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Wheat is the most widely grown cereal
in temperate environments, and is also
cultivated in many tropical cropping
systems, where it is often grown as the
winter season crop in rotation with a
number of other crops—for example,
with maize in Africa, ricein Asia, and
soybean in Latin America (Figure 1).
Among the numerous advantages of
cultivating wheat in this niche are that it
is stress tolerant, relatively high
yielding, and easy to transport and
store.

There are al so disadvantages linked to
growing wheat in tropical areas;
foremost among them are the different
types of high temperature stress that
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Figure 1. Wheat in tropical cropping systems.
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affect the crop. Perhaps the greatest
challenge to understanding the
physiological problems associated with
heat stressis to encompass the diversity
of hot environments all over the world
(Figure 2). Continual heat stress affects
approximately 7 million ha of wheat in
developing countries, while terminal
heat stressis a problem in 40% of
temperate environments, which cover
36 million ha. Continual heat stressis
defined by a mean daily temperature of
over 17.5°C in the coolest month of the
season (Fischer and Byerlee, 1991), and
over 50 countries (importing more than
20 million tons of wheat per year)
experience this type of stress throughout
the wheat cycle.
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When consulted, representatives of
national agricultural research systems
(NARSs) from the major wheat-growing
regions in the developing world
identified heat stress as one of their top
research priorities (CIMMY T, 1995).

Breeding efforts by a number of national
wheat breeding programs has resulted in
the release of germplasm adapted to
warm growing environments, such asin
Egypt and Sudan (AbdEIShafi and
Ageeh, 1994), India (Tandon, 1994),
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Figure 2. Typical average temperatures
during the wheat cropping cycle for three
types of hot environments (Wad Medani,
Sudan; Dharwad, India; Dinajpur,
Bangladesh) and one temperate
environment (Ciudad Obregon, Mexico).
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Bangladesh (Razzaque et al., 1994), and
Uruguay (Pedretti and Kohli, 1991).
CIMMYT has been actively involved in
many of these regions (Kohli et al.,
1991; Ortiz-Ferrara et a., 1994).
Collaboration between CIMMY T and
NARS on physiological aspects of heat
tolerance in wheat started in 1990, with
the establishment of a network involving
wheat scientists in Bangladesh, Brazil,
Egypt, India, Nigeria, Sudan, and
Thailand.

Collaborative experiments conducted by
network scientists were named the
International Heat Stress Genotype
Experiment (IHSGE) (Reynolds et al.,
1992; 1994; 1997; 1998; Reynolds,
1994). The IHSGE was grown in wheat-
growing areas classified by CIMMYT as
heat stressed, i.e., CIMMY T mega-
environment 5 (ME5). The main
objectives of the IHSGE were to
establish the degree of genotype by
environment interaction (GxE) in MES5,
evaluate potential physiological
screening techniques by observing
genetic diversity for traits and their
association with heat tolerance, and
improve our understanding of the
physiological and genetic basis of heat
tolerance.

There were three main outcomes of the
study. First, cluster analyses of over 40
hot sitex year combinations indicated
that most interaction between sites and
genotypes was accounted for by relative
humidity (RH). Hence low RH sites
(e.g., Sudan, Mexico, and India) and
high RH sites (e.g., Bangladesh and
Brazil) showed less Gx E within RH
groups than when comparison was done
across RH groups (Reynolds et al ., 1998;
Vargas et a., 1998). Thiskind of
analysis indicates that breeding for these
two broad environments should be
undertaken as separate objectives.
Second, data collected on IHSGE lines
in the low RH sites showed consistent
association between yield and a number
of morphological traits (Table 1). Third,
physiological data collected in Mexico
showed that several parameters were
associated with performance at
international low RH sites (Table 2).

The information emanating from the
IHSGE may be useful in establishing
indirect selection criteriafor heat
tolerance. The application of some of
these traits to breeding will be
discussed in subsequent sections, but
first wewill present a brief review of
some of the physiologicd traits
associated with heat stress.

Table 1. Genetic correlations between
morphological traits and wheat yields for 10
varieties averaged over 16 low relative humidity
environments in MES, IHSGE 1990-94.

Trait Genetic correlation
Final biomass (above ground) 0.88**
Grains/m? 0.77%*
Grains/spike 0.67*
Harvest index 0.51
Kernel weight -0.10
Spikes/m? 0.0
Days to anthesis 0.83**
Days to maturity 0.81**
Plant height 0.20
% ground cover (anthesis) 0.67*
Biomass at anthesis 0.35
Plant dry weight (5-leaf stage) -0.45
% ground cover (5-leaf stage) -0.30
Plants/m? -0.15

* Denotes significance at < 0.05, ** significance at < 0.01.

Table 2. Genetic correlations (Rg) for
physiological parameters measured in
Tlaltizapan, Mexico, and wheat yields for 10
varieties averaged over 16 low relative
humidity environments, IHSGE 1990-94.

Physiological trait R(g)
Canopy temperature depression 0.86**
Membrane thermostability 0.81**
Leaf chlorophyll (grainfilling) 0.72%*
Leaf conductance (heading) 0.63*
Photosynthesis (heading) 0.63*

* Denotes significance at < 0.05, ** significance at < 0.01.

Genetic diversity for heat tolerance in
cultivated wheat is well established
(Midmore et al., 1984; Rawson, 1986;
Wardlaw et al., 1989; Al-Khatib and
Paulsen, 1990; Reynolds et a., 1994).
Photo-assimilation is more likely to be
yield-limiting under heat stressthan in
temperate environments, especialy as
stress typically intensifies during
grainfilling, when demand for assimilates
isgreatest. Thisis borne out by the
observation that under stress, total above-
ground biomass typically shows a
stronger association with yield than with
partitioning, i.e., harvest index (Table 1);
the situation is usually reversed under
temperate conditions.

Hence traits affecting radiation use
efficiency (such as early ground cover,
stay-green, and photosynthetic rate) could
be expected to be important under heat
stress. Although early ground cover
seems to be important in an agronomic
context (Rawson, 1988; Badaruddin et
al., 1999), variation in this trait among
genotypes does not seem to be associated
with heat tolerance (Table 1). The stay-
green trait has been used widely in
breeding for heat tolerance, partly as an
indicator of disease resistance (Kohli et
al., 1991). Physiological evidence
indicates that loss of chlorophyll during
grainfilling is associated with reduced
yieldinthefield (Reynolds et al., 1994).
Studies in controlled environments have
revealed genetic variability in
photosynthetic rate among wheat
cultivars when exposed to high
temperatures (Wardlaw et a., 1980;
Blum, 1986).

Such differences in photosynthesis under
heat stress have been shown to be
associated with aloss of chlorophyll and
achangein the a:b chlorophyll ratio due
to premature leaf senescence (Al-Khatib
and Paulsen, 1984; Harding et al., 1990).
Studies at CIMMY T comparing 16
diverse semi-dwarf wheats demonstrated
genetic variability for photosynthetic rate
under heat-stressed field conditions
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(Reynolds et a., 2000). In addition,
both canopy temperature depression
(CTD) and flag-leaf stomatal
conductance, as well as photosynthetic
rate, were highly correlated with field
performance at a number of
international locations (Reynolds et al.,
1994). Besides being afunction of
stomatal conductance (Amani et a.,
1996), CTD itself is amechanism of
heat escape, as suggested, for example,
by Cornish et al. (1991) in cotton.

Conductometric measurement of solute
|leakage from cells was used in several
studies to estimate heat damage to the
plasma membranes. Genetic variation in
membrane thermostability (MT) has
been inferred using conductometric
measurements in various field-grown
crops, including spring wheat (Blum
and Ebercon, 1981). Shanahan et al.
(1990) obtained a significant increase in
yield of spring wheat in hot locations by
selection of membrane-thermostable
lines, as determined by measurements
on flag leaves at anthesis. By applying
the MT test on winter wheat seedlings,
Saadalla et al. (1990) found a high
correlation in MT between seedlings
and flag leaves at anthesis for genotypes
grown under controlled environmental
conditions. Measurements of MT of 16
spring wheat cultivars were compared
internationally with performance at
several heat-stressed |ocations.
Variation in MT of both field-
acclimated flag leaves and seedlings
grown in controlled conditions was
associated with heat tolerance in warm
wheat-growing regions (Reynolds et al.,
1994). Other studies have confirmed
genetic variation of these materials and
indicated high heritability for the trait
(Fokar et a., 1998).

Although the physiological basis for the
association of MT with heat tolerance
has not been determined, plasma
membranes are known to be more heat
tolerant than the photosynthetic
thylakoid membranes, for example
(Berry and Bjorkman, 1980). While loss
of membrane integrity may be the cause
of ion leakage from the cell, this
phenomenon could also be caused by
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thermally induced inhibition of
membrane-bound enzymes responsible
for maintaining chemical gradientsin the
cell. Direct evidence for a biochemical
limitation to heat tolerance in wheat
comes from studies of the enzymes
involved in grainfilling, specifically
soluble starch synthase, which is
deactivated at high temperatures
(Keeling et al., 1994). If conversion of
sucroseto starch isalimitation to yield
under heat stress, thiswould explain the
increased levels of carbohydratesin
vegetative tissue of wheat observed
when grainfilling was limited by heat
stress (Spiertz, 1978).

Several other processes are clearly
affected by high temperatures, but not
discussed in depth here, since either
genetic variation has not been shown to
be associated with performance, or they
do not lend themselvesto simple
screening. There is some evidence that
meiosis is adversely affected at high
temperatures (Saini et al., 1983).
Respiration costs are higher as
temperature increases, leading
eventually to carbon starvation because
assimilation cannot keep pace with
respiratory losses (Levitt, 1980).
However, this apparently wasteful
process would seem unavoidable, at least
in current germplasm, as evidenced by
positive associations observed between
dark respiration at high temperatures and
heat tolerance of sorghum lines (Gerik
and Eastin, 1985). On the other hand,
high rates of dark respirationin grains
may be severely detrimental to yield
(Wardlaw et al., 1980).

Heat shock proteins are synthesized at
very high rates under high temperature
stress and are thought to have a
protective role under stress; nonethel ess,
their role in determining genetic
differencesin heat tolerance has not
been established. Chlorophyl|
fluorescence may be more promising as
ascreening trait, given that associations
between heat tolerance and lower
fluorescence signals have been reported
in anumber of crops, including wheat
(Moffat et al., 1990). Although screening
protocols are yet to be thoroughly

evauated, preliminary evidence with
CIMMYT lines hasindicated that
fluorescence parameters may lend
themselves to screening for heat
tolerance (Balotaet a., 1996).

While thereis still no definitive picture
of the physiological basis of reduced
growth rates under heat stress, many
drought-adaptive traits may be useful
under heat stress. Examples would
include leaf glaucousness to reduce the
heat load, awn photosynthesis when
high temperatures reduce assimilation
rate of the leaves, and early escape from
heat stress. Heat stressis almost
certainly a component of drought stress,
since one of the principal effects of
drought is to reduce evaporative cooling
from the plant surface. Nonetheless, not
all traits conferring heat tolerance are
also associated with genetic variability
for drought tolerance, a good example
being membrane thermostability (Blum,
1988). In addition, wheat germplasm
that typically performs well under heat
stressis not necessarily useful under
drought (S. Rgjaram, pers. comm.).

Different physiological mechanisms
may contribute to heat tolerance in the
field—for example, heat tolerant
metabolism as indicated by higher
photosynthetic rates, stay-green, and
membrane thermostability, or heat
avoidance asindicated by canopy
temperature depression. Breeding
programs may measure such traitsto
assist in the selection of heat tolerant
parents, segregating generations, or
advanced lines (Figure 3). Based on
field data collected in the IHSGE, a
number of physiological traits that had
been presented in the literature were
evauated as potential selection criteria
(Table 3). While useful asindicators,
these conclusions are by no means
definitive for two important reasons.



For one thing, the results cannot be
extrapolated with any certainty to
environments outside the test site. Also,
the data were for the most part
measured on unrelated fixed lines and
as such do not necessarily imply that
selection for these traits would result in
genetic gainsin yield among the
progeny of across. To establish the
potential genetic gains associated with
indirect selection criteria, similar
experiments need to be conducted with
randomly derived sister linesusing a
number of relevant crosses and
heritability of traits established, as

outlined in the introduction of this book.

Evidence for applying three traits
(namely, canopy temperature
depression, leaf conductance, and
membrane thermostability) in selecting
for heat toleranceis presented in the
following sections; sufficient evidence
has been collected on these traits to
suggest their potential as breeding tools.
Nonetheless, if these techniques have
not been evaluated in a given breeding
environment, they should first be
evauated, as outlined in chapter one,
before being applied to mainstream
breeding operations.

Canopy temperature
depression

Asdiscussed earlier, experimental data
have shown a clear association of CTD
with yield in both warm and temperate
environments. CTD shows high genetic
correlation with yield and high values
of proportion of direct response to
selection (Reynolds et a., 1998),
indicating that the trait is heritable and
therefore amenable to early generation
selection. Since an integrated CTD
value can be measured almost
instantaneously on scores of plantsin a
small breeding plot (thus reducing error
normally associated with traits
measured on individual plants), work
has been conducted to evaluate its
potential as an indirect selection
criterion for genetic gainsinyield. CTD
is affected by many physiological
factors, which makesit a powerful
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Figure 3. Potential use of canopy temperature depression in a breeding program.

Table 3. Summary of heat stress mechanisms previously reported for wheat and their
association with yield in the IHSGE.

Reported heat stress mechanism Accounting for genetic variation in yield in IHSGE
Accelerated development Yes, lateness associated with higher yield in many
(Midmore et al., 1984) environments

Stand establishment (Rawson, 1988) No, poor correlation with early growth

Evaporative cooling (Idso et al., 1984) Yes, strong correlation of CTD with yield

Inhibition of meiosis No, sterility not observed. Grain:spikelet ratio not

(Saini et al., 1983; Zeng et al., 1985) correlated with yield

Sensitive growth phase Partial least squares analysis confirmed spike growth
(Fischer, 1985; sensitivity, especially to high night temperatures (Vargas
Shpiler and Blum, 1991) etal., 1988)

Photosynthesis/chlorosis Yes, high association of photosynthesis and stay-green
(Al-Khatib and Paulsen, 1990; with yield in field plots

Shpiler and Blum, 1991)

Thylakoid thermostability Preliminary data on IHSGE lines confirms association of
(Moffatt et al., 1990) chlorophyll fluorescence with yield (Balota et al., 1996)
Membrane thermostability (MT) Yes, MT measured on seedlings and flag leaves associated
(Shanahan et al., 1990) with yield at several sites

Inhibition of starch synthase No clear evidence, but yield not associated with TGW

(Bhullar and Jenner, 1986; Rijven, 1986)
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integrative trait, but its use may be
limited by its sensitivity to
environmental factors (Figure 4).

Factors affecting expression of CTD.
Leaf temperatures are depressed below
air temperature when water evaporates
from their surface. One of the factors
determining evapotranspiration is
stomatal conductance, which itself is
regulated by the rate of carbon fixation.
To maintain high rates of photosynthesis,
a genotype must have an effective
vascular system for transpiration of
water, aswell asfor transport of
nutrients and assimilates. Since CTD is
directly or indirectly affected by a
number of physiological processes, itis
agood indicator of a genotype's fitness
in agiven environment. CTD also seems
to be affected by the ability of a
genotype to partition assimilatesto yield,
indicated by the fact that CTD frequently
shows a better association with yield and
grain number than it does with total
above-ground biomass (Table 4).

For a given genotype, CTD isafunction
of anumber of environmental factors
(Figure 4), principally soil water status,
air temperature, relative humidity, and
incident radiation. The trait is best
expressed at high vapor pressure deficit

conditions associated with low relative
humidity and warm air temperature
(Amani et al., 1996). For these reasons,
CTD isnot a useful selection trait in
generally cool and/or humid conditions,
and is quite sensitive to environmental
fluxes. Therefore, it isimportant to
measure the trait when it is best
expressed—that is, on warm, relatively
still, cloudless days. Some
environmental flux during the
measurement period isinevitable, but
correcting data against reference plots,
spatia designs, use of replication, and
repetition of data collection during the
crop cycle can compensate for this.

When measuring CTD, care should be
taken to view the plot so asto avoid
including soil temperature. If aplotis
sown in rows, it is best to stand to one
side of it so that the thermometer is
pointed at an angle to the rows. If
ground cover islow (e.g., leaf area
index of lessthan 2-3), it is best to point
the thermometer at alow angle to the
horizontal to minimize the likelihood of
viewing soil (Figure 5).

Assaciation of CTD with performance.
Measurements of CTD made on 23
wheat linesat CIMMY T's subtropical
experiment station (Tlaltizapan,

Biological Environmental Rediation
Il 0
Partitioning / (1"C)
I
\\J/ CTD\ / 5oz o
\\’ | o = a _q
\§§¢ - evapotranspiration
Metabolism A\
Wind
Vascular )\ ! @
transport v/
‘V(' ;a‘\\ N
AN H,0 (soil water availability)

Figure 4. Factors affecting canopy temperature depression (CTD) in plants.
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Mexico) showed a high correlation with
yield measured on the same plots
(Figure 6). Sixteen of the same cultivars
wereyield tested at a number of hot
wheat-growing regionsinternationally,
and their performance compared with
CTD measurements made in Mexico
(Table5). In some cases, CTD was
associated with over 50% of yield
variability of the samelines at sitesin
Brazil, Sudan, India, and Egypt, clearly
indicating the promise of CTD asan
indirect selection criterion for yield.

In subsequent work, crosses were made
between parents contrasting in CTD to
generate homozygous sister lines. These
were evaluated for both CTD and yield
in warm and temperate environments.
Populations of randomly derived Fg
sister lines from two crosses showed a
clear association of CTD with yield
potential in both warm and temperate
environments (Figure 7; Table 6), with
CTD explaining up to 50% of yield
variation.

While heritability of CTD has not been
thoroughly evaluated, preliminary data
suggest moderate heritability values for
the trait. When comparing traits
measured on F,.; bulks with subsequent
yieldsin F, lines, performance was

Table 4. Association of CTD with traits of
60 advanced lines, Ciudad Obregon (March-
sown), Mexico, 1995.

Correlation coefficient

Trait with CTD
Yield 0.60**
Biomass 0.40**
Harvest index 0.14
Kernel weight -0.32*
Grains m2 0.62%*
Spikes/m? 0.33*
Grains/spike 0.40**
Days to maturity 0.10
Days to flowering 0.42**
Height 0.10

* Denotes significance at < 0.05, ** significance at < 0.01.



better predicted by CTD than it was by
yield, when both were measured on
bulks (Reynolds et al., 1997).

CTD as an efficient means of
evaluating advanced lines. In addition
to the work on early and intermediate
generation breeding lines, experiments
were also conducted at CIMMY T with
advanced lines to assess the power of

Rows of plants

At low leaf area
'?/\ index, point IRT at
oblique, NOT acute
angles to avoid
intercepting soil.

When crop is sown in
rows, point thermometer
at an angle to rows, not
parallel to them.

CTD asatool for predicting
performance (Reynolds et al., 1997,
1998). Sixty advanced lines (ALSs) of
diverse genetic backgrounds were
selected for superior performance under
hot conditions using late sowingsin
Ciudad Obregon, Mexico. The 60 ALs
were multiplied and grown as replicated
yield trials in the 1995-96 spring wheat

Figure 5. How to view a plot to avoid including soil temperature when measuring canopy
temperature depression with an infrared thermometer (IRT).
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Figure 6. Relationship of mean grain yield
to mean CTD for 23 genotypes, averaged
over two sowings, Tlaltizapan, Mexico,
1992-93.

Source: Amani et al. (1996).

cycle at 15 warm environments. 4 in
Mexico, 4 in Sudan, 3 in Bangladesh, 3
inIndia, and 1 in Nigeria. Physiological
traits were measured on yield plots and
on smaller 3-row plotsin the selection
environment, i.e., aMarch-sown tria in
Obregon. Yield and CTD in the
selection environment were compared
with performance of ALs averaged

Grain yield (t ha)

6.0 7.0 8.0 9.0
Canopy temperature depression (C)

Figure 7. Regression of yield on CTD
measured after heading for 40 recombinant
inbred lines from a cross between lines
contrasting in heat tolerance (Seri 82* Siete
Cerros 66), Tlaltizapan, Mexico, 1995-96.
Source: Reynolds et al. (1998).

Table 5. Correlation coefficients between yield, averaged over two cycles at six locations of
the IHSGE (1990-92), and CTD of 16 wheat lines measured at different stages of
development, December and February sowings, Tlaltizapan, Mexico, 1992-93.

CTD December

CTD February

Location Pre-anthesis  Anthesis Post-anthesis Pre-anthesis Anthesis Post-anthesis
Brazil 0.45 0.60* 0.50* 0.68** 0.52* 0.68**
Egypt 0.73** 0.91** 0.91* 0.82** 0.79** 0.78**
India 0.33 0.56* 0.62** 0.60%* 0.37 0.64**
Sudan 0.71%* 0.91** 0.88** 0.77%* 0.75%* 0.71*%*
Tlaltizapan 0.66** 0.84** 0.78** 0.50* 0.53* 0.43
Average 0.58 0.76 0.74 0.67 0.59 0.65
correlation

* Denotes significance at < 0.05, ** significance at < 0.01.

Source: Reynolds et al. 1994.
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across the 15 environments. CTD
measured in the selection environment
explained at least as much of the
variability in performance across all
warm sitesasyield itself (Table 7).

In this study, several other physiological
and morphological traits were evaluated
along with CTD. While some also
showed significant association with
yield (e.g., leaf chlorophyll, |eaf
conductance, spike number, biomass,
and flowering date), no other singletrait
was consistently as well associated with
performance as CTD (Reynolds et al.,
1997; 1998). Data also indicated that
CTD measured in 3-row plotswas as
good a predictor of yield asCTD
measured in yield plots, suggesting that
the technique would be amenable to
selection in smaller plots.

Stomatal conductance

Canopy temperature depression is highly

suitable for selecting physiologically
superior linesin warm, low relative
humidity environments where high

evaporative demand leads to leaf cooling

of up to 10 °C below ambient
temperatures. This permits differences
among genotypes to be detected
relatively easily using infrared

thermometry. However, such differences

cannot be detected in high relative
humidity environments because the

effect of evaporative cooling of leavesis

negligible. Nonetheless, leaves maintain

Table 6. Association of CTD with yield
potential of homozygous sister lines from two
crosses, sown in warm (1995-96) and
temperate environments (1996-97).

Correlation coefficient of

CTD with yield
Cross 1 Cross 2
Seri 82* Seri 82*
Site Siete Cerros ~ Fang 60
Tlaltizapan (warm) 0.64** 0.39*
Ciudad Obregon (warm) 0.55**

Ciudad Obregon (temperate) 0.64** 0.51**

* Denotes significance at < 0.05, ** significance at < 0.01.
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their stomata open to permit the uptake
of CO,, and differencesin the rate of
CO, fixation may lead to differencesin
leaf conductance that can be measured
using a porometer.

Porometry can be used to screen
individual plants, unlike CTD, which
can only be estimated on a canopy. The
heritability of stomatal conductanceis
reasonably high, with reported values
typically in the range of 0.5t0 0.8
(Vilhelmsen et al., 2001; Rebetzke, pers.
comm.); genetic correlation with yield is
also high (Table 2). Plants can be
assessed for leaf conductance using a
viscous flow porometer that is newly
available on the market (Thermoline and
CSIRO, Australia). Thisinstrument can
give arelative measure of stomatal
conductance in afew seconds (Rebetzke
et al., 1996), making it possible to
identify physiologically superior
genotypes from within bulks.

For reliable results, more than one
reading of stomatal conductance should
be taken per plot or per plant. Single-
leaf readings always have associated
errors that may be caused by
environmental fluxes, leaf position, and
the fact that leaves may show diurnal
and cyclical patternsin stomatal
behavior. When crops areirrigated, it is
best to take measurements shortly after
irrigation to avoid effects of soil
heterogeneity that may affect water
availability. It isadvisablein

Table 7. Phenotypic correlations between
mean yield of 60 advanced lines at
international sites and CTD and yield
measured in Ciudad Obregon (March-sown),
Mexico, 1995-96.

Average vyield
Trait n=11% n=15
Yield 0.62** 0.59**
CTD 3-row plot 0.66** 0.56**
CTD 5-row plot 0.65** 0.58**

** Denotes significance at < 0.01.
T 11 locations with least G*E determined by cluster
analysis for crossover interaction.

preliminary studies to measure leaf
conductance at different times of day
and during different stages of the crop
cycle to ascertain when differences
between genotypes are best expressed.

Since CTD and leaf conductance show
an association with each other and with
yield (Amani et al., 1996), the
possibility of combining selection for
both traitsis attractive. For example,
CTD could be used to select among
early generation bulksthat are
heterogeneous and may still be
segregating. Porometry can be used to
identify the best genotypes from among
the plants making up the bulk (Figure 8).
Work in Mexico where leaf conductance
was measured on individual plantsin a
F2:5 bulk indicated the utility of this
approach (Figure 9; Gutiérrez-
Rodriguez et al., 2000).

Membrane thermostability
Although resistance to high
temperatures involves several complex
tolerance and avoidance mechanisms,
the membrane is thought to be a site of
primary physiological injury by heat
(Blum, 1988), and measurement of
solute leakage from tissue can be used
to estimate damage to membranes.
Since membrane thermostability is
reasonably heritable (Fokar et al., 1998)
and shows high genetic correlation with
yield (Table 2), it has potential
application in breeding, but does require
alaboratory methodology to make
measurements.

Laboratory methodology. Membrane
thermostability (MT) can be measured
on leaf tissue taken at almost any
phenological stage, from 10-day-old
seedlings to grainfilling. Plants must be
heat-acclimated either in situ if growing
conditions are warm enough, or by
putting them in a controlled
environment for 48 hours at
approximately 35/15°C max/min. At
least four leaves should be sampled per
plot to ensure that tissue is
representative, and 10 or moreif the



plot contains segregating lines or lines
that are genetically heterogeneous.

L eaves should be randomly collected
and placed with their cut ends immersed
in water in stoppered glassjars. All jars
should be placed in acold box for
transportation from the field to the
|aboratory.

In the laboratory, the middle portions of
leaves can be isolated, quickly washed
with de-ionized water, and completely
re-hydrated by keeping them in de-
ionized water overnight in a
refrigerator. To measure M T, 1-cm
sections of each leaf can be cut for both
the control and heat-shock treatments.
To measure MT on seedlings, fungicide-
treated seed should be germinated on
moistened paper and grown in an
environmental growth chamber at 10-20
°C. The oldest |eaves of 10-day-old
seedlings can be used; however,
seedlings must be acclimated before
measuring MT. For this purpose,
approximately 10 seedlings are placed
in acovered water bath with their roots
immersed in water maintained at 35°C
for 48 h.

Once acclimated, plant material (flag
leaves or seedlings) should be washed
with de-ionized water and divided into
vials containing 17 mL de-ionized
water. Half of the vials are maintained

at 46.5°C (flag leaves) or 49°C
(seedlings) for 60 min in awater bath.
The second set of vialsisused as
controls and maintained at room
temperature for the same time periods.
After the treatment periods, the heat-
treated and control samples are held at
6°C overnight. A first conductometric
reading is made at 25°C and a second
(also at 25°C) after autoclaving for 20
min at 120°C and 0.10 MPa. MT is
expressed as relative injury (RI) using
the following:

RI% = (L-(1-T /T )/(1:C,/C,)) X 100,

where T istreatment, C is control, and 1
and 2 refer to the first and second
readings of conductance, i.e., before and
after autoclaving.

Measuring MT on seedlings vsflag
leaves. At CIMMY T experiments were
conducted on 16 lines of the IHSGE
using both seedlings and flag leaves
(Reynoldset ., 1994). The MT trait was
favorably correlated with yield in a
number of heat stressed international
environments, using both methodol ogies
(Table 8). When comparing MT for
seedlings versus field-grown flag leaves,
there was a significant positive
correlation (r> = 0.67, n = 16) indicating
that the M T determined at the two

Selected bulks with high CTD

Selected plants for high leaf conductance

Figure 8. Using canopy temperature depression (CTD) and leaf conductance in early

generation selection.
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* significant at p = 0.05.

Table 8. Spearman correlation coefficients
between yield, averaged over two cycles at
each of six locations of the IHSGE (1990-
92), and membrane relative injury of 16
wheat genotypes measured using two
different methods.

Heat- Flag leaf Seedlings
stressed (field (chamber
location grown) grown)
Tlaltizapan Dec. -0.65** -0.40
Tlaltizapan Feb. -0.31 -0.01
Brazil -0.59* -0.57*
Egypt -0.69** -0.64**
India -0.66** -0.57*
Sudan -0.69** -0.58*
Average correlation  -0.60 -0.46

*and ** refer to P < 0.05 and P < 0.01, respectively.
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development stages was well
associated. These data support the idea
that using seedlings raised under
artificial conditions for screening MT
may be aviable aternative to using
field-grown tissue. The use of seedlings
is preferable logistically because the
conditions of plant acclimation can be
controlled, which is not possible in the
field. The importance of thispointis
illustrated indirectly by the data.

Using the seedling procedure, the three
repetitions of the experiment were
measured for MT on three subsequent
days. While the interaction of genotype
with repetition was not significant, the
main effect of repetition (i.e., day of
experiment) was highly significant
(data not shown). Even under
controlled conditions, unintentional
discrepancies either in procedure or
day-to-day variability of conditions
influenced absolute values of MT.
Since it would not be practical for a
breeding program to assess M T on all
the germplasm of interest in one
experimental run, a methodol ogy
involving controlled conditions would
seem preferable.

Another advantage of using seedlings
rather than more mature tissue is that
MT isunlikely to be affected by
phenology at such an early stage of
development. In these experiments
there was arange in anthesis and
maturity dates among the genotypes.
Instead of measuring M T on the precise
date of anthesis for each genotype, MT
values were measured on all flag leaves
on the same calendar date and
subsequently adjusted using the number
of days between measurement of MT
and anthesis as a covariate.

While genetic diversity for heat
tolerance has been shown to exist
among conventional wheat cultivars
(Rawson, 1986; Wardlaw et al., 1989;
Al-Khatib and Paulsen, 1990; Reynolds
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et al., 1994), progress would be limited if
new sources of genetic diversity were
not exploited. Materials that could be
exploited fall into two broad categories:
landraces that can be used directly in
conventional breeding efforts and wild
species with compatible genomes from
which genes can be introduced into
cultivated wheats using wide crossing
approaches.

Genetic diversity for heat tolerance has
been shown to exist in wild Triticum and
Aegilops species by Edhaie and Waines
(1992), who tested accessions from
Afghanistan, Iran, Iraq, Israel, Jordan,
Syria, Lebanon, Turkey, and the USSR.
Interestingly, all of the heat tolerant
accessions came from only three regions:
eastern |srael, western Jordan, and
southwestern Syria. The authors suggest
that a search among the bread and durum
wheat landraces from these regions may
provide genotypes with a high degree of
heat tolerance that could be incorporated
into modern wheat backgrounds.

Some work has been conducted to
identify new sources of heat tolerance
traits among accessionsin the CIMMY T
wheat genebank. For example, high leaf
chlorophyl!l content has been identified
in Mexican landrace collections where
the best genotypes showed substantially
greater leaf chlorophyll concentration
than the check Seri-M82. While high |eaf
chlorophyll content does not guarantee
heat tolerance, the stay-green trait has
been associated with heat tolerancein
fixed lines (Reynolds et al., 2000), and
high chlorophyll was associated with
heat tolerance of sister linesin some
wheat crosses (Reynolds et a., 1997).

High stomatal conductance (which may
permit leaf cooling through
evapotranspiration) has started to be
examined in accessions from

CIMMY T’s genebank collections, under
heat stressed conditions. For reasons
discussed earlier, measuring stomatal
conductance as an indication of heat
tolerance/escape is more suitable than
measuring CTD, sinceit can be
evauated relatively easily on individual
plants, a necessary efficiency when

screening very large numbers of
accessions from a germplasm bank.
Apart from identifying genetic diversity
for the trait, preliminary work also
indicated reasonable levels of broad-
sense and realized heritability (60-75%)
for the trait (Vilhelmsen et al., 2001).

Molecular approaches may be helpful
for identifying useful genetic diversity
expressed in the progeny of wide
crosses. Genetic diversity from wheat
wild relatives has already been
exploited through wide crossing to
introduce disease resistance (e.g.,
Villareal et al., 1995). Potential exists
for identifying the loci encoding other
quantitatively inherited traits associated
with abiotic stresstolerance using QTL
analysisin mapping of delayed
backcross generations (Tanksley and
Nelson, 1996).

Optimal crop growth requires a non-
limiting supply of water, nutrients, and
radiation; as temperaturesrise, the
demand for growth resources increases
due to higher rates of metabolism,
development, and evapotranspiration
(Rawson, 1988). When growth
resources are limited by heat stress, the
size of plant organs such as leaves,
tillers, and spikes is reduced (Fischer,
1984). The apparent sensitivity of
metabolic processesto heat stressin the
field (Reynolds et a., 1998; 2000),
coupled with the reduced length of life
cycle at high temperature (Midmore et
a., 1984), explainswhy grainyield is
strongly associated with total plant
biomassin hot environments. These
interactions make crop management
practices critical to sustaining wheat
yieldsin warm environments.

A few studies have shown the benefits
of specific management practices under
stress. For example, the application of
farmyard manure (FY M) has been
reported to improve soil physical and



chemical conditions, and to help
conserve soil moisture (Sattar and
Gaur, 1989; Gill and Meelu, 1982;
Tran-Thuc-Son et a., 1995). A one-
time application of FYM (10-15t hah)
increased wheat yields for up to three
successive crop cycles, when applied
in conjunction with inorganic N
fertilizers, and for up to four years with
the addition of P fertilizers under hot
and humid conditions in Bangladesh
(Mian et al., 1985). Under high-
temperature conditions, volatilization
of N fertilizers such as NH, is more
likely, and further decreases wheat
yields compared with the application of
equivalent N in organic forms such as
FYM (Tran-Thuc-Son et al., 1995).

Straw mulch is another agronomic
input with the potential to ameliorate
stress by reducing evaporation of soil
moisture and increasing infiltration rate
(Lal, 1975). Straw mulch has also been
reported to lower soil temperature
(Benoit and Kirkhoun, 1963) and to
impede seedling emergence, a negative
effect (Chopra and Chaudhary, 1980).
Surface soil temperatures can exceed
air temperature by 10 to 15°C if the
soil surfaceis bare and radiation
intensity is high; straw mulchin such
conditions may increase seedling
emergence and survival (Fischer,
1984). Given that wheat growth under
warm conditionsis highly sensitiveto
management, judicious combinations
of management practices could
substantially benefit performance by
improving crop establishment and the
availability of water and nutrients
during subseguent growth stages.

A collaborative study was conducted
by CIMMYT and the national wheat
research programs of Sudan and
Bangladesh to provide information
from warm environments on the
response of wheat to management
factors such as mulching and
application of FYM, and to elevated
levels of inorganic fertilizer and
increased irrigation frequency
(Badaruddin et al., 1999). The research
was conducted to determine whether
maodifications to recommended crop

management practices could
significantly improve grain yield.
Control treatments represented
recommended practices and gave yields
of 3.6t hal, averaged across all
environments. Considering main effects,
FYM (10t hal) gave the highest yield
response (14%), and approximately
equivalent levels of NPK the lowest
(5.5%), suggesting that organic fertilizer
provided growth factors in addition to
nutrient content. Mulch and extra
irrigation increased yield in the hot, low
relative humidity environments (i.e.,
Sudan and Mexico), but not in
Bangladesh, which is hot and humid.

In Mexico, extrainputs were more
beneficial under hotter, spring-sown
conditions than in winter sowings.
Comparison of heat tolerant (Glennson
81) and heat sensitive (Pavon 76)
genotypes showed that the heat tolerant
genotype was generally more responsive
to additional inputs. Improved
performance in response to inputs was
generally associated with better stand
establishment and with significant
increases in plant height, grain m2, and
above-ground biomass; in Mexico it was
aso related to higher canopy temperature
depression and light interception.

These results clearly indicate that wheat
yieldsin warm environments can be
raised significantly by modifying
agronomic practices. Overal, the
application of animal manure had the
largest and most consistent effect on
yield. Some of the benefits associated
with extra organic matter may also be
provided by practicing residue retention
and reduced tillage. Such integrated
approaches to crop and soil management
in abiotically stressed environments are
becoming increasingly relevant in light
of diminishing water suppliesin many
agro-ecosystems.

This study did not attempt to analyze the
economic basis of management factors,
only to establish their biological value.
Nonetheless, data indicate that
recommended levels of fertilizer,
whether organic or otherwise, were not
generally sufficient to meet crop

reguirements. Average yield responses to
NPK and FYM at agiven site were as
much as 17% and 24%, respectively,
suggesting that in hot regions even
economic yields might be improved
through better crop nutrition.

The economic basis of increasing
irrigation frequency is more complex for
two reasons. First, irrigation schemes
such as the one in the Gezira of central
Sudan lack the flexibility to permit
farmerstoirrigate at will. Water is
usualy available only at settimesin a
given area as water is passed
systematically through the whole
irrigation scheme. Second, water
availability is declining in many regions
of the world, so the expectation of
raising economic returns through
increased irrigation may not be fulfilled
if water pricesrise dramaticaly. As
mentioned previoudly, it may be possible
to obtain the benefits of mulching and,
perhaps, increase soil organic matter
through a combination of residue
retention and reduced tillage practices.
Nonetheless, significant investment will
be required on the part of national
agricultural research systems and their
governments, or agricultural

devel opment agencies sponsored by
industrialized countries, if such practices
are to become aredlity in the developing
world.

While patterns of heat stress may vary
widely between wheat growing regions,
amajor factor explaining genotype by
environment interaction has been shown
to be relative humidity (RH). Inlow RH
environments, lack of physiological heat
tolerance isthe major yield constraint,
whilein high RH environments, disease
pressure may be an additional and
possibly more serious limitation. Canopy
temperature depression seemsto be a
potentially powerful indirect selection
criterion in low RH environments, while
stomatal conductance and membrane
thermostability may be applied in all hot
environments. However, genetic gainsto
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selection should be tested in any new
environment using locally adapted
germplasm (as outlined in the
introductory chapter) before the use of
physiological traits asindirect
selection criteriais incorporated into
mainstream breeding.

Where germplasm collections are
available, accessions from abiotically
stressed regions should be screened for
heat tolerance characteristics as a
means of introducing new sources of
genetic diversity into the breeding
program. In addition to genetic
improvement, agronomic strategies
(such as residue retention to lower soil
surface temperatures and increase soil
organic matter) are also a means of
increasing productivity in warm
environments.
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