown in Ozone
concentrations often prevalent in several agricultural areas,
vields were highest at moderate salinity levels that normally
reduced growth,

Nutrient Interactions

Crop responses to salinity are strongly modified through the
influence of nutrient status of soils.  Generally, at a given level
of salinity. growth and yield of crops are likely to be depressed
more when nutrition is disturbed than when the nutrition is
normal. At moderate salt concentrations in the soil solution,
plants tend to exclude unwanted ions and promote the uptake
of nutcients. With ingreasing salt concentration the uptake of
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sodium and chloride ians increases sharply and is responsible
for growth retardation. Excessive uptake of such ions, in turn,
results in reduced uptake of essential plant nutrients, causing
nutrient imbalances and deficiencies. Thus, although the avail-
able status of a nutrient in soils might not be deficient per se,
its application might compensate for the decreased upiake by
plants as a result of the antagonisiic effect of excess vptake of
certain ions. The imverse relationship was observed (Fig. 3)
between soil available phosphorus status and the chloride con-
tent of wheat straw (Singh et al. 1979). Based on such studies,
a suggestion has been made that judicious application of phos-
phorus fertilisers in saline soils can help improve crop yields by
directly providing phosphorus and by decreasing absorption of
toxic elements like chloride.

50 -
P re Q78
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Fig. 3. Effect of available soll phosphorus as the chloride content of
wheat straw (Singh et al. 1979)

It has been suggested that deficiency of the elements potas-
sium and calcium may play an important role in the observed
growth depression in many saline soils (Finck 1977). High sali-
nity may also interfere with the growth and activity of soil
microbial population and thus indirectly affect the transforma-
tions of ¢ssential plant nutrients and their availability 1o the
plants,

- Nutrient ipteractions arc particularly significant for crop
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growth in alkali soils. High pH levels of alkali soils strongly
influence the availability and transformations of several plant |
nutrients. Apart from the high pH level influeneing the nul- |
rient availability, direct influence of applied nitrogen on yield
and relative uptake of sodium and calcium has been repor-
ted (Fig. 4, Abrol 1968). Interactions between salinity and
sodicity and nutrients are only now being understood and, there-
fore, caution needs to be exercised when evaluating salinity/
sodicity tolerance data of crops grown under widely different
conditions of nutrient use.

-
b

|
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S |

i | ::::'m

00526 40 &0 80 100

ESP
Fig. 4. Tolerance of rice and wheat to exchangeable sodiom.

Interaction with Other Stresses

There is strong interaction of salinity/sodicity with other stres-
ges in influencing observed crop growth and yield. A particular
mention here must be made of the oxygen stress or of the
oxygen supply to the plant roots. High salinity, in many cases,
is accompanied by high water table conditions which limit
oxygen supply to the growing roots. Similarly, in alkali soils
short term oxyeen deficiencies are almost a rule. Plant responses
to salinity and sodicity under these conditionsare likely to be
entirely different. Therefore, objectives of any selection pro-
grammes will need to be very clearly defined in terms of the
stress/stresses to which the tolerance is desired.
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Dynamic Nature of Salts in the Root Zone

Soluble salls are highly dynamic in nature and move with each
irrigation/drying cycle, Concentration of salts, therefore, may
vary several fold both in time and space. Afier a pre-sowing
irrigation, salts move to the soil surface due to evaporation
and accumulate in the upper soil layers where seeds are often
sown. Thus, the seeds are normally subjected to much higher
concentration of salts than is indicated by the mean concentra-
tion of salts in the root zone. Similarly, plants that produce
rapidly growing deep roots will avoid surface salts better than
plants with a relatively shallow root system confined to the
surface layers. Inadequate attention to, and appreciation of,
these aspects may often lead to misinterpretation of data from
studies intended 1o evaluate the tolerance of plants at different

growth stages ete.
Varietal Differences in Tolerance

Differences in varietal tolerance to salinity and other adverse
soil conditions have been known to exist, Testing the tolerance
of varietal collections has been resorted 1o for selecting tolerant
lines. In India, for example, a large number of cultivars of rice
have been identified in different coastal states for their tolerance
to salinity (Bhattacharyya 1976). Some of these are listed in
Table 13. Similarly for wheat, cultivar ‘Kharchia® from Rajas-
than has been identified as highly tolerant (Rana et al. 1980),

Table 13, Some salt-tolorant rice culiivars

Siale Cultivar
Andhra Pradesh MCMI, MCM2
Kerala Pokkali
Mahairashtra Kala Rara, Bhura Ram
Oirisaa SR22R
West Beangal Math, Hamilon, Getu, Dasal,
Damodar
Timil Nadu VR I

It has been observed thar, in general, those varietles of
crop: which are more folerant to adverse soil conditions have
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a somewhat lower yicld potential under relatively non-siress

conditions. In Fig. 5, Bis a tolerant cultivar while A is rela-

tively less tolerant of salinity but of a high yield potemtial under
A ]

Yaud 1/

Fig. 5. Relative and absolute yields of high vielding dwarf (A) and
tokerant tall (B) varicties of rice.

relatively nonsstress conditions. Similar observations were
made by Pastecnak et al, 1979 whose data on response to sali-
nity of four varieties of tomato are reproduced in Table 14.
This dats again shows that varieties which had the highest
relative dry weight had almost the lowest scoring under non-
stress conditions. Although this appears (o be a common trend

Table 14. Dry welght of 58-day-old tomato seediings grown in nuirient
solutions containing B000 ppoi NaCl (The four varieties were
selected from 42 tested varieties)

(Pavternak e al, 1970

Fariety nane Absolute dry  Seoring Refative dry  Seoving
weight (mr) po.* wirlght (33)° fa.
Marmande £l a® | 1 h 28
¥F 145 BTETS 520 b 15 sl.2a" 3
NCX 122 Niagara 400 b 25 6.5 b i
Early VF 39 208 ¢ 39 29.3 a 1
sParameters with same letters within columns do not differ significantly
at the 5% Jevel.
®Sepring no, refer: to the score of the parameters in rélition to the
other 41 varicties,

«Ratic o dry weight of se¢dlings grown in nuirient solations without
NaCL
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under natural condilions yet induced tolerance coupled with
ability to yield high will be the major objective of plant
improvement programmes in future,

Breeding for Enhanced Tolerance

Breeding of crops for enhanced tolerance to salinity/sodicity
stress has received considerable attention of bio-scientists in
recent years and & number of excellent articles and reviews inclu-
ding books have appeared (Downton 1983; Noble 1983; Staples
and Toennisen 1984). Essentially two gencral approaches are be-
ing pursued, These are : (1) improving the tissue tolerance of
plants: (2) manipulating the physiology of yield formation.
The existing knowledge on  the subject and evaluation of diffe-
rent approaches will be made ina companion paper in this
volume by Dr. B.S. Rana. It would be appropriate here Lo
mention that major success in breeding programmes depends on
the adoption of proper selection ¢riteria from amongst the
populations. 1t has been suggested that if closely related
genotypes that differ markedly in salt tolerance can be identi-
fied, such populations would be useful in determining the physio-
logical basis of salt tolerance in & species (Epstein 1980). Such
studies could provide plant breeders with physiological or
morphological criteria for selecting for increased tolerance. The
future rescarch cfforts on the gemetic control of salt tolerance
in & crop species, the physiological basis of tolerance and its
variation with ontogeny and newer plant breeding rechniques
should léad 1o development of cultivars with greater tolerance
to stress condilions improved by salinity (Noble 1983).

Conclusions

Based on the resulls already achieved, there are tremendous
possibilities of increasing and stubilising agricultural production
in arcas where salinity is a perpetual problem through plant
breeding programmes. In order that sound contribulions be
made on a long terms basis, the research programmes will
necessarily require a large input from plant physiologists and
soil scientists. In short, this will come about only by concerted
team work, Although steady improvements will be possible in
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obtaining the better vields of crops through breeding pro-
grammes, at the present state of knowledge it would not appear
reasonable to expect spectacular breakthroughs in' the yield
barriers that stress conditions impose.
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Breeding Crop Varieties for
Salt-affected Soils

R.S. RANA

Expression of genetic potential for growth and yield of a
crop varietyis directly dependent upon the environment com-
ptising both climate (weather) and soil components. As dis-
cussed in the preceding chapter, the term ‘sali-affected soils’
encompasses 1 broad group of adverse but distinet soil condi-
tions, namely, saline, alkali (sodic) and acid soils with further
variations such as coastal and inland locations as well as arid
and waler-logged situations (Swaminathan 1977; Bresler et al.
1982). Factors limiting growth and yield of crop plants in
various calegorics of problem soils are different and
specific. Likewise, adaptive strategies ¢volved by plants to cope
with the prevailing edaphic stresses, such as sall stress, alse
vary a great deal as indicated in Table 1. It is not uncxpected
therefore, thay even varieties within a crop often show notable
differences regarding tolerance to adverse soil comditions
(Epstein et-al. 1980; Devine 1982; Shannon 1984; Sayed 1985).
Hence, it is essential that the breeder must understand the
inherent characieristics of the problem soil with which he is
concerned and should also simultaneously appreciate that basi-
cally it is the sensitivity of crop variety, rather than the soil
parameters per 3e, that essentially defermines the occurrence
as well as the magnitude of actual soil problem (Rana 1977).
Since the degree of tolerance (adaptation) of crop varieties to
different kinds of salt affected soils is genetically controlled, it
is axjomatic that it can be improved through genctic manipula-
tions by adopting suitable breeding procedures.

While efforts to adjust edaphic environmenat to suit crop
production are continuing on a massive scale, there is a growing
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realisation now that a more effective, less costly, non-polluting
and longer lasting adaptive contingency lies with genetic modi-
fication of the plant itself (Epstein 1976; Rana 1977; Epstein
and Morlyn 1977; Epstein et al. 1980; Downton [1984). This
challenging task may be best achieved by the application of
classical genetics in combination with modern techniques of
tissue culture, somatic hybridisation, molecular biology and
genetic engineering (Hollaender et al. 1979; Rains et al. 1980;
Swaminathan 1983). It s nol surprising, therefore, that pro-
ceedings of several international symposia and workshops, held
on this subject in recent years, have emphasised the need to
develop improved crop varieties best suited to specific adverse
soil conditions (Wright 1976; Muhammed etal. 1977; Jung
1978; CSSRI 1980; Christiansen and Lewis 1982; Staples and
Toenniessen 1984).

It is remarkable in this context that plant physiologisis and
geneticists are now actively engaged in studying genotypic
differences in salt resistance in terms of capacities for exclusion,
absorption, translocation, isolation, exclusion, and metabolic
tolerance of potentially toxic ions (Fitter and Hay 1981; Saric
and Loughnan 19%3). If these efforts are to make any real
headway, however, it isessential that plant breeders must be
actively involved in these projects to ensure proper and speedy
utilisation of the basic research findings.

Basic Concepts

R ESISTANCUE

A pre-requisite for undertaking a project on breeding for
salt stress resistance, [0 cite one cdaphic stress factor, is to
properly understand the notion of such resistance. The term
resistance was onginally used in case of animals to indicate
their specific reactions to particular infective organisms and
implied an antigen-antibody concept, The usage was subsequen-
tly extended to plants’ reactions 1o biotic stresses with a view to
categorising host-parasite interactions as followed in case of
rust infection based on the type and intensity of postules: In
marked contrast, however, plant resistance to abiotic
stress factors (such as salinity, drought and temperature) deno-
tes g relative rating of the plant’s response to a given level of
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stress Tactor under defined soil and weather conditions,

Plant resistance in the context of salt-affected soil is thus
not a simple reaction but it is 8 complex inferaction  beiween
the plant and the operating soil stress factor and its expression
is effected considerably by numerous variables relating 1o the
plant itself (genotype, ploidy level, growth stage, maturity
period, etc.), the soil status (texture, topography, fertility,
groundwater table, irrigation schedule, management level, etc.)
and the atmospheric conditions (temperature, humidity, light,
rainfall, wind, pollution, etc.). The sali-stress resistance rating
of a crop/variety is thus meaningful only when soil status and
atmospheric conditions are mentioned and, wherever relevant,
the growth stage is also specified. In other words, terms like
ealt-resistant” and “salt-sensitive™ crops or varieties do not
convey any useful information 1o the breeder unless the stress
as well as the response parameters are also stated.

In peneral, the Salt Stress Resistance (SSR) denotes a
plant’s ability to prevent, reduce or overcome the possible
injurious effects caused directly or indirectly by the excessive

sepce of soluble salts/toxic ions in ils root zone, It follows
that the $5R mechanisms present in @ plant result in a measur-
able increase in the soil stress level that is required to produce
a specified quantum of strain {as measured by the siress-cansed
yisible injury or reduction in germination/growth/yield) and
they also lead to-a decrease in the quantum of strain induced
by a specified level of edaphic stress like salinity.

Although a plant cannot modify an edaphic stress that is exert
ing on it externally yet it may prevent or decrease the siress pene-
tration into its tissues. This type of resistance is called “stress
avoidance”. Even when the stress enters a plant's tissues, it
may show resistance if it has the capability to eliminate, reduce
or repair the injurious strain. This ability of the plant is termed
werress tolerance”. In practice, however, the terms tolerance
and resistance have been used interchangeably (See Lewvitt 1980
for a discussion on terminology).

ToxicrTy
Jt may also be useful to distinguish- between unfavoursbility

and toxicity, Whereas the former denotes simply a slowing
down of metabolism because of deficiency of nutrient ions/
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water as experienced under conditions of drought or low ferti-
lity, the latter involves excess of specific jons that interfere
actively with the plant metabolism as happens largely in the
case of alkali; acid and saline soils. Osmotic effects as well as
specific ion effects cause reduction/inhibition of plant growth
in proble:n soils. Toxic ions affect not only a plant’s ability to
acquire resources (i.e., acquisition of water, nutrients, CO,, light
energy) but they also influence its ability to utilise those resour-
ces through inhibition of enzyme action, cell division, and loss
of respitatory subsirates.

RESISTANCE MECHANISMS !
It has become increasingly clear in recent years that there "
is o single mechanism operating in glycophytes, the group to
which most crop plants belong, conferring adaptation to saline
and other problem soils (Bernstein 1975; Greenway and Munns
1980), Different species and species-groups appear Lo have deve-
loped their own strategies based on certain apatomical, morpholo-
glcal and developmental features to cope. ‘With their environmental
demands_ While genoiypes within a species often show_notable
variations of the specific scheme extending the range of adapta-
tion of that species. Thus, despite the preponderance of unwan-
ted or even potentiglly toxic ions in the soil liquid phase
surrounding the. rootcells, & resistant type. of . plant tries to
mainiain its nw:l characteristic lonic mmp:m:mn in Its t::.suaa
achieved through avoidance (selective em.Tumon of specific ions),
tolerance, or more often, 2 subtle combination of both these
mechanisms.
Halophytes like some species of the family Chenopodiaceae,
on the other hand, respond to salinity by taking up sodium and
chluridn al high_rales a and. “then accumulating ﬂ],g:w ioms and

m!utm;_t em.in viscuoles of leal cells. T'Els compartmentation
has great sng-ruﬁgmmﬂﬁffﬁrmm of halophytes in a
saline environment (Flowers et al, 1977).

Plants. have also evolved & wvariety of mechanisms  for
adaptation to osmolic stress, one of which is osmoregula-
tion that is cellular adaptation. This osmotlic  adjustment
in the cytoplasm is accomplished mainly by means of
dissolved substances that are compatible with the cell's
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enzymes and its metabolic processes. These compatible solutes
arc mostly nrgamr. compounds (of the photosynthetically fixed
carbon_and nitrogen, both valuable resources) such as the
pitrogenous compounds glycincbetaine and proline and, in
some plants, sugar alchohols such _as sorbitol (Paleg and As-
pinall 1981). In addition; a high concentration of potassium
is also maintained. Nevertheless, when a plant adjusts osmoli-
cally to & saline medium or osmotic stress, the increased rates
of ion uptake (and transport) and the synthesis of organic
solutes require additional expenditure of energy that would
have otherwise been used for growth processes. In other words,
actual vicld levels of evén osmoregulatory gemotypes will be
jower under stress condition as compared to those under favour-
able environments:

Measurement of Salt Stress Resistance

MowiToRING OF SALT STRESS
To begin with, soil salinity in the plum s rool zonc needs to

be monitored periodically throughout the duration of the ex-
perime 1ent, If is conveniently measured as cleetrical conductivity
of the saturated soil extract ECe and it is directly pmpuruonal
to the salt concentration in the soil ki ___g[uld _phase. Unit of measur-
ing clectrical conductivity is dqg‘ggmmirﬂ metre (dS/m) and
it has replaced the earlier used expression of millimhos per cm;
one dS/m is equal to one mmhos/em. A routine method used
for this purpose comprises sampling the soil within the root
zone, preparing a saturated extract or 1:2 soil-water solution,
and measuring the EC of the soil water. Because of the usual
variation in sl salimty with depth, measurements are made
of samples taken from several depths within the root zone and
the values are averaged. Another techmigue employs salimry
sensors or probes which are inserted in the seil for a direct
measurement of the EC of the soil water. Determination of
pH and exchangeable Sodium is also necessary for the alkali
soils. In addition, estimation of Ca**, Mg™, CI", 80,~, CO,**
and HCO, is done for a more precise charactensation of the
soil problem.

Since soil-water-plant-atmosphere 1s a contmuvum, varia-
tions in respect of all the four component systems interact,
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thereby modifying the operating stress  level and, consequently,
the resultant strain induced n the plant. It s, hence, essential
that variables concerning these interacting  components are also
monitored to ensure valid interpretation of data and meaning-
ful comparison of results reported by different workers,

MEASUREMENT OF RESISTANCE

Several methods are used for measurement of resistance,
choice depending upon the objective of study. Avoidance, for
example, is measured by determining the ratio of salt (or 1on)
concentration in the external medium to that in the plant tissue.
This may be done for specific salts like NaCl or would be
measured separately for the cation {Na') and the snion (CI7), g
Avoidance by the shoot is usually measured by determining q
translocation Trom mul to shoot. Dsmumgulahnn may be
nicasurcd by the ltngth of time rcquamiFy the plant to adjust
Lo# Specific Incredsé in osmotic mnecnimmn of the root
fedium. Anofhier possibility is 10 determine the highest external
concentration to which a species or variety can adjust.

DRECT STRAIN
Primary direct strain is measurcable at the tissue level and

e e i

also in seedlings and adult p!a.ntrﬁ;r this purpose, tissue sec-

tions are immersed in 8 graded series of saline solutions for 24
hours und then La@muﬁ Ing cells s determined by

# | plasmolysis with hypertonic_glucose solutions. This method is
considered 1o give the best measure of salt tolerance since it
is based on survival rather than on growth and vield. Some-
times “salipity tolerance indices” ~are worked out by combining
both munahm;nd biomass production.

SEEDLING TESTS
Seedling evaluation for salt resistance is done by aw

visua} score values, at the fillering and stem clongation with
phases, based on ntage leal area m—k%']n
seedlipgs growing in saline media in _greenhowse; §aline ield or
m!:q&fmﬁ@ﬁ&ﬁmﬁ, representing both resis- {

tant as well as susceptible types, are also included to tike note
of gencral growth conditions as well as effectiveness of the
salinity level chosen for evaluation of resistance. Since prob-

. 2
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lem 50ils are mostly heterogenous under field conditions, several
replications are necessarily scored for obtaining precise compa-
risons. Special experimental layouts, such as the grid design,
and technique of unusually long rows are also adopted to take
care of such field heterogenicty. Bcsidcs recording relative leaf
compute safm:ry levels thai cause a 50 per cent reduction in
chlorophyll content of different crops and their varieties.

INDIRECT STRAIN

Salt resistance of crop varietics is tested more commonly on
the basis of primary indirect strain and this is measured by com-
puting the specific conductance of a soil saturation extract
corresponding toa standard percentage of reduction (usnally
50 per cent) in seed germination, seedling growth, dry matter
production or grain yield. Mass and Hoffman (1977) analysed
the published data on salinity-caused yield reductions in 76
crops and prepared averaged yield response curves. This infor-
mation was then used for comparing relative salinity tolerance
of those crops on the basis of the following two criteria:

1) The maximum salinity level, represented by the plateau
part of the yield response curve, which does not cavse sgni-
ficant yield reduction in comparison (o the yield level obtained
in nonsaline favourable soil conditions. This salinity fevel is the
threshold level beyond which vield begins to decline signi-
Beantly.

2) Per cent yield decrement per unit (dS/m) increases in
salinity beyond the threshold level.

It is noteworthy in this comtext, however, that these com-
puted values in respect of the above mentioned two criteria
merely serve the purpose of providing general guidelines since
the actual values observed atl any location will vary from the
computed figures depending on climate, soil conditions and
cultural practices. In addition, there is often a strikingly large
range of genetic diversity regarding salinity tolerance in varie-
ties of the same crop. In addition, linearity of the yield response
curve, that scrves as the basis for computing salt tolerance
ratings, has been contested by many workers, CSSRI experience
revenls that determination o

the salinir ~causing a 50 per cent }'l¢|ﬂ reduction (also
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seedling emergence in case of directly sceded crops) is @ more
relevant and reliable-guideline. Tt needs 1o be appreciated that
the rescarch data. required for calculation of these indices, must
be generated for represenjative locations of sali-affecled areas
in our country for the relevant crops of the concerned region.

lmﬁ.’%w are expected to be more dependable as

these will take care of the variations with-regard {o soil, climate,
crop variety and cultural practices. Usefulness of such informa-
tion will, however, depend upon the precision and validity of

the experimental data.

Genetic Diversity for Salinity Stress Resistance

There is a great diversity of biological life adapted to habitats of
high salinity extending from the extreme halophilic bacteria and
algae to man&r_gy:_mgﬂg_t_[pn of cstuaries and coastal belt.
Green algs  Dunaliella viridis, for example, thrives in the highly
saline Dead Sea (its salinity is nearly eight times that of normal
ocean water whose average sal:mtr level i und 35 dem]
and it is being tried in Isracl for’extraction of glycerol, t
occurs in this species in high concentration, on :nrmmumml
scale. Mangrove swamps of highly productive large trees grow-
ing in sea water are cxamples of higher plants adapted to per-
form rematkably well in a saline environment,

INTER-SPECIFIC DIFFERENCES
A survey of reported data on response of crop plants to

increasing salinity levels reveals about cight fold differences
among Ihcm tegarding  tolerance o sa!inity ﬂms Thm-
significantly, for cxz :x:mp]c “varies from nearly 1.0 ds/m for Beans
to around § dS/m in case of barley, cotton and some Agropyron
species. Again, salinity level causing 50 per cent reduction in
vield (8Y.,) is less than 4 dS/m in the case of beans and onions
while it is above 15 dS/m for barley, cotton, sugar beet, tall
wheatgrass and some forage grasses.

An interesting point thit has emerged from the work done
&t the CSSRI is that some allopolyploid crop species turmed out
to be remarkably more tolerant to both alkali soil as well as
saline soil conditions as compared to their putative diploid
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work in this area (Epstein et al, 1980; Devine 1982: Downton
1964; Shannon 1984; Kingsbury and Epstein 1984; Sayed 1985).

Table 2. Grain yield of seven wheat varleties grown in reclaimed
ond partially reclaimed alkall soil

Average prain yield (t/ha)

Reclaimed ioil Partially reclaimed soll
Vardeslies pH &0 pH &0 pH B3
HID 2009 4.58 294 1.63
WL T 4.56 3.1% 187
WH 157 432 3.50 2.20
Mo 217 4.31 2.59 147
o 1um2 4.15 341 1.89
Wiy 1333 4.02 92 146
Khaighia 387 296 275 228
CDm P - 0.05 0717 0,86 0.53

The CSSRI has made sizeable collections of indigenous
gultivars of rice, wheat and barley materials that have for a
long thme been grown traditionally in different situations of salt-
affected soils under little management care. Evaluation of these
miterials, along with large stocks of germplasm collections of
these crops built up over the years, regarding their response to
soll walinity/alkalinity under comparable conditions in micro-
phots designed for such testing, has led to four significant infe-
ienees Which are being verified by studying the responses of
tnore recent accessions. Parameters used for monitoring varietal
reaponse to edaphic stress included seed germination, rate of
weedling emergence, seedling growth rate, plant height, dry
matier production and gram  yield. The aforementioned  infer-
ences wre sticted in the following paragraphs.

Figst, the highest level of sal ance was found in jndi-
genous cultivars of “Zali-affecled  areas. Qutstundingly salt-
tolernnt wheat materials comprised of red-grained selections
made fFém locally-adapted Kharchia wheats of Rajasthan and
Ratn wiiEnTs or BEAT fracl of Gujaral, Two such lines, namely,
KR 175 and KR 387 have been extensively used in our hybri-
disation programmes designed to combine superior salt
lolerance with high grain yield potential. Data on mineral
analysiy of plants at the tillering phase, growing in alkali (sodic)
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soil, have revealed that their outstanding tolerance is largely
due to their superior ability for potassium uptake under compre-
tition with sodium (Table 3). Rice cultivars, identified 1o be
highly - salinity/alkalinity tolerant, included Nona Sail, Nona
Bokra, Damodar (CSR 1), Getu (CSR 3), Jhona 349, SR 39,
Kala Rata, Bhura Rata, Karekagga, Bilckagga, Orpandy and
Ormundkan (Fig. 2).

Table 3. Response of four wheal vacieties (o seil allalinity (sodicity)

Content (n dry matier
al Hifering phase Cireein
Soil grades Na K K/ Na yield
Variefics pHy  ESP o " fndex Lp/pint)
Kharchia j
KR 387 7.6 8 000 381 4233 .69
91 32 105 244 232 2612
D5 4 1.5 1.59 1.02 18,74
WH 157 16 8 0,08 273 96.62 3527
91 32 1,67 L9 107 19.6)
95 46 249 D8 035 492
HD X009 750 B 008 69 4613 BT
8.1 3k 205 132 064 1343
0.5 46 270 089 .33 .00
HD 43530 76 B o6 A5 2200 198G
9.1 » 241 095 04 6.81
0.5 46 319 05 06 0.00
C.D.at p = 0.05 03 026 301
Second, the maximum level of tolerance 10 salinity stress
among rice materials i &ried at the scedling stage, ﬂ‘
was found amon olo-sensitive and coarse-grained

cultivars o ation. Efforts o obtain this level of tolerance
in dwarf and photo-insensitive forms through recombination
ding have not succecded as yol.

Third) evaluation of several hundred varicties of both Bread-
wheais (hexaploids) and durums (tetraploids) for tolerance to
alkali soil conditions revealed that the former group was far
superior in this respect, particularly in terms of foliar damage
and gmaa'?aﬁﬁ'm hoth genctic variability for
tolerance to alkali and safine soil conditions was found to be
remarkably higher among wheat materials than in case of
acoessions screcned so far under this programme. Though
barley materials showed a distinct superiority over wheats under

d m R R N S
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conditions of NaCl-based salinity and limited water availability
yet the magnitude of varietal differences in the former was
relatively much lower.

Genetic Control Mechanisms

The subject of plant tolerance to problem soils and the
efficiency of nutrient uptake, as well as utilisation, has been
reviewed comprehensively from time to time though critical
information on genetic mechanisms governing plant responses
to edaphic siresses is still limited (Epstein and Jefferies 1964;
Epstein 1972, 1976; Foy et al. 1978; Shannon 1984). Whereas
jon uptake and transport in plants can be monitored with high
precision in nutrient cultures grown under comtrolled conditions,
the methadology of measuring plant tolerance to problem soils
still lacks reasonable accuracy and, hence, reproducibility of
tolerance ratings.

Salinity, in particulay, interacts rather strongly with other
environmental factors and this often diffuses/masks the genotypic
differences in tolerance making inheritance studies unceriain as
the sharp boundaries between classes fade away. Thus, unavoid-
able héterogeniety under field conditions makes it necessary
for the geneticists to develop a suitable experimental set up where
salinity/alkalinity may be reasonably maintained within defined
fimits. Such & system should also ensure that the plants per-
formance is as close to that under field conditions as possible. In
this context, microplots designed at the CSSRI have been found
to work satisfactorily under Karnal conditions (Fig. 3). Since
breeders employ a tolerance rating based on yield-reductions
caused by a specified stress level under otherwise comparable
growth conditions, it is also essential to ensure that the selected
edaphic stress level is sufficiently discriminatory to resolve gene-
tic differences in tolerance and the yield Jevels obtained under
favourable (non-stress) soil conditions are maximised to make
the computation of yield reductions valid and meaningful.

Besides inherent limitations of working with soil media such
as complexity of interactions among operating stress factor(s)
and nutrients, lack of availability of clearcut varictal differences
of sufficient magnitude in currently available genctic stocks of
some crops as well as want of efficient criteria for precise tole-
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Fig. 3. Experimental set up at the CSSRI for studying varietal response
to goil alkalinity and salinity under monitored conditions.

rance rating of individuals in large segregating populations: are
also the battlenecks in undertaking the genetic analysis required
for formulation of breeding strategy.

Geng ACTION AND HERITABILITY

An understanding of gcncuc mechanisms, that control varietal
response to a particular edaphic stress factor, will not only help
in evolying a suitable breeding methodology but it is also
cx;m:tud to accelerate the pace of progress. Thus, the choice of
breeding procedure will depend upon knowledge of the trait's
paitern nI‘ iuhe:ritauoe (qualitative or quantimtivc] numb::r of
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A survey of published information on this aspect reveals that

resistance to specific ioneffects in most cases shows a _qualita-
tive type of inheritance governed by smﬂc___L[‘Tﬁm‘f'@'h
major eﬁ‘mq. In m,m:ﬁ contrast 1 thts, resistance to osmotic
effects __[_:;1 . of inheritance with
polygenic contral. This mﬁaﬁm obviously complicates the task
of plant hnﬂcﬂ and poses a challenge to the development of
apprnpnatc bmadmg methodology with & view to combining
superior salt tolerunce with improved ;.n-.-ld potential,
Hcmahahtj' estimales are required in case of quantitatively
inherited trmits to know how much of the phenotypically
expressed variahm is genetic (Heritability in a broad sense) and
to whit dmwdar trait can be nwdiﬂﬁi by direct selec-
tion and fixed: hwauw ur Iddttwc gﬂw action (Heritability in i
narrow sense). Estimates of heritability of varietal responses to
edaphic stresses have been reported by many workers in respect
of grain yield and several other parameters that are usually
employed for measurement of salt tolerance (Singh and Rana
1983; Lehman et al. 1984), Since expression of genetic infor-
mation depends wpon its mterpction with the environment,
heritability estimates for the same trait may be expected to vary
and, hence, gencral statements regarding heritability of response
te edaphic stresses would not be meaningful. Strength of
association of some of these paramefers with the grain yield has
also been reported revealing their reliability as sefection criteria
for predicting yielding ability under saline soil conditions as
shown in Table 4. It has been concluded that salt tolerance at
the seedling stage and at the reproductive phase are two sepa-

Table 4. Correlation coefFcients betwern grain yield und four  other
eriteria wsed  for mensurement of sall resistance in rice.
{Based on 58 varieties grown in saline soll ECe 8-10 45 /m)

Criteria for salt Secdling Seed  steri- Cirain
reslsfance dry wi, Surviial ey viéeld
Seadling teaf

injury 0,425 0512w 0.124 0.129
Seedling dry wi. - 03167 0.158 0279
Survival — — 0,145 0162
Seed sterility — = — 0,700

= significant at 3 per cent P level.
** significant ut 1 per.cent P Jevel,
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rate inherent characteristics suggesting thereby that screening
for sail tolerance should be based on iwo criteria representing
both the growth stages (Ranma 1981). For ex:l_nlgk. salinity-
induced reduction in seedling growth and salinity.caused seed
sterifity have proved to be reliable parameters for measurement
of salf resistance, Py -
GENES anp CHrROMOSOMES WITH Malor ErfFecT

Genes which have a major effect on varietal responses 1o
ednphic stress factiors have been reported in many crops, mostly
controlling uptake/utilisation of nutrients or exclusion of toxic
ions {Devine 1982; Tal 1984). A summary of some of these
reports is provided in Table 5 by way of illustration to indicate

Tahle 5. Genes with major effects influencing lon nptake/vse

Giene Reported effect Refrence

fe Controls cificiency of Fe utilisation fn soybeans.  Weiss (IM3)
Recessive homozygotes lack ability to reduce  Genmerles 28:
Fe™ to Fet"at the root surlace. 253-268

np Determines sensitivity 1o excess P in sovbeans Bernard &
Recessive homozygotes develop severe splotch- Howell (1964)
ing und chlorosis. Crop Scl. 4

298-299,

MNel Controls chionide exclusion from plant taps in - Abel (1969)
toybenns, Recessive homozygotes sccumulite Crop Scf, 9 ;
Clmore than seven times of dominants. 697-698,

¥y Yellow stripe mutant (recessive) inm maxize Iacks . Bell el ol
eificient  wilisation of ferric jron supplied 10 (1958) Bor, Gaz.
ronls. 120 : 36-39

Alp Conlers resistance 1o Al loxicity in winler Reid  (1970)
barley. Barfey Gemnes

tics 10 409-413;
fer Recessive homozygotes show Fe-inefficient res=  Brown et al,
ponse in lomaio, (1971) Phyaiof
Flans. 35: 48
53.

Ku Enhances polassium uptake ond scoumulation  Riana

imbeaves of wheat plants grown in alkali (sodic) (Unpub.),

-

soil.

the possibility of genetic manipulation of the listed trails
through breeding. Where major gene effecis arc not discernable,
some cytogeneticists have resorted to genomic and aneuploid
analysis of resistance to abiotic stresses with a view 1o identify-
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ing genomes or individual chromosomes contributing signi-
ficantly towards the observed resistance. Some’ instances of this
approach are listed in Table 6.

Tabie 6. ﬁhlmmu-ll rql.lhﬂmnf pllnirm

Author (1) Reported conclusion Reference
s~ Naismith —Loci influencing Ca, P, Mn accu-  Crop Sci. 14 :
et al. (1974) mulation Jocated on chromo- B45-849,
S0Me 9 in maize,

Slootmaker —Resistance to high zoil  acidity Euphytica
(1974) conferred by D genome in wheats, 23 : 505-513.
v_.-ﬁmc:u al, —Al toleranice factor carried on  Agrow, Abs. 67:

(1575} chromosome 5 D in wheats., &,
Caceo —Root uptake efficiency of SO  J. Aprl. Sei,
et al. (1976). amd K* increased with ploidy level  Camb, 87 ¢
in wheat and sugarbeet. 585-589.
t/”an —Resistance to alkall and saline soil  Internatl. Symp.
et al, (1980) conditions increased with ploidy CSSRI, Karmnal.

level in Trivicum and Brasvica app, Pp. 487-493,
—Wide adaptation of bread-wheats

to sull affected soils owing largely

to D genome (2D, 3D, 5D).

Breeoiya TECHNIQUES

To recapitulate from what has been mentioned so far, it
may be stated that physiological effects of salinity and other
edaphic stresses have not been fully understood, the measure-
ment of salt resistance 15 nol yet precise, plant mechanisms
imparting resistance to salinity and other soil stresses are not
properly elucidated, and reliable markers for such rnmﬂannu
are not so far available, What is docume: 50
far, howwcr.. is that mm;d:rublc uﬂcrspuclﬁc gtnuhc diversity
exists in several n:mpa huldmg promise for g gunsnn mlmpulalmrns
thtuugh br»_:_a_:_a_i_;_ni _l_:_prrts m I;GIIIEIIH.E au[xﬂ-}r rns:a:m fo
Inspiration to undértake such a challenging mlgnmcnl COMmEes
from the knowledge of genes with major effects controlling
uptake and utilisation of nutrients, and also exclusion of poten-
tially toxic ions, reported in several crops. Optimism in this
ling of work stems from some notable advances already made
in some crops such as barley, wheat, rice, soybean and tomuto,
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Barley lines, for example, have been developed that survive and
yield grain (averaged nearly 1118 kg/ha) under irrigation with
undiluted sea water (Epstein 1976; Rumage 1982).

A redeeming feature of developing crop varieties to suit
specific situations of salt-affected soils is that many edaphic
stresses are now much better understood than other abiotic
stresses such as drought and their monitoring as well as simula-
tion can also be done more satisfactorily. It is not surprising,
therefore, that notewarthy progress has been made towards this
objective in several crops following conventional breeding
procedures involving cycles of rigorous testing, selection and
hybridisation. Since growth and yield reductions are quantita-
tive parameters, data analysis employing modern methods of
biometrical and quantitative genetics has helped in handling and
evaluation of breeding materials on a large-scale and with
greater precision.

The pivolal step in breeding for resistance to edaphic stresses

o, is a reliable and efficient screen capable of isolating the resistant

“genotypes. A method, advocated by Dewey (1962) and elabo-

mmd by ngshﬂﬁr a.mi Epsiem I_I'}E-#}. :n'rnlw:s mvlu.tmg

are_most productive at-a lnwei _salinity. Fmdu::wnx m:!d) ) of
the surviving selections is then tested over a range of salinities
and compared w::!j___ thai of other lines, rnnglng from salt-
resistant to salt-sensitive. This méthod with some “modifications
is ﬁmg followed by many workers but others do not subscribe
to this view of very severe initial rejection (over 90 per cent)
and prefer to work with a wide genetic base keeping their
options open during early generations, [t is also argued that
narrowing down the genetic base too much in the beginning
may lead ultimately to lines having outstanding survival and
biomass production under conditions of high salinity but
their grain yield potential _ji_lx_lﬁ’_ﬂ_qﬂlﬁicuh to improve
upomn.

* While scrcn:ning germplasm cullnctions at ﬂll: CSSRI for

ggnhle nummmu_snlcmmns_fm_mmnmmm_ar genera-
tion are based pn_:ﬂnly on spike weight which is strongly
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correlated with yielding ability in alkali/saline soils. There are
reports, on the other hand, that heritability of single plant yield
is low and selection for grain yield on a single plant basis is
ineffective. Rosielle . and Hamhlu_;___u_dﬁs:mie}_thgrﬂml
aspectg of glﬁmmWﬂdfr stress and non-stress environ-
ments and concluded that selection should be made for in increased
megn_productivity (i.e., for the average yield under stress and
nan-stress envitonments) rather than solely for the tolerance 1o
stress (.. for the yield difference between stress and non-stress
environments), Although a standard breeding methodology for
developing crop varicties best. suited to problem soils is obvi-
ously not available at present yet it is heartening to note that
over 60 research centres, spread in many countries facing salinity
and related problems, are actively engaged in this challenging
task.

New Approaches

Use of cell culture techniques in developing salt tolerant crap
plants, and also in studving salt tolerance at cellular level, has
aroused considerable excitemént in recent years. It has been
shown that salt tolerance, manifested in callus cultures of
tomato, barley and sugarbest, is also reflected in the whole
plant (Tal et al. 1978; Orton 1980; Smith and McComb 1981).
Although the application of these techniques has proved cffective
in selecting cell lines for salt tolerance in several systems yel there
are still many unsolved problems pertaining to cell culture systems
and, consequently, there has been limited success of this app-
roach so far (Sec Rains et al, 1980; Swaminathan 1981; Sta-
varek and Rains 1984; Hanson 1984). Nevertheless, protoplast
culture lechnique is being increasingly employed to generate
genetic diversity for salt tolerance at the cellular level by: (i)
passage through cell, (ii) mutagenesis, and (iii) fusion with
other protoplasts, It is now widely appreciated that the techni-
ques of culturing tissue, cells and protoplasts have provided
the much peeded link between classical genetics and maolecular
geneétics (Swaminathan 1983),

It may be recalled that conventional plam breeding methods
for the improvement of grain crops are essentially based upon
the sexual cyele to recombine genetic information (DNA) thro-
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ugh an indépendent assoriment of chromosomes and crossing
over. Mendel's laws (with appropriate modifications and addi-
tions) and the relationship of genes with chromosomes comprise
classical genetics that secves as the backbone of plant breeding
procedures. Genetic engineering (including cellular and mole-
cular approaches), on the other hand, involves genetic mani-
pulations that bypass the sexual cycle and aim at producing an
individual having a new combination of inherited properties.
The cellular approach involves in vitro culturing of haploid cells
and hybridisation of somatic ¢ells while the molecular approach
is based on direct manipulation of DNA. This latter approach
employs recombinant DNA molecules that are constructed out-
side living cells by joining  additional {natural or synthetic)
DNA segments to known DNA malecules of primary interest.
In this context, technigues for cleaving and annealing DNA
molecules with precision and the development of host-vector
systems for carrying foreign DNA mto the host cells have led
to demonstrable advances in bacteria as illustrated by the
transfer of osmoregulatory gene(s), osm, governing production
of osmoprotective molecules,

Using the recombinant DNA tcchn'tquc’a nitrogen- fixing
strain of Rhizobium, normally highly sensitive to osmoltic stress,
was converted mto a tolerant type with the help of a broad-host-
range Plasmiid by transferring a DNA segment (of about-10,000
base pairs) [roili £s¢herichia coli carrying the osm gope(s) that
led to proling over-production and consequent osmotic tole-
rance (Vatentine 1984), This technology for genetic manipula-
tion of cellular adaptation to salinity (i.e., osmoregulation)
must, however, be suitably integrated with standard plant breed-
ing procedures if this approach is to be gainfully employed for
genetic improvement of salinity toleérance in crop plants as
suggested in Table 7,

Breeding crop varieties suited o specific situations of eda-
phic stresses is. far more difficult than developing varicties
suited to favourable and relatively stabilised environments, This
challenge could be best met by the application of classical gene-
tics in combination with the techniques of tissues culture,
malecular biology and recombinant DNA. The stage is already
set for exciting developments in this new area of research.
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Table 7. Integrated approach to breeding for adapiation (o salt-
affected sofls

P

GE PP ASA COLL
SALT AFFECTED AREAS

SCREE MG

GENE BANK FOR TOLERANCE
TO PROBLEW SOILS

FHYSOLOGY CEMLTICS TISLUE CLLTImED
BT Wl STRY YT METHTS DESTANT MYRRIDESATION
GEMETIC EHGMEE Aiss

KLY CHARACTERS ELITE GENE POOL
AESPONGES FORL MG H TOLERANCE TD

SELECTION CTERA SFICIFIC STRESS H-I.T"mi

[ s ]

AN AL T PHPROVED SALT- [ DA TATION TESTS
PRACTICES TOLE RANT YARIETY 'I'IEI'.ﬂ 'I"I'M.I..I'E!

VARIETAL RELEASE FOm
COMMERTIAL CULTRATION

Conclosion and Outlook

To sum up, the ability of a crop variety 1o tolerate a given
level of salinity/alkalinity has now become a paramount propo-
sition in managing salt-affected soil and water resources. For
this reason, there has been an upsurge of interest in recent
years in tailoring crop plants to suit salt-affected edaphic
environments. This new outlook contrasts the past approaches
which exploited a greater abundance of better quality water and
cheaper energy resources (soil amendments) to modify the soil
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environment to suit the plant. Current research efforts are
mainly focussed upon critical assessment of inter-varietal genetic
variability and its exploitation for improving crop sall-tolerance
both by conventional breeding (intra-specific hybridisation and
recovery of desired recombinations) and by in vitro methods
ihat include tissue culture techmique and recombinant DNA
technology.

Motwithstanding the reported genetic variability for tolerance
1o alkalijacid/saline soil conditions in several crop species, there
is an urgent need to collect and evaluate more indigenous culti-
vars (and also wild relatives of the cultivated species) from areas
where salt stress is recurrent and has been 2xerting a selection
pressure over the years both in coastal and inland  situations,
In this context, indigenous locally-adapted cultivars of rice have
been successfully utilised by Indian breeders for obtaining salt-
resistant selections (Table 8). Apart from their use_for direct
cultivation, these sclections have falso been widely used in
recofiibiniation breeding programmes as donors for salt resistance
(Table 9). Moeljapawiro and Tkehashi (198T) crossed two salt-

Table 8, Some promising salt-resistant selections from locally
adapted indigenous rice cultivars

5. No. Lacally adopted Sale-resistani Region of
jparent marerial selection adaptation

| Jhona Jhona M9 Purjab/Haryana/
Westtern UP

2. Kalambank SR 168 Wide adaptability

1,  Budda molagolukulu MCM-2 Andhra Pradesh

d Kala Ratma KR 1-24 Maharashira

5 Phura Ratta BE 4-10 Maharashira

£ Arya Acya 33 Karnataka

T Chattivirippua Mo. 1 Kerala

%, Kalladachampavuo Mo, 2 Kerala

g, Kunjuthikkara Mo. 3 Kerala

10,  Choottupokkali Vytilla | Kerala

1. TRON germplasm AlT-1 Tamil Nadu

12 Patnai Fatnni 23 West Bengal

1% Damodar C5R-1 West Bengal

14, Getu CS5R-1 ‘West Bengal

I3 Dasal C5R-2 West Bengal

16 Monasail C5R-6 West Bengal

11 Beni dail Matla West Bengal

18. Haunm: [ Huamilton \_'.-'E-s_l_q:mgal
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Table 9.  Some sall tolerant rice varfotict evolved in Indba through
recombination  hreeding

L. Ne, Ferriery Original ¢risss Suspiviation
develaped

1. PVR-] SR 26B/MTU-1 Suite  Agri. Dep.

“'Kaflar Otpu™ Tamil Madu

2 MCM-I Co, 18/ Kuthir Rice Res, S,

3. SR 10022 SR 26B/MTL-I } Machilipatnam

4 SR 121 Java/SR 10022 (AP)

-3 MR-18 SR 268 'Wianhar-1 Rice Res S,
Mandya  (Karna-
tika)

& Co. 43 Dasal/IR 20 TN Agri. Univ,
Coimbatore (TN}

7. Usar 1 JayaiGelu CSA Univ.,
Kanpur (UP).

tnlcmn: rice cultivars a nru:l nmed averdominance ;Eauah tolerance
in the F, an and also found m.my progeny lines of the F, that
were mo olerant than either parent. It looks quite prﬁmlslng
that multiple sses involving tolerant cultivars may lead 10
upgrading of salt tolerance in economically more important
crop plants.

Many wild relatives of the cultivated plants, growing naty-
rally in salt-affected areas over long perieds, are reported to be
highly tolerant to soil salinity, alkalinity and other associated
adverse conditions (Tsitsin 1962; Stalker 1980). Distant hybri-
disation thus offers another promising possibility for genetic
improvement of crop plants through selective transfer or addi-
tion of desired adaptive gene compiexes from relevant sources.
Attempts-are already underway for exploiting the outstandipply
su Mrnncc ol‘th: whealgrass gcnus.ﬂymgid (= Agro-
pyron) for enhancing adaptation of wheat cliltivars to sait-

affected soils (Dvorak et 3] 1!335 Storey et al. 1985). Diploid E.
eldwgatum (In=2x=14) and the dccup!md E. pontica (In=10x=
700 have been reported Lo survive salt concentrations as high as
1,5 times sea water (Dewey 1960; Shannon 1978; McGuire and
Dvorik 1981). Materials derived from Wheat < Barley crosses,
mostly in the form of disomic addition lines (2n==d4) carrying
individual barley chromosome pairs (Fig. 4), are also being
studied intensively in this context (Islam et al. 1975, 1981; Rana
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1984). Somatic hybridisation technique is espected to open up
new vistas to this approach.

Fig. 4. Six disomic addition lines (2x ~ 420 + 2B) carrying indivi
dual. chromotome pairs of barley in "Chinese Spring® back-
ground, Addition ling having barley chromosome $ i not
represented,. (Source materinl :  Talam et al. 1981},

Elucidation of plant mechanisms that impart salt tolerance
15 likely to accelerate selection and breeding programmes aimed
at developing crop varieties suited io. specific situations of sait-
affected soils, Although substantial information is already avail-
able on the physiology and biochemistry of glycophyies as well
ns of halophytes yét it is only recently that rescarchers have
begun to study closely related plant genotypes in & comparative
way 1o determine mechanisms underiying heritable différénces in
sall tolerapee. Al present, plant breeders do not have suitable
markers for salt tolerance and this handicap has greatly affected
the progress of their efforts. Since physiologists, biochemists
and geneticists now have at their disposal a greater range of
plint materials differing insalt tolerance, both at the intra and
inter-specific levels, they should be able 10 elucidate plant
mechamsms/processes conferring: salt  tolerance and also their
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genetic control. It may, however, be emphasised that confirma-
tion of the initially reckoned markers of salt resistance, worked
out by the inter-disciplinary efforts of concerned specialists,
will necessarily require close cooperation with the plant breeders
if breeding crop varieties for resistance to edaphic siresses is 10
make an impact. '

In conclusion, & word of caution may be added for the plant
breeder, namely, that the breeding efforts should aim at realis-
tic and attainable goals. Although plant yields under sall stress
cannol be expzeted to equal those obtainable under non-saling
environment yet it appears guite feasible now to develop crop
varicties that may withstand modersate increases in soil salinity
without undergoing a significant yield loss. It also seems within
reach to evolve varieties eapable of growing and giving some
economic vield at salinity levels which are well beyond their
survival range at present.
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Drought Resistance in Crop
Plants: A Physiological and

Biochemical Analysis
SURESH K. SINHA

Introduction

Drought is the most common adverse environmental factor
which limits crop production in different parts of the world.
Often drought is accompanied by relatively high temperatures,
which promole evapolranspiration, and hence could accentuate
the effects of dronght and thereby further reduce crop yields.
Since these events oceur more frequently in tropical and semi-
tropical regions where most of the developing countries arg
sitoated, droughts are often associated with food shortages and
an overall setback to developmental activities, Therefore, rais-
ing of drought-resistant crops is common sense (o achieve sia-
bility in production and to enhance the possibility of self~suffi-
ciency in food. Consequently, breeding for drought resistance is
a major objective of many research programmes in the inter-
national and national institutions. This has been so for the past
several decades. But, it is disappointing that, there has not been
any measurable success in these programmes compared with the
success achieved in breeding for yield; or breeding for disease
resistance or breeding for quality attributes. In fact, this was
amply expressed by Arnon (1980) when he stated “Breeding for
drought tesistance has been a consistent theme for as long as |
remember and probably the greatest source of wasted breeding
efforts in the whole field of plant breeding.” However, the fact
remains that we do hear of drought resistant varieties in many
crops. For example, C-306 in wheat, Lalnakanda in rice and M
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35-1 in Sorghum are some of the better known examples in
India. It is also claimed that a large number of cultures among
the Assam Rice Collection exhibit a considerably high degree of
drought tolerance. Many land races and wild relatives of several
erop specics are said 1o contain drought resistant traits, which
could be profitably utilised in breeding programmes; This situa-
tion is not unigue to India alone bul is a common experience in
different paris of the world, However, Lo affirm a conviction a
short questidnnaire (o assess the current state-of-art on breeding
for drought resistance was distributed to 75 distinguished plant
breeders and plant physiologisis all over the world. The
guestioonaire and 4 summary based on the responses is as
follows:

QUESTIONNAIRE

1} Mame of crop

2} Vatiety or varietics identified{recognised as drought resis-
tant

1) Duration of these varieties (seeding to maturity) in com-
parisan with other popular high yielding varietics

4) Yieldin 2 good rainfall and in a drought year

5) Any special morphological or physiological characteristics
ol the tolerant variety

6) Water use in comparison with susceptible varicties

7) Was the variety specifically bred for drought tolerance or
wag v a selection from the existing types?

8) Is there any variety/which has specially been produced for
drought tolerance through hybridisation?

Response from many scientists in India and abroad were
meeeived and are summarised as follows

1) Some warieties are identified/cecognised as drought tole-
pant in wheat, barley, Sorghum, oats and rice.

&) Mostly, the varieties are of medium or long duration. In
Sorghum. the hybnd CHS-6 is of short duration, but it escapes
drsught period. It is nor successful in the rabi season when the
eiop actually experiences drought. Under drought prone rabi
gonditions. an average yielding variety, M 35-1 is the maost
Wbl

31 In good rainfall years, these drought tolerant varieties do
ool fuke kollivient advantage of available water. The average
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yield is between 2.5 and 3 tonnés ha™ and is reduced to 1 tonne
ha™k

4) Some wvarietics such as Olympia of wheal in Australia
have early vigour, whereas 'C 306, has slow vegetative growth in
the initial stages but both tiller reasonubly.

5) The drought-tolerant varicties use the same or more
water as susceptible types, such as Olympia and C 306 in wheat,
Lalnakanda in rice and others.

6) Most of the drought-tolerant varieties are local selections
or stlections from some other breeding programmes.

7) Mo one has developed a variety which may have been
produced through a hybridisation programme aimed at breeding
for drought resistance. It was however claimed that some
droughi-telerant varieties were in the process of development.
For rice, the upper limit of yield would be around lour tonnes
in good years and 1.5-2 tonnpes in lean years.

It is thos seen that while considerable suecess has been
achieved in breeding lor disease resistance, 8 comparable suceess
is vat to be achieved in breeding for drought resistance.

Defining Drought and Drought Tolerance

The definition of drought, and drought tolerance, bas differed
depending upon whether the defining is done by a biochemist,
physiologist, an agronomist or a plant breeder. It is important,
therelore to set the reference point with clarity.

Gotoh et al. (1979), in their review on adaptation of crop
plants said " Breeding crop plants for drought prone conditions
requires an appreciation and knowledge of the environmental
factors which interact with rainfall deficits {o create the array
of complexcs collectively referred Lo as 'drought’, The variabi-
lity {across and within seasons) and range of these salient
environmental factors are extremely location specific.’” Thus, it
i5 being increasingly realised that "drought” from the point of
view of 4 crop, is the state when water adequate in quantity and
distribution i5 not available 1o express its full yield potential.
Since the availability of water during the whole plant life is not
determined by rainfall alone, but is dependent on s6il charac-
teristics and evaporative demand, the intensity and duration
of drought beeome highly location specific. The pattern of rain-
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fall distribution adds to the unceriainty of stage specificity for
‘experiencing drought, Therefore, in a couniry like India, where
most of the rainfall is received between late June and early
September, the cencept of drought would be different for kharif
and rabi seasons. Past experience, particularly of rainfall and
evapolranspiration, could serve as a guide but is not entirely
dependable, since from the past 30 or 50 years meteorological
data, no individual year can be termed a ‘normal’ year. None-
theliss, these records may help in defining drought at specific
locations. Thus. & working definition of draught would be the
inadequacy of water availability, inclwding precipitation and
sail moisture storage capacity, in quantity and distribution
during the life ¢yele of the crap 10 restrict expression of s Sull
genetic yield potential.

Drought resistance, according to Passioura (1983), is a nebu-
fous term that appears to become more nebulous, the more close-
ly it is cxamined. There area large number of morphological
and physiological traits associated with plants growing naturally
in arid environments that, it is believed, confer drought resis-
tance on these plants. These include along list of characters
as given in Table |. Whether these traits i part or full are
relevant to crops and how many plant breeders would venture
to incorporate them into an agronomically desirable genetic
background is not yet certain, Further. the consequerces of
such hybridisation programmes aimed at oblaining desirable
segregants are not yet known, It is however evident that some
cultures such as Assam Rice Collection, diploid and tetraploid
species of wheat, wild-oats, and local collections of several crop
plants, are described as drought resistant. In all these instances,
survival or recovery after & period of water stress and mainte-
nance of greenness for a longer time are the basis of assessment
of their droughi resistance. Most of these cultures/genotypes,

uce very few seeds/grains and have a poor sink potential.
A important approach to assess drought resistance of a
Whriety is by determining its stability index on the lines of the
meihods deseribed by Finlay and Wilkinson (1963) and Eberhart
il Russell (1966). According to this, a large number of varieties
e §réwn in a range of environments which presumably differ
It waler wvailability. The variety which shows maximum stabi-
Iy I& considered as drought resistant; the criterion of stability



&0 Ivonght and Saiinity Resistance in Crop Plants

Table 1. Fuactors conirolling waler use which may be amenshle to penetic

repulniion
Leaf Roots
orientation water absorption
hairs water rmn=port
reflectince hairs
color nbility (o grow in dev wo:]
Teaf aren index aeration (interns))
$ire penetration
orienlation dize (dismetel dnd length)
duration branching
thickness Fespiration
retention reaction o temperature
Stomata Awna
frequency
sire Maturation
behaviour Photosynthesis intensity
Shoots and slems
length €, vi G, pathway
crust penetration Respiration pholo versus dark
Fruiting
duration
relation o trenapimtion Succalende
dpcretion rate

tempeorature cifects
Sogrce:  Moss et al. (1974).

being the grain yield. The stability indices of 17 cultures
belonging to Triticum aéstivem, T. durem and Triticale have
also been cstimated. Among T aestivam, C 306 exhibited better
stability and was followed by HD 2009 (Sinha et al. 1986). In
contrast, Moti had the poorest stability (Fig. 1). Thus, at the
field level, stability index could be equated with drought resis-
tance. However, il must be recognised that such. genotypes are
pot able to take advantage of a good environment from the
point of view of witter availability.

Efforts have also been made by biochemists and molecular
biotogists to define drought resistance. Bewley (1981) reviewed
literature on protein synthesis in relation to drought in two
mosses which were categorised as drought resistant and suscep-
tible. Quick recovery in protein synthesis because of conserva-
tion of messenger RNA was possibly associated with drought
resistance.  He candidly stated that these eriteria could not be

extended to crop plants.
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Fig 1. Stabillty by grain yleld and dropght susceptibility index and
cluater annlysis.

More recently, the interest in molecular aspects of drought
resistance has been generated by Le Rudulier ¢t al. (1984), by
discovering genes, called Osm (osmotic tolerance) for osmoregu-
lation. The latter was considered the cardinal point in drought
fesistance of crop plaats, though the survival of E. coli mutants
was tesied in @ medium containing sodium ¢hloride. Therefore,
for a molecular biologist, drought resistance is osmoregulation,
irrespective of the source of stress; such as lack of water, sali-
nity, atkalinity or temperature.

It would thus be realised that scientists belonging to different
disciplines have different perceptions of drought resistance and
therefore their definitions would vary accordingly.

Molecilar  biologist ¢ Drought resistance:-as survival of indivi-
dual cells or unicellutar organisms such
as E. coll, by adapiation to osmorcgula-
tion.

Biochemist :+ The tolgrance of import antbiochemical
reactioms “such as protein synthesis, con-
servation of messenger RNA ete. to water
deficit in Gn organism.

Physiologist + Maintenance of growth during water
stress and its accelerated resumption on
termination of water stress,
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Agronomist . Stability in wield performance of a crop
or 4 variety in & waier deficit environ-
menl.

It is this perception of an individual thit becomes the basis
of search for acriterion of drought resistance. However, these
perceptions refer to different time scales inthe life of a. plant
and crop which culminate in producing an economic yield. Thus,
an integration of events in different time scales is eszential for
assessing drought resistance in an agronomnc sense, which is the
ultimate objective of agricultural programmes. It might be uselul,
therefore, to define drought resistance as the mechanismls causing
minimum loss of pleld im a water deficit envivormen! relative to
the maximum yield (n @ watee constraint free management of the
crop.

This definition of drought resistance includes the concepts
of relative amount of walter and of relative yield, Therefore, an
understanding of the basis of yield is essentinl o deéscribe the
performance of & genotype, in a water limiting and water suffi-
cienl environment. A recenl example, givéen by Pascioura (1976,
1983) would emphasise this point clearly. The cffects of equal
amounts of water availability, either distributed throughout the
life eycle of wheat or provided in the beginning alone, are shown
in Fig. 2. It is obvious that the same amount of water could pro-
duce altogether different resuls,
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Fig. 2. Grain vield as a function of total water supply for individua)
wheat plants grown in pots, (from Passioura, 1983)
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Although each crop has its own charucteristics, vvery crop
passes through different growth phases starting from sowing: to
maturity, o cvlminate in economic yield. One can show that
it is a sigmoid curve for the whole plant or & crop canopy.
Indeed, it is differentiation along with growth, which resulis in
the development of ccomomically important structures such as
spikes, influorescence, tubers etc. in different crops. Growth,
basically, results in accumulation of dry mater while differen-
tiation and subscquent dévelopment lead to economic yield. It is
obvious that any amount of growth or dry matter production
would not help in producing grain vield unless the vield com-
poneonls differentiated and developed appropriately. In a sense,
there is a dynamic relationship between ‘source” and ‘sink’. It is
their complementation during the differentiation of ‘sink' such
as panicle, spike, tubers etc. and subsequently their development
which determines yield (Sinha and Khanna 1975).

It would be useful to illustrate this with some specific: exam-
ples, such as wheat, pigeonpes and Sorghum. Wheat has been
extensively stodied in many parts of the world (Asana 1976;
Evans, Wardlaw and Fischer 1973; Fischer 1983, 19584) and the
following phases of growth can be clearly distinguished
(Sinha et al. 1982);

1) germination to spike initiation,

2) spike initiation to terminal spikelet formation;

3) rerminal spikelet formation to spike emergence; and

4) spike emergence to gram development and maturity.

These four phases at Delhi location take aboui 26, 25, 40
and 45 days respectively if & crop is sown in mid-November and
receives adequate irvigation (Fig. 3). The duration of these
phases changes at different latitudes leading to changes in crop
duration and yield (Sinha ¢t al. 1985), The process of yield
realisation actually starts after ¢ar or spike initiation, How does
the growih achieved earlier or leaf area at a particular stage
determine the yield ? From the past studies, the following main
conclusions can be drawn :

1) Approximately 60 to 70 per cent of the tolal dry matier
is produced béfore anthesis.

2) After anthesis, only flag leaf, peduncle and ear photo-
svnthesis contribute to assimilation.
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Fig. 3. Phenology of wheat, with and without irrigation at Delhi
(Sinha ct al. 1982),

3) Only I51t0 25 percent of pre-anthesis assimilates are
mobilised for grain development.

4) Pre-anthesis assimilates are mobilised as amino nitrogen
from different plant parts,

5) B0 1085 per cent of the total nitrogen is assimilated be-
fore anthesis, and is present in leaves and siem.

Thus; current assimilation or photosynthesis and mobifisa-
tion of previously accumulated nitrogen are imporiant for grain
development. There is now additional evidence to show that:

1) When grains develop, they trigger senescence of the fag
leaf, presumably by enhancin the  level of ABA, or ABA like
substances (Morgan 1980). The main feature of thisis the
mobilisation of protein nitrogen from the Rag leal.

2} Protein, mostly present as RuBP carboxylase in leaves,
is mobilised (Dalling et al. 1976; Peoples et al. 1980; Sinha and
Rajagopal 1980).

3)  There is distuption of chioroplast membranes,

The above processes lead to impairment of pholosynthesis

and hence carbon assimilation. However, hese processes are
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delayed if the number of developing grains is less. Thus, present
evidence suggests that eventually the “siok’ disrupts the ‘source’
or shortens the leal area duration. It is likely that some balance
15 maintained between the ‘sink” demand and the “source”,

Analysis of Yield in Pigeonpea and Other Pulses

The growth of pigeonpea or other pulses can be divided into
the following phases :

1) Germination to flower initiation

2)  Flower initiation to 50 per cent flowering

3) Flowering to pod development.

In pigeonpea and chickpea, the initial growth rates are very
slow and in many instances the plant produces only 1/3 of'its
final dry matter by the time flowering occurs {Fig. 4). Subse-
(quently, a period of very high growth rate commences during
which vegetative growth and flower production is profuse. Thus,
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Fig. 4a. Growth, phenology and dry matter partitioning in Cicer
arietimm at Delhi, (R, Khanna-Chopra, K.R. Koundal and
$.K. Sinha),
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the plant acquires almost two-thirds or more of its dry matter
by the time early pod development starts.  This stage coincides
with the disintegration or inactivation of root nodules, which
deprives the plant of its source of nitrogen availability. There is
considerable evidence to show that there is no mobilisation of
assimilates (carbon or nitrogen) between different branch nodes
(Lindoo and Nooden 1977). Consequently each node, consisting
of a Jeaf (trifolimte or multifoliate) and  developing fruits, func-
tions #s 4 unit.  With the commencement of fruit development,
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thie leal subtending the developing fruits starts loasing nitrogen
ccompanied by a loss of RuBP carboxylase (Grover et al. [985;
Cirover and Sinha 1985), Using several biochemical and immu-
Hoassuy techniques, it has been demonstrated that RuBP car-
boxylase protein itself is mobilised resulting in the impairment
of photosynthesis. Excision of fruits delavs senescence. There is
evidence that the developing fruits have a dosage effect (Nooden
1980), Again, it is proposed that some signal from the develop-
ing seeds triggers mobilisation of this important protein,

Since there is an insignificant or no intraplant and intranodal
mohilisation, a large amount of dry matter accumulated prior to
fruit development remains unutilised. Most of the leaves are
shed and the stem contains a high pereentage of nitrogen, even
al the time of harvest (Sinha et al, 1983). However, the leaf
frea at a particular node correlates strongly with seed vield
(Savithei et al. 1978 and the latter is the cause of leafl sene-
scence ot the node. Thus on a whole plant basis the yield
18 determined by the fruiting nodes, while a large vegetative
siructure though essential for plant is not utilised for yield.
Needless to say, the geowth of these vegetative structures does
iequire a cerlain amount of water.

In most other pulses such as mungbean, chickpea, cowpea
and soybean similar observations have been recorded. Al these
pesulls Jead to the important conclusion that a physiologically
putive ledl is essential for development of fruits at each flower-

ing node,

Analysis of Yield in Sorghums

Bastin (1972) described the phenological stages in Sorghum
an follows:

G5 (vegetative)—planting to panicle initiation (P 1)

0S8, (Influorescence development)—P 1 to bloom.

Gi8 (Cirain fill)—bloom to kernel dark layer.
The duration of these stages differs among cultivars, depend-
ing upon their sensitivity to photoperiod, temperdture and
interuction of these two factors.  Most of the traditional varie-
ties of Sorghum were sensitive to these factors and took a
conuiderably longer lime in G5, and GS,. By the time they
llowar, the rains ceased (Fig. 5). Therefore, grain development
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occurred when the soil moisture was depleted, Under such condi-
tions, the pre-anthesis assimilates constituted a significant
‘source’ for grain development. However, in recent years many
hybrids have been released which complete their life cyele within
90-95 days from sowing. Such hybrids complete GS, in 26 days,
GS, in 30-34 days and GS, in 30-35 days. One of the major
advantages of these hybrids is their higher growth rate in early
stages because of faster rate of leaf arca development.  In fact,
at & plant population density of 180,000 plants per hectare, they
develop a full crop canopy within 30-35 days of sowing. At
most locations the duration of rainfall is 80-90 days. A higher -
growth rate in the early stages coupled with adequate water
holding capacity of the soil, these hybrids complete their life-
cycle without frequent exposure to a water deficit. However, the
water stress of a crop depends upon the pattern of rainfall,  If
this happens after anthesis, the yield is severely reduced, but
water stress in GS; does not influence yield adversely because of
compensation. The magnitude of effect depends upon the degree
of stress and this has often not been quantified.
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Fig. 5. Doy matter production in Sorghum CSH-6: Response o irrfi-
gation in relation 1o ratnfall pottern.

In conclusion, the varicties or hybrids which apparently are
resistant to water stress, are those which complete their life
cycle in 9015 days but have a higher growth in the beginmng,
Long duration (150 days or more) wvarieties also show stress
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resistance because they mohilise preanthesis assimilates for grain
development. Thus, the phenology of the plant is important in
determining its yield and adaptability,

Such examples could be multiplied to explain the basis of
yield and vield differences of different crops.

Effects of Droughi

Inadequate availability of water in quantity and distribution
leads to water deficit, and has profound effects on various plant
processes. These processes have different time scales in their
responses to water deficit or drought (Table 2). Change in leaf
water potential, turgor pressure and stomatal resistance are
influenced within seconds or minutes while cell growth, accumu-
lation of proline and betaine, degradation of protein and poly-
saccharides are effected in hours. Leaf expansion, shoot growth
and root growth might take days while reproductive biology and
grain yield are influenced im days or months. Plant physiclo-
gists and biochemisis who seck a criterion of drought resistance
which often responds in minutes or hours, have the unénviable
task of relating the eriterion to final grain yield which is a cumu-
lative effect of a number of processes occurring over a period of
days or months. Therefore, it is nol surprising that many criteria
which appeared promising when proposed were not subsequently
useful.

Tahle 2. Plant water status {Low ) jafleoacing plant charscteristics and
processes (o time seale

Yield Dayy (o months
Flower and frult development days
‘Loaf senescence and shedding duys
Root growlh duyy

Lesf growth hours to days
Leal movement hours—minutes
Cellular metabolism hours—minutes
Changes in hydraulic resistance hours-—minutes
Stomutal movermen hours—minufes
Turger pressure minutes—seconds

When a crop grows under ficld conditions, it experiences the
effects of water deficit gradually. However, in most instances




70 Drosght awd Salinity Resistance fn Crop Flanis

where a drought condition was applied (o plantsin pots, the
development of ‘stress was very fast. For example, im the
experiments of Fischer (1973) and Asana & Saini (1962), the
plants were brought to —20te —25 bars within four days or 10
permanent wilting in seven days. Under field conditions, leal
water potential drops at a rate of —0.40 to — 0.1 bars per da y.
Thes., many of the adaptive adjustments which are possible
under field conditions, where decrease in water potential is slow,
cannot be expeeted to occur in pots.  Furthermore, during the
growth of the plant, the sonrce and sink relationships undergo
change and adjustment. In a seedling or during the vegetalive
stage, roots constitute in addition to the young emerging leaves
a major "sink”. The latter become a source subsequently. It
was observed by Aggarwaland Sinha (1983) that the dry weight
of toots cither increased or remained unaffected when maire
seedlings were waler stressed. On the release of water stress, the
roots lost dry weight, suggesting that they became a source o
the reviving shoot. However, once the reproductive stage com-
mences (spike emergence in wheat, cob development in maize or
{ruit development in pulses) then the developing grains become
a major ‘sink’, Roots no longer remain the major recipients
of assimilates mobilised from leaves due to water stress.  This
change in the ‘source’ and *sink’ relationship will presumably
express itself in resistance to water stress if 11 were based largely
on delayed senescence of leaves or some other morphological
score such as leaf rolling or stomatal resistance. As long as
roots remain the major ‘sink’, they would grow and explore
more water from the soil, and hence increase waler availability
to the plant.  The same would not happen il flowering or grain
development had commenced. On the basis of the preseat avail-
able information, one can visualise o change in hormonal status
of the plant depending upon the ‘sink’. The growing roots
corve as a source of cytokinins (Hsiao 1973);, whereas the
developing grains possibly trigger synthesis.of ABA or ABA like
substances, leading to a faster senescence of leaves on the whole
plant. The synthesis of the amount of ABA or ABA like subs-
rances could be dependent upon the number or weight of the
grains, the size of the ‘sink’. It has been demonstrated by
Nooden (1950) that the larger the number of developing pods,
the faster is the senescence in soybean.
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This explains why the “apparent’ drought resistance should,
or would, change from vegetative to reproductive stage. A
recent study by Armenta-Soto et al. (1983) brings this oot clearly
(Table 3). All the high yielding varieties of rice changed their
score from medium resistance to high susceptibility from vege-
tative to reproductive stages. The varieties which did not flower,
or were poor yielders, did not change their drought resistance
score. IF this interpretation is correct, then it should be possible
to prove it further by using different genetic - materials or mani-
pulative techniques. The A and B lines in Sorghum  are said to
differ only in their fectility. When the plants of 2077A and
2077B were exposed to stress in seedling stage and subsequently
given water, they showed no difference ecither in survival or
recovery. The same (reatment, however, at the time of grain
development resulted in faster semescence of leaves in 20778
and other B lines, but not in 2077A or other A lines (Khanna-
Chopra and Sinha, unpublished). In mungbean and cowpeas,
planits with developing pods showed faster senescence under
witer stress than when the pods were excised (Paharia and
Sinha, umpublished; Reddy and Sinha, unpublished). These
examples indicate that a plant uses its resources for grain/seed
development when its survival is threatened due to drought. This

Table 3, Hool charucieristics and droughl score of the eight parental
varieties

Maximam  Root

roor  rhiek- Field droughs
Farfety lemgth  ness  Root reaction”
No. Vaviety/line  Origin  group® ()  (mw) number Veg. Repro,

1 IR% IRRI 15 749 080 77 5 7.8
2 IR20 IRRI Is 623 057 &3 7 89
3 Moroberekan Guinca U 54.0 148 32 3 3.5
4 054 Migerin U 883 106 27 3 3.5
5 20A Liberin U 8§72 145 3% 3 NF
6 [R4B0-59  IRRI IS R84 105 a8 5 NF
7. IR841-67-1  IRRI 15 702 074 a4 5 g

B MGL-2 India. TL 852 087 9 3 NF

*IS—Improved semi-dwarf lowland: U—Upland: TL—Traditional low-

¥The decimal score for vegeétative and reproductive phases (1-resistances
to S-suscepdible) is bated on Loresto and Chang, 1981, NF means plants

did not Bower during the 140-day cut-off daie,
Source: J. Armenta-Soto, T.T, Chang, G.C. Lorssio and J.C. O "Toole.

e e |
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is possibly an ¢volutionary obligation. Nonetheless, the develop-
ment of grains/seeds would depend upon the available resource
within the plant, a major portion of which is current assimila-
tion and the remaining that of pre-anthesis assimilation, These
considerations. now could be used for analysing vield under

drought.
Analysis of Yield under Drought

Often relationships between ET (Evapotranspiration) and dry
matter and ET and yield have been described (Slabbers 1980).
Most of these studies show a linear rélationship. Therefore, we
must expect that a decrease in water -availability would result in
decreased dry matter and yield. If we accept this generalisation,
then a reduction of ET from optimam to half should result in
producing half the maximum dry matter and yield. However, in
wheat a fully irrigated crop used 43 ¢m water and produced
1437 g m™* dry matter and 458 g m™ yield (Table 4). As against
this, when water use was reduced to 24 em, the total dry matter
production and yield were 991 and 388 g m™, respectively
{Aggarwal and Sinha 1984), We should, therefore, assume that
within certain limits (which at present are not well defined), a
reduction in water availability could lead to improvement in
water usc cfficiency, Soch observations have been made for
other crops loo, We now know that the water use efficiency
(WUE) of C, and C, plants based on laboratory or water culture
experiments does nol conform to those obtained in field experi-
ments (Aggarwal & Sinha 1983). In fact, water use efficiency of
a crop varies at different stages of plant growth. Therefors, a
large amount of data obtained on seedlings in pots may not be
applicable to field conditions. We can use a couple of examples
to illustrate this point. A water use ¢fficiency has been report-
ed, of 4 g dry matter kg™ water, for the whole life cycle in
wheat and gram  at Delhi location (Aggarwal and Sinha 1983).
Assuming that the soil profile up to 1.5 metre depth can be
tapped by plants, the total uvailable water could be approxima-
tely 20 cm. This is equal to 200 kg. water m™%, and should be
adequate to produce 800 g m™ dry matter, If it rains; then exch
1 em of rainfall would contribute 40 ¢ m™ of dry matter. Thus,
with 25 em of water (20 em from soil4+5 cm rain) a total of
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Table 4. Waler bse, DM production, graim yield and WUE in wheat per
crop sedson (data are the mean of iwo years and values are
means - 1 5 ¢.m)

Teeatient Water uzed DM produced Grain yield WUE
kg ") lg.m™?) fem=%) g DM kg
water wsed)
C 306, irrigated 430£14 1437435 429 3342000
C 306, non-irrigated 244210 591-:90 350 4054033
Kalyansona, irrignted 410519 157846 568 31855020
Kalvansona,
non-irrigated 228L 7 1073 81 348 4.70-L0.82

Sowrce :  Apgarwal and Sinha 1953,

1,000 g dry matter m™ could be produced if other inputs were
available Assuming a 40 per cent harvest index, the grain yield
could be 400 g m™ or 40 g ha™'. Grain yield up to such high
levels have, in fact, been obtained under dryland conditions by
De et al. (1984). Needless to emphasise, water availability
throughout plant growth is essential otherwise though dry
matter is produced the harvest index is reduced, particularly if
the ‘amount of available water after anthesis is not adequate
(Passioura 1983), 'We have also observed that current assimila-
tion, dependent upon post anthesis water availability, is an
important determinant of yield (Figs. 6 and 7). Thus, the pattern
of crop growth should ensure water availability in the post-
anthesis period.

Ideotype Concepl for Dryland

Extensive studies at the Indian Agticultural Rescarch Institute,
Mew Delhi, led Asana (1968) to suggest an ideotype of wheat
for dryland agriculture. The main features of this ideotype were
as follows:

1) Mon-tillering or single culm.

2) Large number, approximately 60 grains per ear.

3) Small but horizontal leaves. From the proposed dia-
grams, they appear about 10 em? (flag leaf)

4) Slow senescence of ear and flag leaf

The above charactenistics were identified based on several
experiments and the conclusions were primarily arrived at
through statistical correlations. The conclusions have, however,
several physiological and biochemical contradictions. Though
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it is true that the number of grains in & mother shoot correlates
strongly with grain yield under conditions of water stress yet
this statistical correlation would be obsérved irrespective of the
number of grains. The number of grains would itself be physio-
logically determined by the availability of photoassimilate
dependent on the area of flag leaf and the rate of photosynthesis.
A practical situation may be examined, Wheat var, Kalyansona,
was grown al different moisture levels with the leaves having a
water potential ranging from —12 to —30 bars at anthesis. There
was a sharp decline in leaf area with reduction in water potential,
This was accompanied by a similar decrease in dry matter m™.
The fully irrigated plants had a leaf water potential of —12 bars
and the flag leaf area was 60 em?, but it decreased (0 25 em® al
—17 bars (Fig. 8). Assuming that the plants maintained the
maximum rate of photosynthesis of 30 mg €Oz d m™ hr', it
would result in 107 mg dry matter per day per flag leaf for 11
hour photosynthesis. For the stressed plants, it would be 45 mg
dry matter per day per flag leaf for 11 hour photosynthesis. If
these rates are maintained for 30 days, & maximum of 3,210 mg
and 1,350 mg assimilates by flag leaves of control and stres-
sed plants respectively could bz expected. It is further assumed
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that all this is ulilised (not excluding even respiratory losses) for
grain development.  Then, the control and stressed plants can,
at moal, produce 80 and 34 grains of 40 mg cach, respectively
(Table 5). However, if we consider the fact that as a result of water
stress, there could be a reduction in the rate of photosynthesis
and senescence would bz hastened, then development of even 34
grains would be impaired. Therefore, the plant might mobilise
its preanthesis reserves which could support up to 25 to 30 per
cent of gram weight depending upon the preanibesis growth, It
15 thus clear that there are physical and biological constrains for
realising the productivity of the ideotype suggested by Professor
R.D. Asana. His introduction of the ideotype concept for selec-
tion has been a valuable step even though the ideotype sugges-
ted by him is not physiologically and biochemically suitable.

Table 5, Photoassimilation potential of flag leaves of control (non-siresved)
and waler strossed plants in wheat

Controd Srressed
Plantt at anthesis =12 lbars —17 bars
Flag leaf arch 60 cm® 25 em?

Maximum photesvnthesis eate dm™* he™? 30 mg CO; 30 mg CO,
Dy maiter production keal=® per day

(11 hrg) 107 mg 43 mg
Duration of activity 30 days 30 davs
Maoximum potentinl for assimilation

as dry matter 310 mg 1350 mg
Maximum potentisl for number of

grains of 40 mg esch BD N

Awsumprions:  a) - Maximum photosynthesis for 30 days,
b) Al assimilates miobilised to grains.
) Mo rospiratory losses.

This brings us to the conclusion thar statistical refationships,
howsoever strong, do not necessarily represent the functional
refationships. The ideotypes based essentially on statistical
correlations may not present achievable objectives. Considering
that water isa limiting factor, the amount of available water
should constitute the basis of an ideotvpe and the latter should
include the functional aspects of the plant.

In north India, it is estimated that water availability in folly
chasged soil prafile after monsoon rains is about 20 em. There-
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fore, on the basis of our present sudies on water use efficiency
under field conditions, this much water is adequate to produce
800 g dry matter m~ . The winter rains would add further to
this dry matter. For § em rain, another 200 gm™ could be
produced. Therefore, the yicld components and phenology of the
plant should conform to these requirements. The crop should be
able to produce 800 g dm m™* if there was no rain but should
have the possibility of responding to additional water, This will
not be possible for a uniculm plant, but a tillering variety would
respond 1o this situation. OF this, at least 40 per cent dry matter
should be produced after anthesis. Therefore, about 40 per cent
of the total available water should be available at anthesis. In
other words approximately 8 em water should at least be present
in the soil profile 1o ensure post-anthesis photoassimilation.
This means that the growth of the plant should be slow at early
stages but by anthesis it should contribute approximately 500
gm™* of dry matter. Having reached anthesis, it would be desir-
able if the spike has a potential of 35 to 40 grains. There should
be 250 to 300 spike bearing shoots per m®. Such an ideotype
would have to be rdequately supporiced by nutrient supply. For
example, a erop producing 1000 g m™ dry matter and 400 g m™*®
grain would need approximately 110 kg N ha™. If such, an
amount of nitrogen was not provided, the tillering and spike
characters would not be expressed despite waler availability.
Thus our proposed ideotype of wheat would have the following
traits :
1) Tillering type
4} Slow early growth, reaching approximately 500 g m™ by
anthesis.
3) Adequate leaf area at anthesis to produce 300 g m™* or
more dry matter after anthesis
4) 250-300 shoots m™*
5) Potential of 35-40 gm of 40 mg cach per spike
6) Medium duration and semi-tall 1o ensure adequate pre-
anthesis conservation of assimilates.
Indeed some of these characteristics do exist in some genotypes
such as C 306 and HD 2009.
Thus depending upon the cstimated water availability and a
particular crop, a location specific ideotype could be proposed.
In many instances it may be necessary 1o estimile the final
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yields based on’ water availability to assess whether the upper
limit was achieved.

Single Trait and Drought Resistance

Several efforts have been made to identify a single character
which could serve as the basis of selection for drought resistance.
Among these, chlorophyll stability, proline accumulation. betaine
accumulation, occurrence of specific fatty acids, and now GSIT0.
regulation are noteworthy, Positive correlation of these indivi-
dual characters to drouwght resistance (possibly in agronomic
sense) were shown by some workers but negated by others,
Proline accumulistion as an index of drought resistance has been
cxtensively debated (Singh et al. 1972; Sinha and Rajagopal
1975, 1978; Hanson 1980). That proline could provide protection
o enzymes against desiccation or high temperature now seems
to be beyond doubt (Sinha and Rajagopal 1975 Paleg et al,
1981; Nash et al. 1982). However, a correlation between proline
accumulation and drought resistance estimated on the basis of
yield, is difficult to establish because of a number of mtervening
biochemical, physiological and differentiation steps. Proline
accumulation may offer shori-term advantages at the celhilar
level but it may not be a practically useable selection criterion.
The influcnce of environmental factors, growth stages and a
relatively low heritability further support this contention (Lewin
and Sparrow 1975: Aspinall and Paleg |981).. The evidence in
supporl of using betaine accumulation as u criterion for drought
resistance is very limited. and may again have importance in
cellular functioning rather than the whole plant systenr. Accu-
mulation of ABA as a criterion of drought resistance has ulso
not been established (Quarrie 1981),

Recently osmoregulation both in microbes and higher plants
has been advocated as & mechanism causing drought tolerance
(Le Rudulicr et al. 1984: Morgan 1984). In £. coli this evaluation
was based in response to salinity stress, and osmoregulation was
mostly due te proline accumulation, Salinity stress cannot be
equated with water stress for a variety of reasons. Furthermore,
i higher plants, such as wheat and barley, the osmoregulation
is achieved by accumulation of sugars and morganie 1ons
(Munns et al. 1979). Proline contributes very little to this phena-
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menon. If osmoregulation is achieved by accumulation of
organic molecules, then partition of assimilales between growth
and osmaregulation would become an important factor in deter-
mining yield This could assume even greater significance if
water stress developed st the time of grain development. There-
fore, it is not surprising that osmoregulating cultures of wheat
had & maximum vield of 1 to 1.5 tons/ha (Morgan 1984). This
once again shows that & combination of high yvield and drought
resistance is an incompatible objective,

The above discussion leads to the conclusion that it may not
be realistic to look for a single trait as a selection criterion for
drought resistance.

Integration

In this review an effort has been made to define drought and
droughi resistance, analysis of yield of crops and the effects of
water deficit on growth and vield. It would be appreciated that
several plant processes which occur in time scales ranging from
seconds to minutes, hours, days and months culminate in crop
yield under field conditions in a competitive environment. This
relationship is dizgrammaticully shown in Fig. 9. It should be
clear from this, that while the importance of short-term respon-
ses- can not be denied, their correlation with yield is difficult to
expect. It is for this reason that many individual tesis have not
been found of wider application in selection for drought resis-
tance, It is obvious that a more complete view of plant growth,
development and yield components in relation to water availa-
bility will have to be taken for a particular erop. This can be
summarised as follows:

1) Reduced water availability reduces growth and dry matter
production.

2} Stress at flowering/anthesis has a severe influence, partis
cularly on senescence.

3) Larger the sink size, faster is the leaf senescence. There-
fore, the sink potential is not realised.

4) These effects are possibly accentioated because of increas-
ing canopy temperature.

S) Intraplant competition for assimilates, particularly bei-
ween roots and grains ‘sink’, impair the former. This in turn



80 Drought and Safinity Resistamce in Crop Plowts

"ol jo SHLsE Wl pord o) Rmpes) sesaooud jo uonmeEnul 4 91

l1os

M_

212 %05 fon
3
Lo OIS S Y
wolon i T
. = _ 5N | 1BLzow Yos
o= . E / (7 eqmony! ‘ORI _ ) e
Bels 1
n\ +-
L
SYUO — 2300NS
L2305 _ sAog SinoH SPINUIL § SpUCIBS i




Dyrowirht Revistance in Crop Phmes 8]

further reduces water collection ability of roots,

In view of the above, the following approaches are suggested:

I} In a situation of intermittent minfall, the genotvpes with
shorter duration be sclected. They, however, should have faster
;mtta__;_wth rates, Such genotypes should have the 4 uhulitv o
utilise mitrogen cnabling E_lﬂg,h_mrccnmga of it in leaf lissues,

Sucli genotypes will have the capacily ity 10 rgcﬂvcr r when faced
wnh_}!m_i!;ﬁmL.nnd_mmpJ:m.Lh:mhIn cycle soon afier the
cessution of rains. The hybrid CSH-6 of Sorghum is an example
of such ggnnt}rpas

2) When thecrop is grown on 4 receding soil moisture as wheat
in rabi, the génotype should have o slower aerial growth com-
bined with delayed differentiation. This plant behaviour ensures
better tool development and ensures a reasomable mumber of
tillers. By anthesis the crop should atrzin 500 to 600 gm® dry
matter, and leave B-10 ent water in soil profile for maintaining
adequate photoassimilation in postanthesis phase. Each spike in
wheat, should have a potential of 1.0 to 1.2 g of gram weight,
This means that the genotypes should have tillering capacity
along with approximately 40 grains in each spike.

These two approaches can be adopted under limited water
availability instead of irrigated or completely rainfed conditions,
By providing a uniform population in early stages of growth,
the performance of genotypes can be appropriately judged, This
is possible during kharif because the crop is usvally sown afier
an adequate rainfall. However, io rabl 1t would be advisable to
grow a crop after a presowing irrigation to ensure germination
and appropriate competition.

Having emphasised the complete approach in relation to
environment, particularly the water availability, it may be
mentioned that the following criterin might prove useful in
selecting physiologically superior genotypes to confarm to the
above mentioned approach.

1) Scedling vigour in kharif and slow gerinl seedling prowth
inl rahi.

2) Canopy temperature, when crop canopy is formed, lower
thian the ambicnt temperature is desirable.

3) Physiological impairment of photosynthesis at anthesis
to judge the capacity to mobilise preanthesis reserves.
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4) Assessment of total dry matter production in relation
to soil moisture depletion.
3) Medium capacity of yield components.
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Breeding Approaches for
Drought Resistance in
Crop Plants

R.S. PARODA

Introduction

Man's intervention in the evolution of plants; to adapt them
to suit his needs. constitutes the practice of plant breeding.
Historically ‘regarded as an art ‘and still too empirical to be
accepted universally as a science, it has recently been described
as a technology (Riley 1978). Whether art, science or techno-
logy, it certainly draws on a wide range of disciplings and em-
bodics all those principles of organisation and management that
determine success in any production-oriented programme,

Perhaps the biggest contribution that the plant breeder has
made to increased production during the past 50 vears has been
in helping to alleviate the effects of natural hazards such as
lodging, pests and diseases on crop production.  While most of
this progress has been through the manipulation  of biotic stres-
ses, much is still to be achieved under non-biotic stresses such
as drought, salinity, temperiture, cte. This argument is strength-
encd by the fact that in spite of the spectacular achievements
made possible by the ‘Green Revolution’, the productivity level
of most crop plants, including wheat and rice, has remained
both low and static under stress conditions. Concerted efforts
are needed through an approach of interdisciplinary  research,
since not much has been done to define criteria for stress
assessment and evolving breeding approaches for incorporating
stress tolerance in crop plants.

Genetic improvement of a plant’s drought resistance by



B8 Dvoupht amd Salimity Resistance n Crap Plants

selection for yicld under stress is a possible but prolonged
and problemuitic procedure. The physiclogical and genetical
aspects of the improvement of drought resistance in crop plants
have been comprehensively reviewed recently (Mussell and Staples
1979; Turper and Kramer 1980: Blum 1981; Paleg and Aspinall
1981; Christiansen and Lewis 1982; Kramer and Raper 1983).
The present state of knowledge allows for several conclusions to
be drawn.  Yield performance of a genotype under $tress is a
reflection of both its response to stress and its potential yield
level. This conclusion led many plant breeders to believe that
the genetic improvement of yield potential will also resalt in
improved yields under stress. Using this concept, while some
numerical empirical improvements in vield under sub-optimal
environmenis have been realised, the concept loses meaning
when the yield has plateaved. A direct tackling of sub-potential
vield levels through breeding is, therefore, essential, and the
guestion immediately raised 1s whether drought resistance exists
and can be measured. The positive answer is deliberated in
many of these cited reviews and an effort has been made in this
paper to discuss the breeding approaches for drought resistance
in crop plants.

Droaght Defined

Diought is defined in both the Concise Oxford Dictionary and
Webster's New World Dictionary a5 “prolonged dry weather™.
The definition, however, is not precise as both “prolonged™ and
“dry", like drought, arc relative terms. For a period of dry
weathee to affect a plant community, the rainfall deficit most
lead to a soil water deficit and ultimately to a plant water
deficit, The degree to which & rainfall deficit is translated into
a soil waler deficit depends on the rate of evaporation during
the rain free period, and on the physical and chemical charac-
teristics of the sojl, The degree to which a particular soil water
deficit influgnces the plant again, depends on the degree of
aridity of the atmospheére. However, it also depends on a
mumber of plant characteristics which influence water uptake, the
rate of transpiration aod the response of the plant to the water
deficit so generated. It is the degree to which the plant can with-
stand the ruinfall deficit that constitutes its drought tolerance.
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Hence, drought tolerance to an agronomist would mean
‘yvield’, whereas to-an ecologist it would mean ‘survival’. There-
fore; to define drought resistance withom defining the environ-
mental conditions and specific requirements in terms ol *plant
type' would not be of much use. Blum et al. (1981) has stated
that the toral drought resistance of genotype cannot yet be defined
physiologically and most probably it does not-exist as a unique
plant trait. According to Passioura (1981), drought resistance is
a nebulous term that appears to become more nebulous the more
closely we look at it. Drought resistance, by its simplest defini-
tion, i t_avoidance and drought tolerance
(Levitt 1972). Avoidance, called drought tolerance with high
tissue water potentials by May and Milthorpe (1962), consists of
mechanisms to reduce water loss from plant and of mechanisms
to maintain water uptake, Drought tolerance refers to the ability
of the plant to withstand low Lissue waler potentials,

Understanding the Extent of Stress

A drought in the world’s wet tropics would constitute a flood in
the arid zones. Similarly, a period of two wecks without signi-
ficant rain may represent drought to a lowland rice farmer in
the Philippines, but would be proclaimad as nbnormal rains by
a momadic grazer in the Sahel or for that matter in the Thar
desert im lndia. It is, therefore, essential to  define the extent of
drought stréss in the context of existing agro-climatic conditions
of the area/region for which one is particularly concerncd. There
is no point in initiating breeding programmes for deought stress
without clearly understanding the extent of siress and possible
strategics which could help in achieving the desired chjectives.
Oswal  (personal communication) has tried to define - the extent
of stress  at different locations in Haryana keeping (o view (he
rainfall probability values based on datn available for the last
30 years, He has also iried 1w supenimpose the curves of diffe-
rent crop growth periods with & view 1o see which crop could be
more suceessful il drought isto beavoided (Fig 1), or which
crop would best withstand drought.  In deep soils, 2 plant with
a deep root system may have an advantage, whereas in shallow
soils the requiremenis for the root system would differ as
demonstrated by Passioura (1981).  Similarly, for rainfed wheat
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Fig. 1. Rainfall distribution and water requirement of grop.

cultivation in north India, it is preferable to have a genotype
which does well under carly planting so as to have the advan-
tage of soil moisture for better establishment. Such a genotype
must, however, possess tolerance 1o high temperature during
germination and early seedling growth. 1t is, therefore; neces-
sary to understand the environment more precisely in terms.of
timing and the length of water stress likely (o be encountered
before initiating any breeding programme for drought resistance
in crop plants, Jordan and Miller (1980) provided such an analy-
515 by giving three patterns of drought encountered in the Sor-
ghum growing region of the U.S.A. which provides the basis
for determining the requirements of breeding material likely to
perform well under different conditions.
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Mechanism of Drought Resistance

Three primary types of drought  resistance mechanisius in crop
plants haye been identified (May and Milthorpe 1962; Levitt
1972; Turner 1979). These are:

a)  Drought escope: The ability of a plant 1o complete its
life cycle before n serious plant water deficit develops.

b)Y Drought tolerance at high tisswe wafer potential: The
ability of a plant to endure periods of rainfall deficit while main-
taining & high tissue water potential. Many reviewers have
simply referred to this as drought avoidance, although it is to be
understood that plants with these mechanisms do not avoid
drought but avoid tissue dehydration.

&) Drought tolerance at low tissue water potenrial: The
ahility of a plant to endure rainfall deficits at low tissue water
polential,

The above classification is chosen because of its simplicity
and because it uses drought as a meteorological term, thereby
avoiding the confusion arising from eguating “drought™ with
“plant water deficit”. For a further amplified and subdivided
system of defining drought resistance the reader is referred 1o
Levitt (1972). There are several mechanisms that coable plants to

Table 1. Mechantsms of drought resistance

Drought escape
(a) Rapid phenological development
bl Dévelopmentsl plasticity
Drought tolerance with high tissoe wister potential
(a} Maintenance of water uptake
(it Incrensed rooting
(i} Increased hydrulic condudtince
(b} Reduction of water loss
(i) Redoction inepidormal conductance
(i} Reduction in absorbed radintion
fifiy Reduction in evaporative surface
Drought molerance with low tissue water patential
{a) Muaintenance of turgor
1) Solote aecurmulation
(i) Tncresss in elusticiny
(B) Deskcation telerance
(i) Profoplasmic resislance.

Swr:a_.:- Jones et al (1981),
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resist drought and these have been summarised in Table | by
Jones et al. (1981).

Parameiers of Drought Resistance

Three parameters of dronght resistance i.e. morphological, phy-
siological and biochemical, are considered to be important.
Turner (1982) has defined three mechanisms of drought tolerance:
phenological, morphological and physiological (Table 2).
Also, different parameters which give an aceount of possible
atiributes responsible for increased tolerance (o water stress are
detailed in Table 3. There is no intention of reviewing the know-
ledge relating to - mechanisms of drought resistance, sinee this
aspect has been extensively covered by other contributors to this
volume. However, the parameters which have been found to be
important and for which genetic variation exists are: dehydration
avmlu_n_:;e (maintenance of rel relmxtly_hzah.a_,i:gtwmmm]

undgr conditions of soil moisture stress); osmaotic. adjustment:
tolerance of plants due to the organ growth rate; plant recovery

Table 3. Effects of wechanisms of adaptation fo droughi on prodoctivity
and on reversibility on reliel of siress : ease in sereening
Mechanisms Productive  Reversible Ease in

provexses o felict  soreening
reduwced  aof Hrets

Phenological
Changes in phenological Yer (B Yes Eaxy
development
Developmental plasticity Mo Yes Bnsy
Morphological
Changes in leaf arca Yes Limited = Exsy
Changes in mdiation intérception Yes Yes Essy
Changes in cuticular fesistance Ma No Difficult
Changes in hydraulic resistance Mo Mo Difficult
Chapges in root density and depth  No (7). Mo (7 Ihfficuli
Physiological
Changes in stomatal resistance Yes ¥es Dhificuh
Maintenance of twrgor Mol  Yes Very difficul
Changes in dehvdration tolerance Yes (D Ma Easy
Changes in allocation of wssimilates. No Yeu Very difficult

Sowrce : Tarmer (1952},
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upon rehydration; tolerance of the photosynthetic system or its
companents; tolerance of enzyme activitics; tolerance in trans-
'Inuﬂmn., stubility of the cellular | m::mbram:s‘  proline a ummuln—
tion; root growth attributes such as dt:nmj'. depth, hyﬁmuim nmﬁ.-
tafice; plum dcvclqmmmim_mmhﬂng_:gj attributes, such as.
|t Size, |caf ared per plant, leaf orientation nr_lca.l'_mnv:m:m.'
tiller st survival; epicuticular wax content, organ pubescence; awns
and kernel - vn:ught ;

\// Table 3 Morphological, physiological and hochemical paranieters

Marphalagtoal
—Enrliness
—Reducod leafl anca
—Leal molling
—Wax cantent
—Colour of jeaves
—Ro0f system
—AwWns
—Hairs
—Increased grain weight

Physiological
— Photosynthesis—efMicient system like ©,
—Reduced transpiration
—Stomatal closure (CAM mechanism-Agave)
—0smotic adjustment
—Reduced xylem vessél 1 roots
—Reduced respirition josses
—Desiceation tolerance (ex. Acacia grabica)
—{LCanopy temperature

Bochemical
—Proline accumulation
—PBetaine accumulation
—Protein synthesii
—Mirnte—reductase activity
= - C/A 4 U mutio in RNA

The volume of information concerning drought parameters
15, however, of limited value to aciual breeding work mainly
because of two. reasons.. First, while the existence of genetic
vanation for a given drought-resistance attribute can be indica-
ted by using the standard. accurate but slow physiological
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methodology, this methodology is impossible for use in routine
sereening work, The physiological methodology hus been deve-
loped with & major concern for accuracy. Routing sereening
methodology demands ¢ase and speed of operation even at the
expense of necuracy, il necessary. While physiological work
requires accurate and absolute terms, selection wark involves
the probabilitics and frequencies of population breakdown,
often in relative terms.  The breeder's main interest is in effici-
ently reducing popalation size, even with a margin of error,
normally unacceprable by a physiologist. This is because the
breeder compensates for the marginal loss of accuracy by
repeated ftesting in subsequent generations. The margin of
acceptable error 1o the breeder would depend on the method
used as well ason the genetic structure of the tested popula-
tioms. Second, there s a serious lack of information on the rela-
tionships between given physiological drought adaptive traits
and economic yield within defined stress and non-stress environ-
ments, It is extremely difficult today to formulate a plant ‘ideo-
type’ in terms of the physiological responses required for vield
boffering in  defined or undefined drought environments,
This is where the importance of plant modelling work becomes
evident. Recent evidence (Blum 1979; Sammons et al. 1980
Nass and Sterling 1981) suggests that no single drought-adaptive
trait is predictive of plant response to stress and that multiple
physiological selection criteria are required.

Also, at present, our knowledge about the following is
incomplete:

a) Which attributes are most reliable as indices of drought
resistance,

b) Whether genotypes good for these attributes will also be
good for yield under stress,

¢) Whether usable genetic variation exists for these attri-
butes.

d)  Whether quick and efficient techniques exist for screen-
ing large number of genotypes for such attributes.

e) Whether these attributes are less influenced by environ-
mental interactions so that these could be used in breeding
programmes effectively.

Because of these constraints in understanding, an improve-
ment over the presently used empirical approach would be o
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apply. physiological and morphological sclection criteria for
identifving high vielding families. This approach will, no doubt,
be a transitional programme and would change as new know-
ledge accumulates. It will havedhe advantage, however. thiat
progress will be possible concurrent with enquiry. In recent
years, attributes such as an efficient root system (Hurd 1976;
Chang et al. 1974; Passioura 1981; Armenta-Soto ¢t al, 1983);
leal rolling (Parker 1968; O'Toole et al. 1979; Chang et al.
1974); cool canopy temperature (Blum 1983; Blum and Ebercon
1981); osmoti¢ adjustment (Turner and Jones 1980; Cutler et al.
1980; Morgan |980); awns (Sunesan and Ramage 1962, Grind-
bacher 1963), waxiness or increased pubescence (O'Toole eral.
1979; Ehleringer [980; Quarrie and Jones 1977; Turner 198];
Blum 1975; and pgrain weight (Asana and Saini 1962: Saghir
et al. 1968; Paroda and Luthra 1981) have been found to
be quite reliable and useful eriteria.

Sercening Methods to Study Drought Resistance Mechanisms

Before further progress can be made in utilising morphologically
and physiologically based adaptations to drought, il is nécessary
to develop suitable sereening methods (Blum 1979; O'Toole and
Chang 1979).  The major problem with many methods develop-
ed for the screening of these parameters, is that they are 100
slow and laboricus for use in screening large plam popula-
tions. Morphological and physiological mechanisms, such as a
reduction i TEATdrea, radiation interception, and an_increase
in stomatal resistance, that enable & plant to avoid water deficit,
are major factors for reducing photosynthesis and productivity.
Drought resistance mechanisms such ns increase in root density
and depth and osmatic adjustment also may reduce productivity,
but their effects are indircet and more difficult to quantify, Their
contribution is likely to be less than the direct effects of a reduc-
tion in leaf area, changes in radiation interception, and stomatal
closure. Blum (1979) has argued that a knowledge of the influence
of drought resistance characters on yield is not esscntial., Rather,
if a particular physiological or morphological character can be
identified and shown to improve the drought resistance of the
crop and if the character and yield are independently inherited
(the drought resistance character and yicld are not negatively
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correlated), incorporation of the character iuto a high yielding
line should improve the crop’s yield under drought. Hence, it
is- obviously necessary 1o first evaluate genotypes for stable and
high yield under drought stress conditions so thit these could
be used as ngronomic base marterial for incorpotating other
desired attributes that are expected 1o further improve the
drovght tolerance ability. Som ive sereening tech-
niques for identifying drought tolerant plants are - given in Table
4. Thoulh each technigue has some limitations yet the first two
(screening thr titecation testing and thro

plots) are perhaps the most convenidnt and reliable. Field
testing under different stress environments followed by testing
for stabifity of yield performance as per Eberhart and Russell
(1966) has proved to be very useful and appears to be the best
alternative presently available with the breeders. Turner {1981)
has reviewed the techniques for evaluation of different atiri-
butes. It is observed that efficient techmiques are available for
studying the root pattern, canopy temperature, waxiness, and
osmotic adjustment. Genotypes could be effectively evaluated
for these attributes, and the promising ones could be used as
donors for improving agronomically superior lines for droughe
tolerance.

Table 4. Sereening technigues for drooght tolermice b crop platy
ENING TECHNIQUES
® MULTILOTATION TESTING = SIMPLE AND COMVENENT
& DROUGHT PLOTS (MiTh SHELTER SCAEENS)
‘@A LINE SOURCE SPRiNVLER STSTEM

il
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Breeding Approaches

To define only one breeding approach for drought resistance
would obviously be an over-simplification of an otherwist com-
plicated process, Hence, different breeding approaches will have
to be used under different situations for which different drought
resistance mechanisms (escape. avoidance and resistance) will
need to be exploited.

a) BREEDING FOR EsCAPE MECHANISM

~ One of the simplest mechanisms by which plants deal with
drought is drought escape. This. as the name implies, is accom-
plished by rapid phenological development or by developmental
plasticity. Drought escape is perhaps the most dramatic in the
‘ephemeral’ plants of desert regions which complete life cycles
ina very short span. However, drought escape also plays a
significant role in crop species both through yield and their
early maturity and developmental plasticity. Invariably, carli-
ness, which_is otherwise a highly heritable characler, is nega-
tively"Correlated with high yield. For this reason whenever
bMinmnﬁhmm earliness, yield had to be
sacrificed to n certain extent. However, escape has proved to
be a very useful mechanism for coping with drought stress and
breeders have capitalised on it quite extensively. It has recently
been shown that through the adoption of biparental approach
undesirable lmkages in the repulsion phase can be broken and i
18 posgible 1o obtain recombinants tha are both early and high

yielding (Yunus and Paroda 1982). The same holds good for
attfibufes related to developmental plasticity such as tiller num-

bers and their association with grain yield, In some crops, deve-
lopmental plasticity is exhibited hy varying degrees of determin.
acy of growth habit (Quisenberry and Roark 1976), Formna-
tely, sereening and selection for drought escape through - matu-
rity or developmental plasticity is relatively simple compared 1o
screening and selection for other drought resistance characterig-
tics. Also, the genetic architecture of attributes such as carliness,
tillering and determinate growth habit s better understood,
This knowledge can be effectively used in breeding for drought
escape mechanisms by employing breeding methods such gs
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pedigree. method and biparental approach, especially when
negative linkages are 1o be broken,

b) BREEDING FOR DROUGHT AVOIDANCE

There seems to be some controversy as to which component
of drought ressstance, avoidance ot tolerasice, s of more im-
portance in 4 crop.  Although drought avoidance might permit
a longer period of crop growth with reduced waler usc oF in-
creased wateér uptake, dronght avoidance mechanisms often
operaie at the expense arﬁ&ﬁﬁmﬁ&f‘&&m top
growth 8T Tht ckpénseof-imoréhsed root development (Boyer and
McPherson 1975) It 15 sugegested that tolerance would be more
desirable since the crop could produce more yield at lower water
potentials. Levitt (1972); however, stated that, in general, drought
avoidance is more important than drought tolerance in higher
plants. Fisher and Turner (1978) suggested that mechanisms
favouring drought survival and those favouring productivity are
naturally opposed. [In reality, a-mixiure of both avoidance and
tolerance mechanisms is required. Even the best drought avoid-
ing species requires tolerance; since some reduction in plant
water potential is unavoidable during severe siress.

Among avoidance mechamsms, attributes related to both
water saving and water spending devices are important. The
fundamentil importance af root system in the drought avoidance
of plants has been well established. Species and genotypic
differences in a root system, size and cfficiency, in particular,
have been widely researched (Hurd 1964; Raper and Barber
1970; Sullivan and Ross 1979). The high labour tequirement
for root system anilysis has limited the amount of work done
in this ares, although there i & continuing search for simple
and effective soreening techniques. Armenta-Soto et al. (1983)
have recently studied root system genetics using an a¢roponic
culture in rice hd found that long roots and high root number
are primarily controlled by dominant alleles and these characters
are highly heritable. Hence, efforis could be made to breed for
this trait. There has been some coniroversy as to whether an
extensive rool system or a more restricted system, which con-
serves water for laie scason use, is preferable. Hurd's: results
suppori  the former for sandy and deep soil conditions
prevailing at Swift Current, Canada, whereas Passioura has
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suggested that the latter type may be superior under shallow
soil depths prevailing in Australia, Hence, the breeding approach
for this trait would differ depending upon the conditions en-
countered.

The purpose here is not 1o repeat the importance of diffe-
rent attributes, both morphological and physiological, that can
be used for avoidance either through water saving or through
water spending mechasisms. However, it is now clearly under-
stood that attributes such as rooting patiern, waxiness, awns,
high kernel weight, leal rolling, leal orientation play a consi-
derable role towards drought avoidance and are under genetic
control. The: exact extent of their role is vet to be evaluated.
For this the approach of using isogenic lines will be desirable.
Nevertheless. 1o capitalise on whatever advantage these attri-
butes may provide to an otherwise ngronomically superior
genotype. uader stress conditions, it will be Appropriate to use
the following breeding approach:

1) Identification of promising and stable genolypes for
yield performance under stress conditions by using multiloca-
tion tests.

2) [dentification of source materials that possess. desired
Physiological and morphological attributes related 1o drought
avoidance mechanism.

3) Attempting crosses to incorporate the desired attributes
one by one in the high yielding stable genotypes by using such
breeding approaches as pedigree method, back-cross method,
BlC

4) Multiple cross approach with a view to assembling diffe-
rent desiredattributes sim ultaneously after the source genotypes.
have been identified. Breeding method such as recurrent selec-
tion eould be used for this purpose (Fig. 2).

The steps of the above approach have been summarised in
Table 5. Blum (1983) has used a similar approach for wheat in
lsrael (Fig. 3). The assumption of his programme is that im-
provement in drought resistance can be enhanced beyond the
empirical approach by applying multiple selection criteria im-
rosed on high yielding families.  Such an approach in no. way
adversely uffeets the on-going empirical breeding approach and
hence can be used effectively.
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INDEX
D TESTED LINE E PESETANT TEST T
D HIGH YTELD @ RESISTANT TEST T
INFORMATION FLOW
STRESS DNVIRCNMENT HOHN-STRESS L NVIRONMERT
FIELD cHOSS
GREEM HOUSE
GROWTH CHAMSER 5
TEAT-TUBE '
STRESS TEST [ 'I'tl.h' TESTS
X X WX L]
MK LI «
L1 Ed : ] 4 sTRESS
WO
STRESS TEST 11 YELD TESTS
MXMNO=KKKX[].
RO . |_ Bl BN B As

HGH FIELD  ———p  REWSTANT  WEDLM  SSCERTIBLE

Fig. 2. A schemiitic outline of a pedigree selection programme under

‘/ non-siress (right) and siress (lefi) conditions,

Table 5. Propesed scheme for breeding drosight resistant genotypes

Step 1
1. Multilocation testing under stress conditions.
2. ldentification of stable pénotypes.

3. Crosses involving stable genotypes In stress and agrooomically

superior cultivars

4. Selection (Pedigree of S8D) in Fs ponerntion under non-slress con-

ditions for yield performance.

5. Testing of Fi sclected lines undor stress conditions as well as non-

atrecs conditions (for seed muliilocation),
6, Someas § using Fuselected lnes.
7. Multilocation tests and relzase.

Step 11

I, Crosses using sélected Fi lines under stress and identified  peneric
rources for desred morpholagical and phydologleal traits.

2. Same av 47 of Step 1.
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AEPEAT AS ABOVE FOR SECOHD
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Fig. 3. Schemutic method for develeping drought-resistant populations
by recurrent selection.

¢) BREEDING For DROUGHT RESISTANCE

Though basically the same breeding approaches would be
applicable for incorporating drought resistance mechanisms yet
it 15 necessary to identify the criteria or attri be
helpful in this regard. Many attributes suchas dehydration
tolerance (Keim and Kronstad 1981; Sojka ‘et'al. 1981 in wheat,
Boyer et al. 1980 in sovbean; O"Toole and Chang 1979 in rice),
tolerance to post-anthesis stress (Bover 1976: Austin et al. 1980)
stability ‘of the cellular membranes (Blum and Ebercon 1981;
Blum 1983), osmotic adjustment (Turner and Jones 1980;
Turner 1982; Cutler ¢t al. 1980; Morgan 1980) and stomatal
redistance (Tumer 1974; Blum 1974; Joncs 1977 Ludlow 1980)
have been found to be responsible for drought resistance in
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crop plants, Whereas some of these can be used effectively for
sereening a large number of penotypes in the ficld, most cannot
be wsed as effectively till better and more reliable screening
techniques are established by physiologists. One would be
required to use the identified sources for these attributes in the
breeding programmes and then sec whether (he end product
selected on the basis of higher yield performarce under drought
stress conditions; also possesses {these  attributes. Obviously,
to be successful, this area of research necessitates an effective
inter-disciplinary approach which seems 1o have been licking in
the past.

Concloding Remarks

It is evident from the foregoing discussion that much needs to be
done in the field of breeding for drought resistance in crop
plants. Several parameters appear Lo be related to drought in
one or the other crop species and they also appear to be under
genetic control.  However, none appears to be the most relia-
ble parameter in itsell. A combination of some attributes
(biochemical, physiological and morphological) could provide a
better index for resistance to water stress, There is an npparent
need Lo intensify inter-disciplinary research efforts involving plant
breeders; crop physiologists, biochemists, agronomists, soil
physicists and metearologists. Till some reliable paramoters are
estnblished, it will be desirable to incorporate attributes that are
related to either drought escape, drought avoidance and/or
drought resisiance. We still do net know enough about the
exact principles, procedures and parameters which make a plant
more drought resistant, Meanwhile, breeders should continue
their selection programmes for drought resistance, even if it js
to be defined as experimental since the resulling information
could prove to be extremely valuable for future rescarch and
development in this important area which has somehow remain-
ed unattended in the past.
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Screening Techniques for
Drought Resistance in
Rice

T.T. CHANG AND GENOVEVA C. LORESTO

Introduction

Drought is one of the primary factors responsible for depress-
ing rice yield in chronic areas and in destabilising rice produc-
tion in drought-prone areas. It is 8 production constraint
eammon to all rainfed rice cultures: wetland, upland, and deep-
water (O'Toole and Chang 1979), Breeding for drought resis-
tarice, # major companent of the International Rice Research
Institute’s (IRRI) Genetic Evaluation and Utilization (GEU)
Program since the carly 1970s, aims at countering the adverse
effects of drought in unfavoured rice production areas,

Rice germplasm has such remarkably rich diversity that a
continuous spectrimy of genotypes differing in the various phy-
siological mechanisms can be found and is available for gene-
tic manipulation (Chang et al. 1982a). However, effective
evaluation methods are essential for unravelling the specific
mechanism(s) involved and for devising efficient selection criteria
in a breeding program.  Moreover, the broad spréad in growth
duration among vice cultivars makes it impractical to obtain
uniform evaluation of a large number of cultivars when they
differ in physiological responses that are specific to certain
Browth stages. Methods that can secommodate large numbers
ane eszential to breeding program.

The rescarch being conducted at the |RRI on methodology
for large-scale evaluation of drought resistance, is summarised
in this chapter.,
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Screening Techniques

The screening lechniques are related (o the underlying physiolo-
gical mechanisms for coping with drought stress —escape, avoid-
ance, tolerance and recovery, These terms were defined by
Sullivan ¢t al. (19%1); Chang et al. (1974); and Loresto et al,
{1976).

Alass Sereening

After & two vear intensive study on a set of test varieties (Chang
et al. 1972), o fiell screening method for evaluating field reac-
tions of @ large number of cultivars to drought (Chang ét al,
1974; Loresto et al. 1976) was devised. Seeds of lest varieties
are sown in 3 m rows in granulated soil early in the year and
watered well until 40 days after seeding (DAS). Then, irnigation
water, applied ¢ither by surface flooding or sprinkling, is with-
held for about 20 days until the plants show distinct signs of
internal water stress. The symptoms range from gentle leaf
rolling {and unrolling at might) to leaf-tip drying and the death
of the lower leaves. Cultivars differ in the onset of leaf rolling,
plasticity in rolling and unrolling, tightness of rolling, drying
of leafl tips, death of lower leaves and development of new
leaves. To record | the visible developmental changes sequen-
tially, a decimal scoring system has been devised. Two sets of
visual scoring are used to accommodate the marked differences
between traditional upland varietics and semi-dwarfl lowland
variclies in the mentioned changes (Loresto and Chang 1981).
The stress treatment and continuous scorng usually extend over
a period of 15-20 days until the soil moisture content has
reached 13 per cent and is no longer differentiated by soil ten-
siometers. IRRI agronomists stop recording when the soil
moisture tension at 20 ¢m depth reached 810 bars (De Daita
and Seshu 1982). This process provides information on the
responses to wegetative-phase stress.

The field is rewatered after the data have been recorded. The
recovery of the stressed plants is recorded on the basis of (1)
rate and degree of leal unrolling. (2) reappearance of green-
ness, and (3) growth of new leaves and tillers.  Again, the semi-
dwarl and the lowland varieties differed in their ability 1o
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recover as compared to the traditional upland varieties (Chang
et al. 1972, 1974),

Twoweeks later, the plants are again subjected 1o stress to
Bain information on reproductive-phase stress responses.  The
susceptible varicries cease to enter reproductive phase.  Other
criteria used are : (1) delay in heading, compared with coptiny-
ous irrigation, (2) leaf rolling and drying. (3) degree of Panicle
exsertion and (4) spikelet fertility, Notes are also tuken on a deci-
mal seale (Loresto and Chang 1981). Cultivars with maturities of -
100 days or less, usually exsert panicles before the reproductive
stage stress sels in, often escaping severe Stress.  Early showers
in April may also delay or upset the reproductive phase test.
Highly resistant c¢ultivars ar the reproductive stage are rather
few (TRRI 1978: Chang et al. 1979, 1982h), However, a large
oumber of cultivars and breeding lines (Table 1) are resistant at
the vegetative stage (Chang et al. 1982b: De Datta and Seshu
1982).

Crop physiologists (IRRI) have carried out similar tests in a
specially eonstructed greenhouse in 1 m deep soil tanks. Their
findings (IRR] 1974 1975; O'Toole and Maguling 1981) are
similar to the field results, The greenhouse fests can only
accommodate 1,000-3,000 accessions a year, while the field rests
CAn screen up 10 10,000 in adry season {Chang et al. 1982b:
De Datta and Seshu 1982),

Varietal differences: in Jeal rolling and unroliing have been
shown to be correlated with the internal water status of the leaf
tissue (Fig. 1) by IRRI crop physiologists.  Varieties rated
resistant in the field tests retain = higher leal water potential
ol about —15 kars (Fig. 2) during the day than the susceptible
semi-dwarfs and also regain the original level sooner than the
Susceptible entries in the Late afternoon or carly evening (IRRI
1977, 1978, O'Toole and Moya 1978; O'Toole and Cruz 1980),
OQur ecarlier studies on the root systems of different cultivarss
(Fig. 3) have shown that leaf-rolling behaviour is related o root
length and thickness (Loresto and Chang [971; Chang et al,
1972, 1974; IRRI 1975, 1977). Studies on rice roots Inside soul
boxes, by IRRI plamt physiologists, have verificd the positive
correlition between our (jeld screening scores ((RR1 19735, 1976)
and the extent of root growth inside the soil boxes (Parao et al.
1976).
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Leafl rolling decreases transpiration from rice leaves (O’ Toole
et al. 1979). Along with stomatal closure, it may also contribute
to the maintenance of high leal water potential at dawn
(O'Toole and Maguling 1981).  Gentle leaf rolling in response
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Fig. 1 Relntionship between field resistance 1o drovght (Y) and  the
mean dismeter of thick roots (XY obtained from 35 varieties and
lines in three plantings. Estimated regression line
Y —1.39 .+ 4.01 X.

r = 05397,

to decrcasing  leal water poiential is more characteristic of the
traditional upland varieties which have longer leaf blades than.
the semi-dwarfs (Chang et al, 1974; Loresto et al, 1976). At the
same leaf-rolling index, semi-dwarfs, such as IR 36 and IR 20,
have lower leaf water potentials than upland varieties, such as
IAC 25 and Azucena (IRRI 1984),

Line-source Sprinkler Technigue

In recent vears, IRRI crop physiologisis have used the line-
source irrigation method in the dry season to assess reproduc-
tive-stage stress reactions through comparison of grain yields in
varicties of identical maturity in well-watered and siress situa-
tions (IRRI 1980, [981: Puckridge and O'Toole 1981). The
technique - permits frequent sampling of leaf tissues and soil
‘cores 1o obtain supplementary information on the internal water
status of the plant tissues in relation to soil moisture supply
and evapo-transpiratiopal demands. 1t is difficult, however, to
uime the irrigation cycles in the stress (reatment correctly beca-
use the irrigation treatments also differentially affect feproduc-
tive processes of the varieties.

The system consisted of 4 single line of closely spaced (6.1
m) spricklers located across the centre of the plot and parallel
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to the crop-row direction. The sprinklers produce linearly
decreasing amounts of applied water with distance from the line
(Fig. 4). The sprinklers are pre-calibrated to determine the
amount of water delivered at a given pressure and length of
aperating time (Puckridge and O'Toole 1981),

Yo |
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Fig. 4. Schematic representation of the line source sprinkler and crop
response 10 the variable water supply, IRRI, 1979,

Under the sysiem, six levels of irrigation cian be simulated
in an upland field of silty loam clay with level 6 as the weltest,
The degree of panicle exsertion was sensitive 1o changes in leal
Water potential and was correlated with spikelet sterility, Spike-
let sterility (73 per cent) was the highest in the dricst treatnient
(level I) compared with 20 per eent in level 6. Spikelets of
unexserted panicles were all sterile (O"Toole and Namuco 1983
Cruz and O'Toole 1984). The degree of panicle exsertion in
plants subjected to water stress during flowering serves as 1 use-
ful criterion for visual selection for reproductive-phase drought
resistance (Chang et al. 1974; O’Toole and Namuco 1983), The
system also allows an evaluation of root system and water-use
efficiency of rice cultivars (IRR1 1980). A neutron probe showed
that kinandang patong has a higher water-use efficiency than
IR36 and IR20, reflecting the upland varicty's maore extensive
root system,
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It has been observed that under stressed conditions the root
léngth and density of each cultivar was related to the leaf water
potential and water extraction pattern of the cultivar (IRR]
1980; Chang et al. 1982b). The high leal water potentinl of
kinandang patong was related to its higher soil moisture extrac-
tion rate below the 60 cm depth at —25 to —40 bars.  The 1wo
wetland semi-dwarfs, having very high root length densities in
the upper profile, have Higher water extraction rates at 60 em
depth (Chang et al. 1982b).

Toposequence

Long rows of plants are grown along a gently sloping field 1o
evaluate the ability of different genotypes to extract soil mois-
ture at varying distances from the water fable (IRRI 1976). The
technique 15 a forerunner of the line-source method. Because
toposcquence can only be carried oul in the wet scason, it is
subject to the vicissitudes of nature and to soil erosion during
torrential rains. Less than I00 varieties' can be evaluated
because the technique requires a field of uniform grade and
fertility.

Tolerance Tesis

When the root systems of different cultivars are confined to a
constant volume of soil inside 4 large container, the ability of
rice plants to withstand desiccation may be determined after the
soil moisture tension has reached 16 bars or higher. Large clay
pots were used to carry out desiccation tests. Seedlings of
Mimosa pudica L. were planted along with rice plants as indica-
tors. When the leaves of Mimosa plants failed to respond to
Physical stimulation after prolonged water stress, the rice varie-
ties in different pots were cvaluated for degree of leaf rolling,
death of leaves and loss of chlorophyll (green colour). The soil
moisture was replenished after 48 hours and degree of recovery
wis recorded. Normal colour usually returned to the leaves of
ctltivars with high  resistance or tolerance to desiccation, 12
hours after watering, Semi-dwarls such as TNI, IR%, and IR20
were lightly damaged and recovered fully, The reactions of
traditional upland varieties ranged from significant damage and
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light recovery in Azucena and E425 1o death of all plants in
upland M1-48, Rikuto Norin 21 and Dinalaga (IRRI 1971;
Chang ¢t al. 1972).

Studies by IRRI agronomists have shown marked differénces
in response to severe desiceation among rice cultivars groWn
and stress-treated in large steel drums.  Three semi-dwarfs pro-
duced more grain than an African uplund wvariety (IRRI 1974;
De Datta et al, 1975).  Secedlings of muny deepwater rice culti.
vars and lowland wvarieties surpassed those of the traditional
upland varieties in withstanding desiccation (De Datts and
O'Toole 1977; O'Toole et al. 1978).

Sereening for Deep-root System

Rool systems have been studied by a variety of technigues: root
boxes, mylar tubes, extraction from the sojf either whaole orin
cores, and the acroponic technique, In the root-box technigue
used by the plant physiologists, the root-to-shool ratio and the
vertical distribution of roots have been comparcd among diffe-
rent varieties. The percentages of thick rools by weight and by
root-te-shoot weight were also obtained. Traditional vpland
varieties such as OS4 have a high root-to-shoot ratio (mgfg),
while the drought-susceptible voariety, IR20. has a lower
root. As is reflected in Fig. 3, high root-toshoot ratios-
were correlated to field resistance to drought (IRRI 1975,
[980; Yoshida and Hasegawa, 1982). Deep and thick roots also
enhanced the plant’s ability to extract water and nitrogen
from the soil strate (IRRI 1981; O'Toole 1982; Yoshida and
Hasegawa 1982). Similar results were obtained  with soil cores
mechanically sampled from different depths. The core samples
estimate root density as well as vertical and Iateral root distri-
bution. Varieties differ in their distribution patterns and density
ratio, below 30 om depth (Fig. 5). The core-sampling method,
however, is laborious and time consuming (TRRT 1978}

A simple method of evaluating the oot svstem under rainfed-
wetland conditions was developed to measure the pulling foree
required o uproot rice scedlings 34 weeks after emergence
(IRR1 1977). Among six varicties, the differences in the requir-
ed pulling force were sigoificant. The important charncters
influencing root-pulling force were related 1o root lenzth, root
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Fig. 5. lso-root density dingram of rice varieiles O34 and 1R20 grown In
Lhe fisld, IRRI, 1977

weight, root number. and root branching. Pulling force was
negatively correlated with field drought score: resistant varieties
were harder to pull than suscepiible ones (O'Toole and Soemar-
tono 1981).

The entire root system of juvenile and adult plants from the
field under both dryland and wetland conditions was dug up
and studied. Earlier evaluation of root characters of adult plants
grown under upland field conditions showed that drought scores
wire associated with predominantly thick roots, dense forma-
ticn of rootsal the crown and decp roots (IRRI 1971). The
results were the same in roots of 21-and-60-day old plants grown
in a simulated upland condition in mylar tubes, The teaditional
upland varieties, 054, E425, Dinalaga, Rikulo Norin 21 and
Palawan, have deep and thick. roots, while the semi-dwarf Ti-
chung Native | and IR20 have shallow and thin roots although
the roots are more numerous (Chang et al. 1974; IRRI 1975).
The findings were verified by those obtained by IRR] physiolo-
gists in root boxes and in the field (IRR1 1975; Yoshida and
Hasegawa, 1932). However, the above techniques are laborious,
time consuming and inefficient in extracting the intact roots from




VI8 Brought ond Salinivy Resistance in Crop Plaars

the soil mass. Frequently, muny rootlets are either broken
during sampling or lost during removal of soil particies from
the rools,

A rapid and systematic method of screening root characlers
using the acroponic culture fechnique was adopted (Carter
1942). 11-day-old rice plants were transplanted into holders on
the lid of circular drums with 97 plants to a deum.  Water and
plant nutrients were provided in mist form from a nozzle situa-
ted at the bottom of the 1 m deep drum. After 45 days, most
of the plants had developed roots that extended to the bottom
of the drum. The plants were then taken out.  The shoots and
the roots that remained intact were counted and measured
(Armenta-Soto et al. 1981). This approach gives a comprehen-
sive assay of the root characters (Fig. 6) and their relationship
to the shoot characters and brings out marked varictal diffe-
rences. This method also cnables the study of inheritance of
root characters in wide crosses (Armenta-Soto et al. 1983),

ACOY LENGTH [ml

L=ty

reaws™ % oo

Le} T T T ¥

-] oz o4 ] on -]
ROCT THICKNESS fan

Fig. 6. Relationship berween root length and roob thickness in drvland,
butu, and semi-dwarl varicties, TRERI, 1981,

The technigue demonstrates an advantage over rool boxes
or ficld sampling in screening a fairly large number of rice
cullivars and breeding lines. The data obtained are reproduci-
ble and similar to that obtained in root boxes, field and green-
house studies.  Among the thick and deep-rooted upland varie-
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ties, Moroberekan showed a more stable growth performance,
while IR20 was more stable among the shallow and thin-rooted
cultivars. These two varicties, being resistant and  susceptible to
field drought respectively, are used as check varielies in root-
characteristic evaluation (Loresto et al. 1984).

The drawback af the technigue is the absence of information
on root penetration, an important factor under field conditions
where soil impedance prevails; the total root length in the tank
may not give a true piciure of rooling depth. Penetration
strength is related to the ablity of the rice plant to extract water
and nutrients in the subsoil below the hard pan, especially in
rainfed-wetland culture (Chang et al. 1982b). However, the data
(Table 2) showed a high correlation between long and thick
roots and field resistance to drought ai both vegetative and
reproductive growth stages (IRRI 1933; Lorestoet al. 1984).

Table 2. Correlation coelficionts between root characters and field resis-
tance 1o deoughl af vegetative and reproductive stages of growih

Correlation _coefficient

" Root Raot  Hoot  Rooi-thoot
lewpth  dinweter  nuwrmber ratie

Vegetative field reaction

score —0.16™ —046* 0.27™ —0367F
Reproductive field reaction
scoret 0.54%% —078%% 053 —0.77**

8 = respstant —9 = guscoptible.
*significant at 5% level of probability.
*ssignificant at 1% Jevel of probability,
ns—nan-significant,

The drought-avoidance mechanisnt of field drought resistance
in rice is largely manifested by deep and thick roots. In carlier
studies, significant varictal differences in this mechanism were
detected among two-week-old seedlings grown under two water
regimes (IRR1 1971; Loresto and Chang [971). Deep and thick
roots have been used as a selection criterion in sereening for
drought aveidance in the early generations of breeding popula-
tigns.

Seeds of Fy or Fy generations from bulk populalions were
grown in a dry aerobic seedbed during the dry season. After 21-
30 days, the seedlings were gently pulled and washed. Seedlings
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with deep and thick root systems were selected and transplant-
ed. The plants were grown in an intermittently irtigated culture.
The F, and F; plants with improved characteristics (intermediate
height, well-exserted panicles, moderately long to long panicles,
and heavy grains) were bulked and grown during the wet season
under wpland culture without repeated selection for deep and
thick roots. The F; and F, plants were further selected Sor root
gystem in the next dry scason, and  were subsequently screened
for such discases as blast and sheath blight. Selected progenies
were then screened for field resistance to drought.

It was found that when the F, to F, plants are bulked and
selection for deep and thick roots is delayed ontil the Fior F;,
recovery of phenotypes with deep and thick roots and inter-
mediate height is more probable than when ‘the selection iz
carried out in the earlicr generations (IR RI 1984).

Supplementary Evalaation Methods

ConsTANT WATER TARLE Box

Plant physiologists at JRRI used a constant water table to
simulate lield drought conditions. The water table was kept
at 45 em below the soil surface with an open siphon. The soil
water potential at 15 em depth started to change at 40 DAS from
—0.25 bar to —0.35 bar at flowering. At a depth of 30 cm, the
soil water potential was kept at —0.25 bar until harvest. At 45
em  below the surface, the soil water potential was assumed to
be zero. At flowering time, the soil surface was dry and the soil
waler potential approached the permanent wilting point (about
—15 bar or lower). The roots were subjected to different degrees
of water stress according to their distance from the soil sur-
face.

Ten varieties have been evaloated for dronght resistance on
the basis of panicle number, panicle sterility, and grain weight.
Traditional upland varieties were scored as resistant or mode-
rately resistant.  Semi-dwarfs such as [R1529:680-3 and IR20
were screencd as susceptible because there was no panicle cxser-
tion. Such findings agreed with those obiained under field
screening (TRR] 1975).
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LEAF AND ROOT CHARACTERS AFFECTING EVAPOTRANSPIRATION

Physiologists at [RR1 have explored varietal differences in
selected leafl traits that affect evapolranspiration. Leaf resistance
to water-vapor lransporl compriscs stomatal resistance and
cuticular resistance. A diffusion porometer and moisture stress
induction with polvethylene-glycol revealed a greater rise in sto-
maial resistance in the upland varietics than in the semi-dwarfs.
Leal injury levels at 50°C, and under moisture strcss, were also
observed to be lower in the upland varieties (IRRI 1973, 1975).

Leaf-diffusive resistance rises with soil moisture tension and
the onset of the reproductive stage of growth. During the
reproductive phase, most semi-dwarfs were: more resistant at
10-11 bars.of stress than the traditional wpland varieties: (IRRI
1976).

Cuticular transpiration is a major source of water loss from
the plant when the stomata are closed during stress. Some tradi-
tional  drought-resistant upland vareties such as Azmil, Rikuto
MNorin 21, and MI-48 have high cuticular reésistance values while:
some others such as Palawan, E425, and OS4 have low values
(Yoshida and de los Reyes 1976). Culiculir resistance was
observed as associated with the formation of epicuticular wax,
which serves as o barrier to water vapour flux. Epicuticular wax
varicd by as much as 500 per cent among rice varieties and
showed no consistent relationship with drought resistance or site
elevation at the variety’s original habitat (IRRI 1977; G'Toole
et =l 1979; O'Toole and Cruz 1983).

Root sections of young seedlings of different varieties varied
io the diameter of main xylem vessels in the seminal roots. Pry-
land varieties generally ‘have seminal roots with larger vessels
than the semi-dwarf check, IR20. Nodal roots of |5-day-old
seedlings showed a similar comparison (IRRI 1983). Larger
vessels dearease root axial resistance to upward water transport
(Passioura 1982),

Cror CaNOPY TEMPERATURE

Crop physiologists at IRRI used an infrared thermometer to
evaluate the canopy temperatures. at the reproductive stage of
i1 genotypes grown under various: drooght conditions.. The
measurements were compared with leafl water potential and
oot system development under a ling-source sprinkler system.
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There was an inverse curvilinear relationship between canopy
temperature and midday leal water potential as sail maisture
progressively declined from the wettest plot to the driest. As leaf
water potential ranged from —0.8 to —1.9 Mpa (Megapascal),
canopy temperatures ranged from 28.5.10 35°C in the wettest
plot and deoreased further to —3.1 MPa as can opy temperaiure
increased to 37.5°C in the driest plot.

Canopy temperature at 50 per cent flowering wis linearly
related to relative spikelet sterility (r=0.79 m). There was a
0.20 per cent increase in relative sterility for every degree
incroase in canopy lemperature, Relative spikelet sterility (stress)
control) partially eliminated the high temperature effects on
sterility observed even in the high-irrigation treatment.

The ability of a cultivar to satisfy evapatranspiration demand
and maintain low canopy temperature and high plant water
status could be attributed to its rooting behavior. Comparison
of cultivars IR52 and [R36 showed that IR52 had 2°C cooler
canopy temperature and higher leaf water potential than IR36.
The root length density of IRS2 was 24 per cent greater than
that of IR36 in the upper 30 cm of soil where about 93 per cent
of the total water extraction occurred (IRRI [983).

Relative Yield Reduction under Stress

The complex end-product. grain yield, is the final manifestation
of a genotype's ability to withstand drought and to recover
from it after the stress is removed. The yield comparison bet-
ween siressed and unstressed plamis would ideally be the best
indicator of varietal performance. On the other hand, such com-
parisons involve large investment in land and other inputs and
can only accommodate & small number of varietjes.

IRRI scientists have made such comparisons to: (1) arrive
at an mtegrated interpretation of various physiologic mecha-
nisms that interact at different growth phases, and (2) explain
yield performance under different environments, Examples of such
approaches may be found in Fig. 7 and the following references
(Chang et al. 1974; IRRI 1977, 1979, 1980, 1981, 1982, 1983).

Different levels of panicle fertility and grain weight, obtained
from various treatments, can also serve as usoful criteria in
varictal comparisons (IRRI 1973; Chang et al. 1974).
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Osmotic Reguolation

Osmotic adjustment occurs in response to various environmen-
tal stresses and is manifested as the net increase in iniracellular
solutes (Steponkus ef al. 1982). Lowering of the osmotic poten-
tial by osmotic adjusiment enables the plant to maintain turgor
at lower water potentials (IRR1 1980). Osmotic adjustment may
postpone fissue death. Plants that can adjust asiotically will
suffer. less leal tissuc death than others that cannot adjust
osmatically at greater plant water deficit. They, therefore, have
a better chance of recovery when water becomes available,
Osmotic potential values of several rice -cultivars, grown in
irrigated conditions, changed from season to season: they ranged
from —9.3 1o —11.3 bars during the wet season and from
—12.4 to —14 bars during the dry season. Osmotic adjustment
in rice appeared limited to the range of 5to 8 bars, much like
that in other crop species. It results in leaf elongation {perhaps
the most sensitive crop response to water deficit), continuing at
more négative leal water potentinl, Little difference was noted
among upland rice cultivars (Steponkus et al. 1982: O Toale
1982).

Concinsion

The complexity of the interacting factors leading to drought has
deficd @ simplistic and linear analysis of the process or a pre-
diction of events to follow. Under different types of rice
culture (irrigated wetland, rainfed wetland, upland, and deep-
water), the hydrologic, physiographic, edaphic, and climatie
factors of variability further interact with the rice genotypes,
agronomic practices, biotic factors, and specific growth stages of
the rice plant at which water deficit occurs or is relieved. Such a
complex system of interacting factors and the difficultics in
dealing with the virizble phenomena m a hydrophytic (semia-
quatic) crop speeies have been pointed out (0" Toole and Chang
1979).  Both location and growth stage speeificity were indi-
cated.

Our experience in the past decade has indicated thal the
mechanism of escape, largely represented by early maturity, is
the simplest form of resistance onz deals with, In fact, ancestral
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forme of O, sativa evolved during the Neothermal Period (aboui
10,000—15,000 vears ago) as early maturing rnices (Chang
1976).

Undér drvland culture, the deep and thick roots of tradi-
tional upland varieties, coupled with thrifty shoot growth,
enable the rice plants to complete their life: cyele by drawing
residunl moisiuce from the lower soil horizons, The same avoid-
ance mechanism operates under rainfed-weétland culture where
the rainy season is short and the soil substrate permits root
penetration. On the other hand, rice genotypes possessing thick
and decp roots are frequently deficient in tissue tolerance or
ability to recover (Chang ¢tal, 1972, 1974; De Datta ¢t al.
1975; O'Toole 1982). For combining both avoidance mechanism
and recovery ability, we need to compramise on one of them.

Traditional lowland varicties and many semi-dwarf varictics
often are tolerant to tissue desiccation.  Tolerance compensates
for the lack of a deep and extensive root system, though the
mechanism by which it docs so remains unclear. Osmotic regu-
fation may not be a promising component of tolerunce in
upland varieties.

The ability of plant tissues, to recover quickly after rehydra-
tion, was overlooked by most plant physiologists in the past.
During crop seasons of erratic rainfall distribution, this becomes
a predominant factor in determining final grain yield (Chang et
al. 1974; IRR1 1976, 1978). The semi-dwarfs are generally
superior in recovery ability, whereas the upland varieties have
poor recovery. However, tolerance and recOVEryY are not Neces-
sarily correlated (IRRI 1971; Chang et al, 1972, 1974).

The foregoing generalised interpretations have led not only
to & greater appreciation of the complexities underlying dronght
stress but iilso to the realisation that mo single drought screen-
ing method can be applied to all situations found in farmer's
fields. Morcover, screening dunng the wel season is subjected
to the vagaries of weather, while testing in the dry season does
not reveal agronomic promise in the wet season. Only in
arcas, such as the Llanos areas of Brazil and northceniral India,
where drought frequently occurs, could the breeders depend on
multi-season and multilocntion testing 1o rdentify  droughi-
redistant genorypes,

Repeated field drought rtests have shown that a relatively
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high percentage of resistant progenies from wide crosses was
abtained from those cross combinations that had at least one
drought-resistant parent (Chang et al. 1982h), Establishing the
heritable nature of drought resistance is essential 1o Progress in
rice breeding,

The choice of a specific screening technique or a combina-
tion of techniques, by the rice breeders and their eolleagues, n
crop improvement should first involve a careful study of the
broad array of environmental factors which will affect the ECno-
types of rice lo be grown. Most of the available lechniques
could best serve as indirect selection criteria in the quest for
managing drought resistance. A resourceful breeder is one who
will pragmatically adopt the appropriate techniques to suit his
breeding objectives,

The preceding survey also suggests the need for further
rescarch to augment the knowledge of drought resistance of the
genetically diverse rice cultigens grown under ecologically diver-
gent cultural systems. Further understanding of the drought
phenomena will also improve yield stability and efficiency in the
use of water and plant nutrients.

International and inter-institutional collaboration is necded
to further improve the screening techniques for location-specific
applicability. It is encouraging rthat most of the techniques
apply to both upland and shallow, rainfed-lowland cultures
(Chang et al. 1979, 1982b) and the decimal scoring system has
been widely adopied by the rice researchers in such studies,

REFERENCES

Ammenta-Soto, J.L. P.L, Steponkus and 1.C. O'Toole (1981),
Aeroponic technigue for root system studies of rice {Oryza
sativa L.). Int. Rice Res: Newslett, 7(1) = 22.

Armenta-Soto, J.L., T.T. Chang, G.C. Loresto and 1.C. O'Toole
(1983). Genetic analysis of root characlers in rice (Oryza
sativa L) SABRAO 1. 15: 103-116.

Carter, W.A. (1942). A method of growing plant in water vipar
to facilirate examination of roots. Ph yiopathelogy 32: 623.
625,

Chang, T.T. (1976). The rice cultures, Philos. Trans. Roy. Soc.
London B 275: 143157,




Sereentny Techntques for Drought Resioranee dn Rice 127

Chang, T.T., G.C. Loresto and O. Tagumpay (1972). Agrono-
mic and growith characterstics of upland and lowland
varieties: In: Rice hreeding, IRRI, Los Banos. Philippines,
pp. 645-661.

Chang, T.T., G.C. Loresto and C, Tagumpuny (1974). Screening
rice germplasm for drought resistance: SAHRAOJ. 6:
9-16;

Chang, T.T., Boriboon Somrith and J.C. O'Toole (1979,
Potential for improving drought resistance in rainfed low-
land riee. In: Rainfed lowlond rice. IRR1, Los Banos,
Philippines, pp. 149-164.

Chang, T.T., C.R. Adair and T.R. Johnston (1982a). The
conservation and use of rice genetic resources. Adv. Agron.
35: 37-91.

Chang, T.T., G.C. Lotesto, J.C. OToole and J.L, Armenta-
Soto (1982h). Strategy and methodology of breeding rice
for drought-prone areas. In : Drought resistance in crops
with emphasis on rice. IRRI, Los Banos, Philippines,
pp. 217-244,

Cruz, R.T. and J.C. O'Toole. 1984). Dryland response to an
irrigation gradient at flowering stage, Agron. J. 76; 178-
183,

De Datta, S K. and J.C. O'Toole (1977). Screening decpwater
rices for drought tolerance. Proc. Degpwater Rice Work-
shop, 1976, IRRI], Los Banos, Philippines, pp. 83-92,

De Datta, S.K. and D.V. Seshu (1982). Evaluating rices for
drought tolerance using field screening and multilocation
testing.  In : Drought resistance in erops with emphasis on
rice. op. cit., pp. 245-263.

De Datta, S.K.. T.T. Chang and S. Yoshida (1975). Drought
tolerance in wpland rice. In: Major research in upland
rice. IRRI, Los Banos, Philippines, pp. 101-116.

IRRI (1971) Annual report for 1970, [RRI, Los Banos, Philip-
pines, p. 263.

IRRT (1973) Annual report for 1972, 1bid., p. 246.

TRRI (1974). Annual report for 1973, Thid., p. 266.

IRRT (1975) Annual report for 1874, 1bid., p. 384,

IRRI (1976); Annual report for 1973, Ibid., p. 479,

IRRI (1977); Annual repart for 1976. 1bid., p. 418.

TRRI (1978), Annual report for 1977, Ind.; p. 348.




128 Brought and Saltnity Restvegnce in Crop Planra

IRR] (1980). Annual report for 1979, Ihid., p. 538,

IRRI (1981). Annual report for 1980, Thid., p. 467,

IRRI (1983). Annual report for 1982 Ibid., p. 532,

IRRI (1984). Annual report for 1983, Ibid., p. 494,

Loreste, G.C. and T.T. Chang (1971). Root development of
rice varieties under different soil moisture conditions.
Froc. Second Annual Seientific Mecting, May 4-6, Crop
Sci. Soc. of the Philippines, Los Banos, Philippines, Pp.
412-416.

Loresto, G.C. and T.T. Chang (1981). De¢imal scoring systems
for drought reaction and recovery ability in rice sCTecning
nurseres. Inr. Rice Res. Newsletr, 6 (2): 9-10.

Loresto, G.C., T.T. Chang and O. Tagumpay (1976). Field
evaluation and breeding for drought resistance. Pl J.
Crop Sel. 1 (1): 3630,

Loresto, G.C,, W.X. Zhang, D. Chaudhary and T.T. Chang
(1984), Aeroponic lechnique for screering the droughi
aveidance imechanism of rice genolypes by the root charac-
ters, In : Serie de Estudos Agronemicos, Yol. 1984, Ed.
Garcia de Oria, Instituto de Investigacao Cientifica Tropi-
cal, Libson, Portugal (in press).

O'Toole, J.C. (1982). Adaptation of rice to drought-prone
environments. In : Drought resistance in crops with emp-
hasis on rice. op. it , pp. 195-213,

O'Toole, J.C, and T.T. Chang (1979). Drought resistance in
cereals—Rice: a case study, In : Stress physiology of crop
plarntts. op: cil., ppe 373-405.

O'Toole, J.C. and R.T. Cruz (1980)., Response of leal water
potential, stomatal resistance and leal roiling to water
stress. Plant Physiol. 63: 428.432,

O'Toole, J.C. and R T. Cruz (1983). Genotypic variation in epi-
cuticular wax of rice. Crop Sei. 23: 392-394.

O’Toole, J.C. and M.A. Maguling (1981). Greenhiouse selection
for drought resistance in rice, Crap Sei. 21: 325-327.
O'Toole, J.C. and T.B. Moya (1978). Genotype variation in
maintenance of leal water potential in rice. Crop Sei. 18:

§73-876.

O'Toole, J.C. and O.5. Namuco (1983). Role of panicle exser-

tion in water stress induced srerility. Crop. Sei. 23+ 1093-

1097,

D ——— b




Screening Techniques for Drought Resivrance in Rice 129

O'Toole, J.C. and Soemartono (1981). Evaluation of a simple
technique for characterizing rice root systems in relation
to drought resistance. Euphytica 30: 293-290,

O'Toole, 1.C., R.S. Aquino and K. Alluri (1978), Seedling stage
drought response in rice. Agron. J. 70: 1101-1103.

O'Toole, J.C., R.T. Cruz and J.N. Seiber (1979). Epicuticular
wax and cuticular resistance in rice. Physiol. Planr. 47:
239.244,

Parao, F.T., E. Paningbatan and S. Yoshida (1976). Droughit
resistance of rice varieties in relation to their root growth,
FPhil. 4. Crop Sei. 1 (1): 53-55.

Passioura, J.B. (1982). The role of root system characleristics in
the drought resistance of crop plants.  In : Drought resis-
tance in crops with emphasis on rice. op. cit., pp. 71-82.

Puckridge, D.W. and J.C. O'Toole (1981). Dry matter and
grain production of rice using a line source sprinkier in
drought studies. Field Crops Research 3: 303-310,

Steponkus, P.L., K.M. Shahan and 1.W. Cutler (1982). Osmo-
tic adjustment in rice. In : Drought resistance in crops with
emphasis on rice. op. cil., pp. 181-194.

Sullivan, C.Y., F. Yoshikawa, J.D. Eastin, W.M. Raoss, M.D,
Clegg, J.W. Maranville and A.L, Hollister (1971). Sor-
ghum drought and heat resistance. In: Research in phy-
siology of vield and management of sorghwm in relation
to genetic improvement. Annual Report No. 5, University
of Nebraska, Crop Research Divigion of ARS/USDA and
the Rockefeller Foundation, pp. 9-23.

Yoshida, S. and E. de los Reyes (1976). Leaf cuticular resis-
tance of rice varieties. Soil Sci. Plant Nurr. 22 (1): 95-
98.

Yoshida, S. and 8. Hascgawa (1982). The rice root system: Iis
development and function. In : Drought resistance in crops
with emphasis on rice. op. cit., pp. 97-114,




Index

Acacia 34

Adaptation strategies 25
Aeroponic 96, 93, 116, 118
‘Agropyron 32, 34, 48
Alkali soils 6
Allapelyploids 33

Back ercss method 99

Betuine 93

Bipa rental approach 98

Braivica 33

Breeding for enhunced tolerance 11

Breeding for salt resistance 42
cell cislture technique 44
clussical genetics 44
distant hybridization 48
genetie éngincering 45, 47
genetic manipulations 42
integrated approach 45, 46
new approaches: 44-46

CAM 93

Canopy témperature 93, 95, 121,
122

Cellular membranes 10}

Chlorix 33

Compalible salules 26

Constant water mble 120

Core sampling method 176

Crop tolerance in saline and allali
sodls 11

Decimnl scoring Lystem 109, 126
Dehydration 91, 82

avoldince 9]

toderance 92, 10]

Desiceation 115, 116
tests 115
tissue 125
tolerance 91, 93
Developmental plasticity 92, 97
Diffusion porometer 121
Diffusive resistance 121
Drought 87, 88, 97, 108 -
avoidance 59, 93, 102, 109, 117,
125
definition 59
effazt on yield 72
effects 69
escape 91, 97, 102, 109
field score 117
hydraulic 93
parameters 92, 93, 102
protoplsmic 91
recovery 109, 125
reproductive phase 114
resistance 88, 89, 90, 91, 92, 93,
95, 96, 97, 98, 102, 108, 112,
119, 120, 126
defimition 61, 62
determination by stability
index 59
single trail 78
screening method 125
survival 98
susceptible 116
tolerance B8, B9, 90, 91, 92, 96,
98, 109, 125
Diryland culture 125
Duraliella 12

Ephemeral 97



Epfcuticular wax 93
Evapolranspiration 121, 122

Genetic control of salt resisiance
i5-42
Genetic diversity for salt resisthnee
32-38
interspecific 32-34
intraspecific 34-38
iossypium 34
Growih phases 63-67
chickpea 67
pigeonpen 66
sorghuny 67

Hydraulic conductince 91

Ideotype 94
concept for dryland 73
of wheat by Asana 73

proposed 77
Kimandang patang 114, 115

Leaf, diffusion resistance 121

rolling 93, 95, 99, 109, 110, 112,
113, 115

tip drying 109
water potential 112, 114, 115
winter siress 110

Locally adapted -cultivars, rice 36,
47, 48
wheat 35

Mass screening 109

Measurement of salt resistance 29.
7.
direct struin 30
indirect strain 31
salt stress moniloring 29
threshold salinity level 31
tolerance tating 31

Medicags 32

Mylar tabes 116, 117

Meutron prone 114
Mitrate reductase activity 93

fndex ]3]

vz coarctara 33

st penels) 45

Oumoregulation 38

Osmotic adjustment 93, 95, 96, 101
effects 28
potentinl 124
regulaiion 125

Panicle, exserifon 110, 114
fertifity 122

Pedigree method 98, 99, 100

Permunent wilting percentage 20

Polyethylens glveni 12)

Production constraint 108

Productivity 87, 98

Proline accumulation 93

Progopis 34

Pulling force 116

Pulses, growth phases of
chickpea ( Cicer arigtimam) 65
pigeon pea {Cajanis cajon) 66

Rainled wetland culiure 125
Residual moisture 125
Resistance 115, 116, 120
cuticular 121
leaf 121
stomatal 95, 101, 121
Risizobinm 45
Root, axial resistance 12
density 116
distribution patterns 116
kength density 116
penetration 119
Root-to-shoot, ratic 116
weight 116

Saline soils §
Salinity problems in India 3
Sal-affected safls 1 11, 24, 25
in the world |
introduction 1
kinds ol §
management of 7
Salt resistance mechanisms, glyeo
phyies 28
halopliytes 28, 29




132 Drought and Salinlty Resistance In Crop Plants

Screening methoda/techinigues for,
drought resistance mechanism
95, 109, 126
scores 110

Sexhania 32

Soil moisture extraction 115
tenstometer 109
water deficit 88

Sorghuny, growth phases 67
growih curves 68
male sterile line 71
response to irrigatien 68

Specific fon elfects 24

Spikelat, fertility 110
sterility 114, 122

Sporobolas 33

Stimulation 115

Stomatal, closure 93, 95, 112
resistunce 25, 100, 121

Stress B7, 98, 109, 110, 113, 115,
125
abiotic 26
avoldance 27, 28
biotic BT
in refation to rainfall 59
induction 12]
non-biotle 87
post-anthesis 101
relntive vield reduction 122
reproductive stage 110, 113
resistance 27
vegeiative stage/phase 109, 110
variables 27
vield HE

Survival 59

Suosceptible 120

Tolerance 115
Toposequence 113

R —

&

Transpiration 112, 113
cuticular 121

Trivfewm 33

Turgor 124

Varfetal response 10 sall stress,
gorrelations 40-42
heritability 39
rice 36, 37
wheat 35

Vizual selection 114

Waler deficit 90, 124
plant 88
soi) 38
Water extraction, pattern 115
cate 113
Water potential, 98, 110, 112, 113,
120, 122, 124
leal 114, 115
goil 120
tissue 89, 91
‘Water, status 110, 113
sirpss 120
use efficiency 114
vapour fux 121
Waxinesa 95, 96, 99
Wheat-barley nddition lines 48
Wheat dry matier production and
grain vield 73
ET, grain yicld relationship 74
growih phascs 63
phenology 64
varicth]l response Lo sall stress 35
witer use 73

Yield 88, 122, 126

Zizyphus 34




The Authors

Dr. L.P. Abrol

Director

Central Soil Salinity Research Institute
Karnal 132 001

Haryana

Dr. T.T. Chang

International Rice Research Institute
P.O. Box 933

Manila

Philippines

Dr. R.S. Paroda

Director

MNational Burcau of Plant Genetic Resonrces
Pusa Complex

New Delhi 110 012

Prof. R.5. Rana

Professor of Eminence

Central Soi1 Salinity Rescarch Institute
Karnal 132 001

Haryana

Dr. S.K. Sinha

Professor of Eminence

Water Technology Centre

Indian Agricultural Research Institute
New Delhi 110 012



