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Preface 

Agricultural researchers worldwide strive to improve the efficiency of crop production to enhance 
global food security. This project was aimed specifically at testing an innovative technique, infra-red 
thermometry, with the idea of enhancing wheat breeding efficiency. Breeding for improved yield 
potential in different environments involves a combination of judicious selection of parents, visual 
selection of numerous early generation lines, and yield testing of selected material. This study set out to 
evaluate an integrative physiological trait, canopy temperature depression (CTD), which could 
potentially be applied at any of these breeding stages to assess heat tolerance. 

CTD, which can be measured rapidly on field grown plots, indicates a genotype's relative metabolic 
fitness in a given environment, and has the potential to provide an indirect assessment of yield potential 
for hundreds of breeding lines in a few hours. Through partnerships between CIMMYT and the national 
agricultural research programs of India, Bangladesh, Nigeria, and Sudan, evidence is presented 
indicating CTD's potential as a complementary tool in wheat breeding, based on data from 
representative heat-stressed wheat growing environments in developing countries. 

CIMMYT and the national agricultural research programs of India, Bangladesh, Nigeria, and Sudan 
gratefully acknowledge the financial support of the UK's Overseas Development Agency (now 
Department for International Development), which made this project possible. Thanks also to Dr. John 
Snape, John Innes Centre, UK, for serving as external reviewer at the Project Final Review in Delhi, and 
to Dr. Tony Fischer, ACIAR, Australia, for instigating the project. We also owe a debt of gratitude to the 
many field workers in participating countries who assisted with trial management. 

We wish to express our appreciation to members of CIMMYT's design team: Miguel Mellado, for 
supervising the production of this report, and Eliot Sanchez, for formatting the text. Finally, thanks as 
well to Alma McNab, Wheat Program writer/editor, who edited the manuscript. 

Sanjaya Rajaram 
Director, CIMMYT Wheat Program 
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Abstract 

The main objective of the study was to validate the use of canopy temperature depression (CTO) as a rapid 
early generation screening tool for heat tolerance in wheat. CTO was measured at hot sites in Mexico on F2 
derived bulks (BULKS) and on recombinant inbred lines (RILs) derived from the same BULKS, using 
crosses of parents with different levels of heat tolerance. Results showed (i) CTO measured on BULKS in 
Mexico were significantly correlated with their average performance at 11 international sites, (ii) CTO was 
an excellent indicator of which BULKS produced heat tolerant inbred lines evaluated in Mexico, and (iii) 
CTO measured on RILs were highly significantly correlated with performance in Mexico. These results 
indicate the robustness of CTO as a selection trait, with potential application at early and intermediate 
stages of selection. In addition the genetic link between CTO and heat tolerance was demonstrated by 
showing their association in recombinant inbred lines. Measurements of photosynthesis and leaf 
conductance on F5 individual plants showed high heritabilities with measurements made on F5 derived F7 
sister lines, as well as significant correlations with yield. Results suggest the potential of screening for 
quantitative traits on individual plants in early generation derived bulks. Genotype by environment 
interaction in hot wheat growing regions worldwide was tested by growing a set of 60 advanced lines (ALs) 
selected for heat tolerance in Mexico, at 15 international sites. The results indicate Tlaltizapan to be the best 
site in Mexico for predicting yields in Bangladesh, NW India, Sudan and Nigeria, and indicated NW India 
as a good site for heat tolerance screening. Correlation analysis corroborated these observations and 
indicated late sowing in Obregon as an additional site for heat tolerance screening. Average yield of the 60 
ALs at 15 international sites was predicted equally well by CTO or yield, when both were measured in 
Mexico. Since a reliable yield estimate requires a plot approximately five times bigger than that needed for 
an estimate of CTO, the use of CTO instead of yield estimates may be considerably more efficient. 
Alternatively both yield and CTO could be combined in a selection index as a more powerful indicator of 
heat tolerance. Based on results from the current project, CIMMYT Wheat Breeding Programs are currently 
evaluating the use of CTO as a selection criterion in preliminary yield trials for heat tolerance. 
Physiological and morphological data measured in the different experiments suggest that yields under heat 
stress are source (assimilate) limited. Wheat lines of diverse origin from the Indian and world wheat 
collections were screened for heat tolerance traits. Preliminary data indicated high levels of expression for 
CTO, chlorophyll content, rate of biomass accumulation, and kernel weight. A laboratory based screening 
protocol for membrane thermostability demonstrated a high degree of genetic diversity for the trait in 
materials from the Indian Bank. 
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Chapter 1.� Background Information on CIMMYT-NARS 
Collaboration in Hot Environments 

M.P. Reynolds, J.P. Tandon, O.A.A. Ageeb, M.A. Razzaque, and R.A. Fischer 

Collaboration between CIMMYT and NARS on physiological aspects of heat tolerance in wheat started in 
1990 with the establishment of a network of scientists involving NARS in Bangladesh, Brazil, Egypt, India, 
Nigeria, Sudan, and Thailand, as well as CIMMYT outreach staff in Syria, South America, Bangladesh, and 
Southeast Asia. These encompass the majority of wheat growing areas classified by CIMMYT as mega
environment 5 (ME5). The main objectives were to establish the degree of genotype by environment 
interaction (G*E) in ME5, 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. 

Collaborative experiments began with the International Heat Stress Genotype Experiment (lHSGE, now 
entering its seventh cycle). The International Heat Stress Management Experiment was set up for three 
cycles to evaluate the effect of different crop management practices under heat stress. In Mexico, 
experiments were established at CIMMYT's hot experiment station in Tlaltizapan to look in detail at 
possible new physiological screening techniques and to study some of the physiological bases of heat 
tolerance. Visiting NARS scientists were involved in many of these studies. Major conclusions to date are 
summarized below: 

1) In terms of G*E for ME5, cluster analyses of over 40 hot site*year combinations confirms the ME5 A 
(hot humid)/ME5 B (hot dry) split that the breeding program made in 1989 (Reynolds et aI., 1997; 
Vargas et aI., 1997). 

2) Data collected on IHSGE lines in ME5 B sites showed consistent association between yield and a 
number of morphological traits (Table 1; also Reynolds et aI., 1994). 

3) Physiological data collected in Mexico showed a number of parameters to be associated with 
performance in international ME5 B sites (Table 2; also Reynolds et aI., 1994). 

4) Management factors that ameliorated the detrimental effects of high temperature stress included 
improved nutrition (especially organic manure) and straw mulch, when heat stress is severe during 
crop establishment, a typical scenario in Sudan, for example (Badaruddin et aI., 1997). Results may 
have interesting implications for residue management where this is an option. 

5) The physiological basis of heat tolerance among IHSGE lines was associated with improved 
photosynthetic rates from heading onwards (Figure 1), as well as more leaf chlorophyII retention 
during grain filling (Figure 2) (Delgado et aI., 1994), greater thermostability of membranes indicated 
by electrolyte leakage (Fokar et aI., 1997; Balota et aI., 1993), and chlorophyll fluorescence (Balota et 
aI., 1996) and cooler canopies, which were associated with increased stomatal conductance (Amani et 
aI., 1996). Canonical correlation analysis of average yields in 16 ME5B environments with 
physiological traits measured in Tlaltizapan on 10 adapted semidwarf lines indicate that 64% of all 
yield variability is explained by canopy temperature depression (CTD), 78% is explained when 
membrane thermostability is added to the model, and 90% when leaf dark respiration rates is added to 
the others. CTD seems to explain much the same variability (Table 3). To illustrate the differences 
between some of the heat tolerant and heat sensitive lines in terms of performance and physiological 
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traits, mean values are presented (Tables 4 and 5) for three heat tolerant lines (Glennson 81, Seri 82, 
Nesser) and three heat sensitive lines (Siete Cerros 66, Nacozari 76, Bacanora 88) as determined by 
the results from the mean performance in the ME5B environments. The six lines were chosen because 
they were the best performing lines in the temperate environment of Ciudad Obregon, Mexico, 
averaging 6.1 t/ha in the 1990/91 cycle. Hence differences in heat tolerance are not confounded with 
yield potential under temperate conditions. Under temperate conditions the two groups showed no 
statistically significant differences in yield, biomass, height or maturity date. Heat stress invariably 

Table 1. Genetic correlations between Table 2. Genetic correlations (Rg) and proportion 
morphological traits and wheat yields for ten of direct response (PDR) to selection for 
varieties averaged over sixteen environments physiological parameters measured in 
from MES B (IHSGE 1990-1994). Tlaltizapan, Mexico, and wheat yields for ten 

varieties averaged over 16 environments from 
Trait Genetic Correlation 

MES B (IHSGE 1990-1994). 
Biomass Above Ground 0.88** 
Grains/m2 0.77** Physiological Trait R(g) PDR 
Grains/Spike 0.67* 
HI 0.51 Leaf Respiration 0.98** 0.44 
TGW -0.10 Canopy Temperature Depression 0.86** 0.74 
Spikes/m2 0.0 Membrane Thermostability 0.81 ** 0.73 

Leaf Chlorophyll (Grainfilling) 0.72** 0.49 
Days to Anthesis 0.83** Internal [CO2] -0.70* 
Days to Maturity 0.81 ** Photosynthesis (Heading) 0.63* 0.51 
Plant Height 0.20 Leaf Conductance (Heading) 0.63* 0.45 

% Ground Cover (anthesis) 0.67* 
Biomass at Anthesis 0.35 
Plant DW (5-leaf stage) -0.45 
% Ground Cover (5-1f) -0.30 
# Plants/m2 -0.15 
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Figure 1. Photosynthesis measured on 3 heat tolerant (TOL) & 3 heat sensitive (SEN) wheat varieties, 
Tlaltizapan, Mexico 1991/92. 
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reduces the length of the crop cycle. For these six lines, the crop cycle was reduced from 126 days 
(emergence to physiological maturity) in Obregon, to an average of 95 days in the ME5B 
environments. A comparison of performance on a per day basis between Obregon and the ME5B 
environments showed that, under heat stress, yield and above-ground biomass at maturity were 6% 
lower for the TaL group and 15% lower for the SEN group. Differences in yield and biomass for the 
TaL versus SEN lines was apparently associated with differing performance during grain filling, as 
reflected by the difference in grain filling rate, rather than parameters up until anthesis (Table 4). The 
physiological data from Mexico indicate similar contrasts between TaL and SEN lines for 
photosynthetic rates (PS), chlorophyll content, canopy temperature, and internal C02, again with 
differences most pronounced from flowering onwards (Table 5). Though it is difficult to infer 
causality from such data, lower PS and CTD, combined with higher levels of internal C02, suggest 
that sensitivity to heat is related to impaired metabolism, but is not necessarily photosynthetic. In fact, 
the positive association between heat tolerance and both leaf respiration and membrane 
thermostability indicates that inhibition of non-photosynthetic cellular metabolism is associated with 
sensitivity to warmer environments. 
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Figure 2. Chlorophyll measured on 3 heat tolerant (TOL) & 3 heat sensitive (SEN) wheat varieties, 
Tlaltizapan, Mexico 1991/92. 

Table 3. Correlation matrix for average yield at 16 MEB environments and physiological traits 
measured in Tlaltizapan Mexico (1991/92) for the 10 lines in common form the IHSGE I-IV. 

X-YLD CTD MTFLAG MTSEEDL RESP COND PS CHL PS/CHLCI CHLA:B YLOBG 

X-yLO 
CTD 0.79845 
MTFLAG -0.76081 -0.55610 
MTSEEDL -0.62513 -0.45551 0.24684 
RESP 0.67836 0.36810 -0.38080 -0.62854 
CONO 0.35146 0.35197 -0.54047 0.38475 -0.04988 
PS 0.55269 0.70637 -0.56394 -0.01403 -0.06923 0.66223 
CHL-A -0.1863 -0.05816 0.13098 0.54920 -0.37397 0.52580 0.36617 
PStCHL 0.65339 0.69465 -0.62613 -0.44898 0.24825 0.17682 0.59134 -0.53104 
CI -0.67254 -0.65859 0.56625 0.41099 -0.58182 0.01880 -0.40289 0.38219 -0.69682 
CHLA:B 0.36585 0.30891 -0.38950 -0.24327 0.31494 0.09328 0.18000 -0.68836 0.78777 -0.55316 
YOOBG 0.07056 0.00101 -0.30542 0.22397 0.47922 0.24043 -0.03677 -0.02423 0.00019 -0.35127 0.20039 
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Table 4. Performance and morphologicaVphysiological traits for the mean of three heat tolerant 
(TOL) and three heat sensitive (SEN) wheat varieties, averaged over 16 environments from ME5 B 
(IHSGE 1990-1994). 

Trait TOL SEN S.E. % difference 

Yield and Components 
Yield (t/ha) 4.4 3.8 0.08 14 
Biomass (tlha) 10.9 9.5 0.21 13 
No. Grains (m2) 12.6 11.6 0.28 7 
Kernel Mass (mg) 35 33 0.5 6 
Harvest Index (%) 42 40 0.5 7 
No. Spikes (m2) 410 381 12.2 7 
Grains/Spike 32 31 0.8 3 

Phenological 
Days to Anthesis 63 59 0.3 6 
Days to Maturity 97 93 0.5 4 
Days of Grainfilling 34 34 0 

Morphological 
Early Ground Cover (%) 36 36 0.7 0 
Ground Cover at Anthesis (%) 82 80 1.0 2.5 
Biomass at Anthesis (tlha) 6.2 6.0 0.1 3 
Spike No. at Anthesis (m2) 510 460 14.3 10 
Height (em) 81 76 0.8 6 

Physiological 
Yield per Day (kg ha-1d-1) 
Biomass per Day (kg ha-1d- 1) 
Grainfilling Rate (kg ha-1d- 1) 

45 
III 
126 

41 
103 
113 

9 
7 

II 

Table 5. Physiological parameters for the mean of three heat tolerant (TOL) and three heat sensitive 
(SEN) wheat varieties measured on flag leaves at three phenological stages, pre-heading (PRE-H), 
heading (HEAD) and grainfilling (GFILL) in Tlaltizapan, Mexico, 1991/1992. 

PRE-H HEAD GFILL 

Canopy Temperature Depression (0C) 
TOL 7.4 9.0 6.5 
SEN 7.1 7.9 5.7 
S.E. 0.21 0.22 0.11 

Photosynthesis (mgC02dm- 1h- 1) 

TOL 37.8 35.1 28.8 
SEN 38.1 31.5 25.3 
S.E. 0.57 0.53 0.74 

Chlorophyll (mgdm-2) 

TOL 4.7 4.9 4.8 
SEN 4.9 5.0 4.2 
S.E. 0.047 0.050 0.058 

Internal C02 Concentration (!!mm- 1) 
TOL 275 285 255 
SEN 280 300 275 
S.E. 3.1 3.9 5.1 
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Chapter 2.� Analysis of the Relationship between Physiological Traits 
and International Yield Data 

M.P. Reynolds, O.A.A. Ageeb, S. Nagarajan, M.A. Razzaque, and S. Rajaram 

Introduction 

Background. Continual heat stress affects approximately 7 million ha of wheat in developing countries, 
while terminal heat stress is a problem in 40% of the temperate environments, which encompass 36 million 
ha. In a recent consultancy with NARS representatives from the major wheat growing regions in the 
developing world, heat stress was identified as one of their top research priorities (CIMMYT, 1995). The 
current project evaluating physiological selection criteria that may assist breeders select for more heat 
tolerant wheat led on from earlier collaborative work between CIMMYT's Wheat Program and NARS, 
namely the International Heat Stress Genotype Experiment (lHSGE). These studies indicated significant 
genetic diversity for heat tolerance in modem semidwarf spring wheat varieties and its association with a 
number of physiological traits (Reynolds et al. 1992; Reynolds, 1994; Reynolds et aI., 1994; Amani et aI., 
1996; Reynolds et aI., 1997). Based on these results, crosses between heat tolerant and heat sensitive 
parents were made to assess the potential genetic gain of applying physiological and morphological 
selection criteria in segregating generations. Subsequent work was incorporated into the current project 
supported by UK's Overseas Development Administration (ODA) holdback facility. 

Canopy temperature depression. Although several physiological traits were tested for potential use as 
selection criteria for heat tolerance in this study, the principal focus was on the measurement of canopy 
temperature depression (CTD) using an infra red thermometer. CTD was believed to be the most promising 
technique for a number of reasons: (i) it is extremely rapid, integrating the CTD of scores of wheat plants in 
a plot in a few seconds, (ii) earlier work had shown CTD to be predictive of heat tolerance of varieties in 
several wheat growing environments (Reynolds et aI., 1994), and (iii) background studies at CIMMYT had 
indicated the optimal stages of development and environmental conditions to maximize genetic expression 
for the trait (Amani et aI., 1996). In addition, while no causal relationship has been demonstrated between 
CTD and heat tolerance, both theory and experimentation show it to be intimately associated with crop 
assimilation processes, lending it credibility as a worthwhile trait for crop improvement. 

Selection for simple versus quantitative traits. There are several stages in the breeding process at which 
selection pressure can be applied for a trait of interest. Traditional plant breeding attempts to maximize 
selection pressure in early generations for reasons of efficiency. Early generation selection (F2-F4) is 
practical when selecting for relatively simple traits such as disease resistance, phenology, and agronomic 
type, because a high proportion of progeny are genetically fixed in early generations. On the contrary, for 
quantitative traits such as CTD, segregation is still highly likely in early generations, and later generation 
selection will be a more reliable strategy to fix the trait of interest. However, delays in applying selection 
pressure makes selection for quantitative traits less attractive to most breeders, where selection for 
dominant traits still plays a big role in breeding methodology. For these reasons, this project focused on 
evaluating CTD as a selection criterion at different stages in the breeding process: (i) in early generation 
derived bulks (BULKS), (ii) among intermediate generation (F5) derived RILs, and (iii) in advanced lines 
(ALs) already selected empirically for heat tolerance. The objective was to evaluate the flexibility of CTD 
as a selection tool, given the multiple selection criteria that must be incorporated into a breeding 
methodology. 
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Collaboration between NARS and CIMMYT. A major strength of the current study was the partnership 
between CIMMYT and NARSs working in hot wheat growing environments. By testing materials in 
representative environments worldwide, conclusions regarding the primary objective could be interpreted 
on a much broader basis than with a more narrowly focused study. At the same time, the partnership 
enabled the formation of other objectives: (i) Determining G*E in hot wheat environments and confirmation 
of reliable international testing sites; this information can assist a more strategic approach to germplasm 
and information exchange, as well as provide crucial feedback to the centralized breeding strategy 
coordinated by CIMMYT; (ii) Dissemination ofdiverse genetic material for heat tolerance traits; while 
integral to the project's primary objectives, materials distributed were of sufficient genetic diversity to avail 
themselves to re-selection by NARS and CIMMYT breeding programs, as well as provide genetic stocks 
for future strategic research on heat tolerance; (iii) Enable wheat scientists at collaborating NARS to gain 
experience in evaluating the use ofphysiological selection criteria to complement breeding objectives. In 
addition to sponsoring NARS scientists to visit CIMMYT and gain hands-on experience in evaluating the 
use of physiological selection criteria to complement breeding objectives, the ODA-funded project also 
provided for the purchase of equipment to be used in future breeding and research activities of the 
participating NARS. 

Screening genetically diverse wheat lines for heat tolerance traits. Trials were established in India and 
Mexico to screen material from the Indian and world wheat collections in an attempt to find new and better 
sources of heat tolerance traits, such as CTD, chlorophyll content, rate of biomass accumulation, and kernel 
weight. Previous studies have shown heat tolerance to be associated with membrane thermostability 
(Shanahan et aI., 1990; Reynolds et aI., 1994). This trait was evaluated on lines from the Indian collection 
by measuring expression in heat acclimated seedlings. Seedling screening is a potentially attractive option 
in breeding, since large numbers of plants can be measured within a relatively short time frame. 

Selecting for quantitative physiological traits in FS individual plants. Breeding for quantitative traits is 
more complex than selecting for dominant traits, as discussed earlier. Nonetheless, if selections for traits 
such as photosynthetic rate or leaf chlorophyll could be made on individual plants as opposed to yield plots, 
this would increase efficiency considerably. Photosynthesis and related traits were measured on F5 
individual plants to assess whether the traits were expressed in lines deriving from those individuals, and 
their association with heat tolerance. 

Materials and Methods 

Experimental sites. In total up to 15 experimental environments were involved in five countries over two 
years: 4 Mexican environments Ciudad Obregon (2 dates), Tlaltizapan (2 dates), 4 sites in Sudan, 3 sites in 
Bangladesh, 3 sites in India, and 1 site in Nigeria. Summaries of locations (Appendix, Table 1) and 
meteorological data (Appendix, Table 2) are presented. 

Breeding materials. Three types of breeding material were used in order to test the potential utility of trait 
selection at different stages of the breeding program. They were F2 derived BULKS from Fang60*Seri82 
(Cross 1); Fang60*7Cerros (Cross 2); Seri82*7Cerros (Cross 3) grown internationally in 1994/95 (IHSGE 
V) and from Nesser*Pavon grown internationally in 1995/96 (IHSGE VIA); RILs derived from randomly 
selected F5 heads of the BULKS from Crosses 1-3 (grown in 1995/96 at two or three locations in Mexico); 
and breeder selected advanced lines (IHSGE VIB, grown internationally in 1995/96). Some of the 
characteristics of parents in Crosses 1-3 are presented in Table 3 of the Appendix. 
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Physiological traits. Most physiological trait measurement was conducted in Mexico. NARS visiting 
scientists were actively involved in the 1994/95 cycle. Traits measured on field plots in the four 
environments in Mexico included: canopy temperature depression (CTD) on yield plots (CTD-5), as well as 
on 3-row plots (CTD-3) simulating the planting arrangement used commonly in breeding programs for 
early generation selection. Measurements were made with an IR-thermometer (TelatemplEverest) after 
anthesis, between noon and 4 pm when resolution for the trait is highest (Amani et aI., 1996). Leaf 
conductance (COND) was measured as leaf resistance using a viscous-flow porometer (CSIRO) and 
reported in relative units; it was also measured after anthesis, in the afternoon, on 6-10 flag leaves per plot. 
Flag leaf chlorophyll content was measured at 50% anthesis (CHL-A) and at 10% physiological maturity 
(CHL-M), using a Minolta SPAD meter on 6-10 flag leaves per plot. 

Other traits measured. In addition to physiological traits, two other kinds of traits were measured, 
parametric traits associated with yield components, and traits typically evaluated visually. Parametric Traits 
included: Grain yield, Final biomass (above ground), Grains/m2, Kernel weight, Grains/spike, Harvest 
index, Spikelet sterility (upper and lower spike).•Visual' Traits included: Days to anthesis, Days to 
maturity, Height, Spikes/m2, Awn length, Peduncle length, Spike length, % Ground cover at anthesis, 
Breeder's scores (1-5). Except for the traits Ground cover, and Breeder's score, which were estimated 
visually, all other traits were measured parametrically. 

Screening genetically diverse wheat lines for heat tolerance traits. Physiological traits in genetically 
diverse wheat lines were evaluated on 100 lines provided by the Indian Bank, the World Collection at 
CIMMYT, and synthetics from the CIMMYT Wheat Program's wide crosses group. These were evaluated 
in Tlaltizapan, Mexico, and Indore, India. 

Screening for new sources of membrane thermostabiJity using seedlings. Membrane thermostability 
(MT) was estimated through conductivity measurements of electrolyte leakage from leaf tissue of 10-day
old, heat-acclimated seedlings, after subjecting them to heat shock of 49°C for 1 h. Work was conducted in 
collaboration with Professor James Quick while on sabbatical leave at CIMMYT from Colorado State 
University. 

Selecting for quantitative physiological traits in F5 individual plants. The heritability of photosynthetic 
rate between individual F5 plants and F5:7 lines was evaluated in collaboration with Colegio de 
Postgraduados, Montecillo, Mexico. The methodology was essentially as follows. F5 generation: 
photosynthesis measured on 200 random plants in 8 F2:5 BULKs from one cross. F6 generation: divergent 
selection for photosynthesis, head rows grown for F5:7 lines. F7 generation: high and low PS lines grown 
for yield and evaluation of photosynthesis. 

Statistical techniques. All field trials were laid out in lattice designs. Besides standard ANOVA, the 
following statistics were calculated as appropriate: phenotypic correlations, genetic correlations, realized 
heritability, proportion of direct response (PDR), canonical regression analysis. 

Results 

Validation of CTn as Selection Criterion for Heat Tolerance 

F2-derived bulks. Of the physiological traits measured, CTD measured on BULKS was generally best 
correlated with their yields in Mexico (Table 1). Morphological traits such as above ground biomass and 
grains/m2 often showed better correlations, as expected with traits that are auto-correlated with yield itself. 
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To estimate relative heritabilities of traits between F4 and F5 BULKS, traits measured at different locations 
in Mexico in F5 were compared with data collected on unreplicated plots in the F4, for Cross 3 between 
Seri82*7Cerros, having the greatest contrast in heat tolerance. Phenotypic correlations indicated the highest 
association for days to flowering, intermediate levels for CTD and chlorophyll at anthesis, and poor 
association for yield (Table 2). These results were consistent with calculations of realized heritability (not 
shown). 

Phenotypic correlations between physiological traits measured in Mexico and yields measured at 
international locations were generally weaker than for within site correlations, though genetic correlations 
and values for proportion of direct response to selection for CTD indicated that environmental error was 
one factor reducing the strength of correlations. For BULKS of Crosses 1-3, phenotypic correlation between 
the average yield for all II international sites (X-YLD) and traits measured in Tlaltizapan and Obregon 
(Table 3) show a clear trend for CTD, chlorophyll at anthesis (CHL-A) and yield to be positively correlated 
with X-YLD, and combined analyses indicated statistical significance. For the cross Nesser*Pavon, 
evaluation of traits was conducted in F4 BULKS for comparison with international performance in the F5. 

Table 1. Phenotypic correlations between wheat Table 2. Phenotypic correlation between traits 
yields and traits for F2:derived bulks of 3 crosses measured on F2:4 plots in Tlaltizapan and trait 
(l=Fang60*Seri 82; 2=Fang60*7C; 3=Seri expression in F2:5 plots at 3 locations in Mexico, 
82*7C), Obregon (March sown), 1994/95. for the cross Seri 82*7C. 

Cross 1 Cross 2 Cross 3 Combined Trait Tlaltizapan Obregon Obregon 
(n=14) (n=30) (n=16) (n=60) (Feb) (March) 

Biomass 0.84** 0.59* 0.85** 0.72** Yield 0.09 0.11 0.12 
CTD 0.63** 0.51 * 0.69** 0.54** Days to Anthesis 0.89** 0.70* 0.74** 
Chlorophyll CTD 0.49* 0.72** 0.30 
maturity 0.44 0.33 0.21 0.22 CHL-A 0.61* 0.56* 
Spikes/m2 0.42 0.43 -0.02 0.30* 

• denotes significant at ::; 0.05 

'Significant at ~ 5% level •• denotes significant at ::; 0.01 

No trend for: Kernel weight 
Days to anthesis/maturity 
Height 

Table 3. Phenotypic correlation between wheat plant traits measured in Obregon (March sown) 
Mexico and mean performance of F2-derived bulks at 11 international warm wheat growing sites, 
1994/95 cycle. 

Trait Cross 1 (n=14) Cross 2 (n=30) Cross 3 (n=16) Combined (n=60) 

Yield 0.24 0.31 0.68* 0.45** 
CTD 0.22 0.38* 0.41 0.27* 
Chlorophy11 anthesis 0.43 0.17 0.24 0.30* 
Conductance -0.13 -0.31 -0.10 -0.15 
Kernel weight 0.31 0.14 0.16 0.37** 
Height -0.41 -0.11 -0.49* -0.55** 
Days to maturity -0.22 -0.13 -0.39 -0.47** 

'Significant at ~ 5% level 
No trend for:� Biomass 

Spike number 
Days to anthesis/maturity 
Chlorophyll - maturity 
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CTD measured on F4 BULKS at three locations in Mexico was generally significantly associated with 
average performance of F5 BULKS at 12 hot intemationallocations, while yield and visual evaluations by 
breeders were not (Table 4). 

While these associations suggest that CTD may be useful in identifying heat tolerance of early generation 
bulks, a more interesting test is whether BULKS with high CTD produce a higher proportion of heat 
tolerant lines. This was tested by taking random heads from BULKS to make RILs and evaluating their heat 
tolerance. At the same time, physiological traits were tested on the RILs to provide more definitive 
evidence of the genetic association between CTD and heat tolerance, and of the potential value of selecting 
for quantitative traits in intermediate as opposed to early generations. 

Performance of RILs predicted by CTD of original BULKS. Recombinant inbred lines from all three 
crosses showed a clear association between superior heat tolerance and higher CTD in the BULKS from 
which they were derived (Table 5). These data suggest that CTD is a useful way to screen early generations 
for material likely to yield heat tolerant lines despite the probability of further segregation. Yield of 
BULKS, however, was not a reliable indicator of heat tolerance. 

Selecting for quantitative physiological traits in F5 individual plants. Measurements of photosynthesis, 
leaf conductance and leaf chlorophyll in F5 individual plants showed high heritabilities with measurements 
made on F5 derived F7 sister (Appendix, Table 4), as well as significant correlations with yields under heat 
stress (Table 6). Full details of this study will be presented separately (Gutierrez et al., 1997). 

Table 4. Phenotypic correlations between traits Table 5. Phenotypic correlations between yields 
measured in F4 Bulks in Mexico and average of recombinant inbred lines (RILs) averaged over 
performance of F5 Bulks at 12 hot international 3 sites in Mexico (1995/96), and traits measured 
sites for the cross Nesser*Pavon, 1995/96. on original Bulks in Obregon (March sown) 

1994/95.
Trait measured in 

RILs 
Trait Tlal (Dec) Tlal (Jan) OBG March 

Trait Measured Cross 1 Cross 2 Cross 3 
Yield 0.31 0.14 0.26 on Bulk n=33 n=120 n=40 
CTD 0.44** 0.28 0.33* 
Visual Selection 0.26 0.26 0.01 CTD 0.48** 0.36** 0.50** 

* denotes significant at::; 0.05 
Yield 0.43* 0.17 0.00 

** denotes significant at::; 0.01 
No trend for: Grains/m2 

* denotes significant at ::; 0.05 
** denotes significant at ::; 0.0 I 

Kernel weight 
Phenology 

Table 6. Phenotypic correlation between traits measured in F5 individual plants in Tialtizapan 1994/ 
95 and agronomic traits in F5 derived F7lines (averaged for 2 sowings datesTlaltizapan 1995/96). 

Yield MAT BMS HI gm-2 TGW Chi A 

Photosynthesis 0.50* 0.29 0.50 0.38 0.50 0.11 0.65 
Leaf Temp -0.20 -0.14 -0.27 0.04 -0.23 0.11 -0.34 
Conductance 0.60* 0.39 0.61 0.41 0.58 0.18 0.77 
Internal [CO2] 0.68* 0.45 0.62 0.64 0.67 0.18 0.65 

oc ::; 0.05 when r:2: 0.47. 
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Recombinant inbred lines. RILs from the cross Seri*7C (Cross 3), with the greatest contrast in heat 
tolerance, showed a very strong relationship between CTD and yield, providing strong evidence of a genetic 
basis for the association between CTD and heat tolerance (Table 7). Chlorophyll at anthesis was also 
strongly correlated with yield, as was height. In Cross 1 (Seri*Fang 60), breeders' selection pressure was 
applied in the F6 (for agronomic type and disease resistance in a temperate environment). In these lines 
CTD was correlated with yield (Table 8) but not as strongly as in the previous cross, while height was not. 
For the cross Fang*7C (Cross 2), similar and highly significant trends were observed (not shown), though 
associations were generally weaker, perhaps due to the use of augmented single rep designs. 

Advanced lines. Phenotypic correlations between traits measured in Mexico and the average performance 
of the 60 lines across 15 international locations (X-YLD) indicate the power of CTD to predict performance 
and, in some cases, yield itself (Table 9). Using data from ALs it is possible to quantify the potential effect 
of selecting for CTD on performance at different international sites (Appendix, Table 5) and compare with 
selection for other traits; in most cases selection for CTD is very favorable. 

Genotype by Environment Interaction (G*E) among Hot Wheat Growing Regions 

G*E was examined using data from the 60 advanced lines grown at all 15 international sites. Cluster 
analysis grouped environments such that rank changes among lines was minimal (Crossa et aI., 1995). The 
analysis indicated two main groups, one larger group which included Nigeria, 3 sites in Sudan, all 3 sites in 

Bangladesh, 3 sites in Mexico, and the site in NW 
India. The other cluster included two sites in south Table 7. RILs from SERI 82 * 7C (n=40); 
and central India, one site in Mexico, and one in correlation between average yield and traits 
Sudan. The results confirm Tlaltizapan to be the best measured at two dates in Tlaltizapan Mexico, 
site in Mexico for predicting yields in Bangladesh, 1995/96. 
NW India, Sudan and Nigeria, and indicated NW 

Trait T1altizapan Dec T1altizapan Jan India as a good site for heat tolerance screening. 

Correlation analysis corroborated these observations CTD 0.64** 0.55**� 
Chlorophyll-anthesis 0.35* 0.42** and indicated March sowings in Obregon as an� 
Chlorophyll-maturity 0.33* 0.10 additional site for heat tolerance screening.� 
Breeder score 0.17 0.03� 
CTD-pre-heading -0.36* -0.36*� 

Table 9. Phenotypic correlations between averageHeight * -0.66** -0.73** 
yields of 60 advanced lines at 15 and 11Anthesis 0.24 0.25 

CTD with plant height -0.57** -0.37* international sites and traits measured in Mexico, 
1995/96.

Statistically significant at ~ 5% level 

Average Yield 
Table 8. RILs from SERI 82 * FANG 60 (n=33); Trait n=l1t n=15 
correlation between average yield and traits 

Obregon March measured at 2 sites in Mexico, 1995/96. 
Yield 0.62** 0.59** 

Trait Tlaltizapan Dec Obregon March CTD-3 row plot 0.66** 0.56** 
CTD-5 row plot 0.65** 0.58** 

Yield 0.64** 0.41 *� 
CTD 0.39* 0.55** Tlaltizapan� 
Ch1orophyll-anthesis 0.54** 0.38* Yield 0.74** 0.56**� 
Anthesis 0.59** 0.38* CTD-3 row plot 0.37** 0.38*� 
Maturity 0.60** 0.33* CTD-5 row plot 0.35** 0.25*� 
Height -0.27 -0.36*� t II locations with least G*E determined by cluster analysis for 
CTD-pre-heading -0.16 crossover interactions. 

* Significant at :5 0.05 level 
*statistically significant at ~ 5% level ** Significant at :5 0.01 level 
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Screening Genetically Diverse Wheat Lines for Heat Tolerance Traits 

Several lines were identified that had heat tolerance traits with values higher than for the check (Seri82), 
including CTD, CHL-A, CHL-M, and growth rate (Table 10). The laboratory based test for MT used on 
heat acclimated seedlings demonstrated a high degree of genetic variability for this trait in genetically 
diverse wheats from the Indian collection (Appendix, Table 6; Quick and Reynolds, 1997). 

Discussion 

Validation of Use of Early Generation Selection Criteria for Heat Tolerance 

Canopy temperature depression. CTD was the physiological trait best associated with heat tolerance in 
these studies. The results indicated the robustness of CTD as a selection trait, with potential application at 
early (BULKS), intermediate (RIL) and late (AL) stages of selection (Figure 1). While CTD measured on 
BULKS was generally significantly, though not highly, correlated with performance of BULKS at other 
locations (Tables 3-4), their CTDs were highly significantly correlated with yields of RILs deriving from 
the BULKS (Table 5). In contrast to CTD, yields of BULKS were not a good indicator of heat tolerance in 
RILs. The fact that CTD was highly correlated with heat tolerance in both unselected RILs, as well as 
advanced lines which had already undergone selection for heat tolerance, is a clear indication that CTD is a 
powerful screening tool with potentially wide application in early as well as subsequent generations. 

F2-derived bulks. The main problem with working with early generation derived BULKS, especially when 
left largely unselected so as not to cause genetic bias, is that they are highly heterogeneous and not 
necessarily well adapted to the environments. In many cases the high values for proportion of direct 
response to selection for CTD (not shown) reflected the poor relationship between yields in Mexico and 
those in many international sites where they were tested. Since most breeding programs do not handle their 
material in this way, the relationships between traits and international performance are perhaps difficult to 
interpret. Nonetheless, the value of measuring CTD in early generations was clearly demonstrated by the 
good performance of RILs deriving from BULKS with favorable CTDs. A logical follow up is to compare 
CTD of individual F2 plants with performance in subsequent generations. 

Table 10. Lines exhibiting high values of heat tolerance traits in comparison to Seri 82, 
Tlaltizapan 95/96. 

SDWHT Yield Days to Kernel Dry Chlorophyll Chlorophyll Growth Rate 
No. Line (tIha) maturity weight (mg) at anthesis (at 10% mat) CTD (kglhald) 

1 V2213-BW 2.9 102 51 39 32 5.1 97.0 
2 02712-DW 2.6 114 45 45 32 6.9 97.2 
10 D1578-DW 2.9 101 55 47 40 5.6 69.3 
16 D2812-DW 2.0 117 38 49 38 6.1 104.4 
28 HW2008-BW 4.8 93 40 36 33 5.6 171.0 
29 HW2021-BW 3.6 101 37 44 40 4.5 99.1 
63 MOTIA-DW 3.6 108 43 40 33 6.3 102.2 

Seri 82 4.8 106.0 39.5 44.0 33.1 5.5 125.3 

Mean(n=100) 3.5 104 41 40 32 5.3 106.5 
LSD 1.04 4.1 3.8 3.66 4.06 1.53 98.0 
CV 14.8 2 4.6 4.6 6.3 13.48 49.0 
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Recombinant inbred lines. The high correlations between yield and CTD for RILs suggests a role for CTD 
in screening intennediate generations for heat tolerance. A potential strategy would be to select in early 
generations for agronomic type and disease resistance under temperate conditions, followed by selection for 
CTD under heat stress on F4 or F5 derived head rows, when a greater proportion of lines are genetically 
fixed. Recombinant inbred lines from the cross Fang*Seri were subjected to selection for diseases and 
agronomic type in F6 head rows. While their association between CTD and yield (Table 8) was not as 
strong as for the unselected RILs from Seri82*7C (Table 7), the results for the fonner were more 
convincing from a breeding point of view, as heat tolerance was not confounded by undesirable 
characteristics such as height. An interesting pattern emerged in this material, where the relationship 
between yield and CTD measured prior to heading was weakly negative, in contrast to the positive 
correlation observed post-heading (Table 11). These observations on largely unselected materials were not 
seen in varieties (Amani et aI., 1996) and need to be considered when establishing selection protocols. 
Further work will be needed to understand the physiological basis of the response. 

Selecting quantitative traits in F5 individual plants. The fact that measurements of several physiological 
traits in F5 individual plants showed high heritabilities with measurements made on F5 derived F7 sister 
lines, as well as significant correlations with yields under heat stress (Table 6), indicates the potential of 
screening for quantitative traits on individual plants in early generation derived bulks. The data complement 
the results showing the association between CTD measured in F5 bulks and perfonnance in RILs (Table 5). 

Potential genetic gains of selecting for CTD. To give an idea of how selection for CTD might improve 
heat tolerance in terms of perfonnance, mean yields were calculated for high and low CTD groups, where 
high and low CTD represented the lines in the top and bottom 50 % of specific germplasm groups with 
respect to their CTD (Table 12). For the NILs (Seri82*7C), yield for the high CTD group averaged 4.1 tlha 
and the low averaged 3.3 tlha, representing a difference of 1.0 °C in average CTD between the two groups. 
For the ALs, using data averaged across both sowing dates in Tlaltizapan, the high CTD lines had an 
average yield of 5.2 tlha in comparison to 4.7 tlha for the low CTD group, representing a difference of 0.5 
°C in average CTD. Selection for CTD gave an apparently greater resolution for yield in the NILs than the 
ALs as one might expect from unselected material. 

Table 11. Genetic correlations between yield and Table 12. Average yields of high and low canopy 
the traits canopy temperature depression (CTD), temperature depression groups, for two sets of 
and chlorophyll content (CHL), for RILs of two germplasm, 40 F5:7 inbred lines (RILs) from the 
crosses, Tlaltizapan, Mexico, 1995/96. cross Seri82/Siete Cerros 66, and 60 heat tolerant 

advanced lines (Als), measured in Tlaltizapan,
Cross Seri 82*Siete Cerros (n=40) R 

Mexico, 1995/96. 
CTD pre anthesis -0.46 

Top 50% Bottom 50% Difference 
CTD post anthesis 1.0 

RILs Seri82/SC66 (n=40) 
CHL anthesis 0.34 

Yield (t/ha) 4.1 3.3 0.8 
CHL maturity 0.39 CTD (DC) 9.8 8.8 1.0 

Cross Seri 82* Fang 60 (n=33) R ALs (n=60) 

CTD pre anthesis -0.66 Yield (t/ha) 5.2 4.7 0.5 
CTD (DC) 7.5 7.0 0.5 

CTD post anthesis 1.0 

CHL anthesis 1.0 
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Comparison of CTD with other physiological selection criteria. An important part of this project was to 
compare CTD as a selection criteria with other physiological selection traits. The results of this study 
indicate that CTD generally gives a more reliable association with yield than the other two physiological 
traits investigated. In some ways this is not surprising, as CTD is measured on a plot basis, unlike leaf 
conductance (L-COND) or CHL-A, which are measured on individual leaves. This increases experimental 
error since fewer plants are incorporated into an average reading. Chlorophyll measured at anthesis and leaf 
conductance seem to be useful selection criteria for heat tolerance, but canonical correlation analyses 
suggest that they would not improve selection efficiency very much where CTD is already being measured. 
Correlation analyses also indicate a degree of auto-correlation exists between CTD, COND, and CHL-A. 
However, they may be useful techniques for the selection of individual plants, where CTD measurements 
are difficult with current technology. Leaf conductance and CHL-A may also be alternative selection criteria 
to CTD in humid environments where low vapor pressure deficit does not permit good expression of CTD 
(Amani et aI., 1996). 

Comparison of CTD with morphological selection criteria. While a number of the traits measured 
appeared to be associated with yield in different studies, CTD was generally the most consistent. Where 
data from several locations permitted yield to be evaluated as a selection criterion itself, it sometimes 
predicted average yields better than CTD (Tables 3 and 9), sometimes equal to CTD (Tables 8 and 9) and 
other times not at all (Tables 4 and 5). Canonical regression analysis was used to compare physiological and 
visual traits. For example, for Cross 2 of the BULKS (Fang60*7C) grown in Obregon (March sown), CTD, 
COND, and CHL-M together explained 53% of the variability with yield. The easily observed "visual" 
traits, spikes/m2, anthesis & maturity dates, and height, explained 28% of the variability. For RILs of 
Seri*7C, 57% of the variability in yield could be explained by physiological traits and 59% by visual traits, 
with a combination explaining 72% of the total 
variability. For Seri*Fang60, CTD and CHL-A Table 13. Canonical correlation analysis between 
alone explained 50% of the variability in yield, yield of 60 advanced lines averaged across 15 
visual traits (spikes/m2, height, and days to anthesis international sites and traits measured in 
and maturity) explained 46% and the combination Obregon (March) Mexico, 1995/96. 
of visual and physiological traits explained 58%. 

Trait Correlation coefficientFor canonical regression analysis with ALs, where 
traits measured in Mexico were compared with Variability explained by physiological traits 39% 
average yield across 15 international environments CTD 0.59 
(X-YLD), physiological traits explained almost Chlorophyll-anthesis 0.20 

Chlorophyll-maturity -0.1440% of the variability with yield, while visual traits 
Conductance -0.23explained 20%; in combination they explained 

43%. Yield and all other morphological traits Variability explained by visual traits 20% 
combined explained 46% of the variability (Table Anthesis 0.22 

Maturity 0.0213). Where more than one trait may be associated 
Spikes/m2 0.19with yield, the most practical approach is to 

develop a selection index. Canonical regression Combined effect 43% 
analysis was made to see which traits could best 

Variability explained by morphological traits 46% 
explain X-YLD when used in an index. The Yield 0.59 
combination of yield and CTD appears to be the Biomass 0.45 
best combination, CTD explaining 37% and yield Grains/m2 0.58 
35%, and the combination explaining 46%. Adding Test grain weight -0.26 

Grains/spike 0.44spikes/m2 and anthesis to the model explains no 
Spike length 0.41further variability in X-YLD. Even when all traits 
Sterility -0.21

are added to the model, only a further 16% of the 
Combined effect 64% 
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variability is explained. In conclusion, while CTD may not be the only trait associated with heat tolerance, 
it is one of the most reliable and has the advantage of being easier to measure than most other traits. 

Determining G*E in Hot Wheat Environments and Confirming Reliable International Testing 
Sites 

Cluster analysis for the advanced lines confirmed Tlaltizapan to be the best site in Mexico for predicting 
yields in most of the wheat regions studied, with the notable exception of central and peninsular India. This 
information can assist CIMMYT and NARS in strategic approaches to germplasm exchange, and indicated 
additional screening environments to CIMMYT's centralized breeding program, based in NW Mexico. 
While temperatures are similar between Tlaltizapan and late sowing in NW Mexico, differences in 
genotypic ranking may be related to photoperiod effects associated with sowing times. 

Better Understanding of the Physiological Basis of Variation in Heat Tolerance Traits 

In terms of improved understanding of physiological mechanisms, the main achievement of this work has 
been to prove a genetic link between CTD and heat tolerance by demonstrating their association in 
recombinant inbred lines (Table 7). Physiological and morphological data measured in the different 
experiments demonstrated an association between the following: grain yield under heat stress, above ground 
biomass, canopy temperature depression, stomatal conductance, and leaf chlorophyll content. Together 
these suggest that heat tolerance is source (assimilate) limited. Further studies would need to be undertaken 
to establish whether the primary limitation is related to photo-assimilation or assimilate utilization. Other 
work suggests that dark respiration and membrane thermostability are associated with heat tolerance 
(Reynolds et aI., 1997), and in vitro work on starch synthase has shown the heat sensitivity of this enzyme 
to be a possible rate limiting step to grain filling at temperatures above 25 C (Keeling et aI., 1994). 

Use of CTD as an Efficient Method for Evaluating Heat Tolerance in Yield Trials 

For the 60 advanced lines, average yields at 15 international sites were predicted equally well by either 
CTD or yield, measured at the bread wheat breeding station in Obregon with late sowing (Table 9). CTD 
and yield were among the best traits to predict yield (Appendix, Table 7). Data also indicated that CTD 
measured on 3-row plots was an equally good predictor of yield as those measured in yield plots, 
suggesting that the technique could be used to do selections on small plots. Since a reliable yield estimate 
requires a plot about five times bigger than that needed for a CTD estimate, the latter should be considered 
an efficient alternative to the former. The CIMMYT Bread Wheat Program is considering using CTD as a 
selection criterion in preliminary yield trials for heat tolerance. Alternatively, yield and CTD could be 
combined in a selection index as a more powerful indicator of heat tolerance, based on results from 
canonical regression analysis of these data. 

Identification of Genetic Diversity for Heat Tolerance Traits 

Field trials to screen material from the Indian and world wheat collections for new sources of heat tolerance 
traits were encouraging (Table 10). Follow-up studies already underway offer the hope of providing suitable 
new sources of heat tolerance to breeding programs. If that becomes a reality, it may open a window of 
opportunity for extending the wheat cropping cycle in vast areas of the world, such as South Asia, where 
high temperatures at the end of the winter cycle limit higher yield potential. Previous studies have shown 
membrane thermostability to be associated with heat tolerance (Shanahan et aI., 1990; Reynolds et aI., 
1994). Material from the Indian collection expressed considerable genetic diversity for membrane 
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thermostability when measured in heat acclimated seedlings. Seedling screening is an attractive option for 
breeders, as large numbers of plants can be tested within a short time frame. This also poses the possibility 
of using controlled environments for screening, offering greater reliability and repeatability in comparison 
to the more variable field environment. 

Future Use of Germplasm and Technology 

The germplasm distributed by the project can be used by breeders looking for new sources of heat tolerance 
as well as for strategic research. The RILs distributed this cycle from two crosses can be used to test the 
genetic basis of heat tolerance essentially for any trait for which genetic diversity is detectable. Information 
generated by this project is, or shortly will be, available on a public database called the International Wheat 
Information System (Fox et aI., 1996). The Indian Wheat Program is planning a project to evaluate 
physiological trait selection on germplasm from three major wheat growing regions in India where yields 
are reduced by heat stress, namely the NW zone, where approximately 4.5 million ha of wheat experience 
late heat stress; the NE zone, where 4 million ha experience hot and humid conditions; and approximately 2 
million ha in the central and peninsular zones, which are continually hot. 

Conclusions 

Recommendations to breeders on CTD as an early generation selection criterion. Most of the data 
generated by the project point to CTO as a reliable indicator of heat tolerance that is robust enough to be 
used at different stages of selection (Figure 1). The recommendation has been delivered to breeders to 
compare methodologies involving CTO with conventional approaches, using current breeding material. 

Confirmation of reliable international testing sites for heat tolerance. Cluster analysis as well as 
correlation among sites indicate timely sowing in Tlaltizapan to be the best environment in Mexico for 
predicting yields in Bangladesh, NW India, Sudan and Nigeria. They also indicated NW India as a good site 
for heat tolerance screening, and confirmed the current CIMMYT site for heat screening (Obregon, March 
sown) to be reasonably representative. 

CTD-an efficient method for evaluating heat tolerance. International yield testing of 60 advanced lines 
suggests CTO is a powerful predictor of heat tolerance in elite breeding material. CTD, which can be 
evaluated on relatively small plots, should be considered as a complementary and efficient means of 
assessing heat tolerance. 

New genetic diversity for heat tolerance traits. Identification of genetic diversity for physiological traits 
associated with heat tolerance in germplasm collections has already led to follow-up work at CIMMYT. 
Heritability will be tested on lines expressing extremes of favorable traits, and evaluation for CTO is already 
under way on a much broader set of accessions from CIMMYT's germplasm bank. A group from 
CIMMYT's Economics Program has also requested data from the project to help quantify the value of 
germplasm collections. 

NARS-CIMMYT heat tolerance network strengthened. The NARS-CIMMYT heat tolerance 
experimental network (IHSGE), originally established in 1990, has improved its capability through human 
resource development as well as the establishment of research models. Research approaches developed in 
the project can be applied to almost any breeding objective where identification and selection of quantitative 
physiological traits may enable progress. This is particularly true when empirical approaches are not 
meeting demands, such as in marginal environments where problems of breeding for abiotic stress have met 
with limited success to date. 
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Chapter 3. Summary of Data from Bangladesh 

N.C.D. Barma, M. Rahman, R. Amin, Z.I. Sarker, C. Meisner, and M.A. Razzaque 

Executive Summary 

(l)� In F4 early generation selection and onwards, canopy temperature depression may be used as selection 
criteria because of its efficiency. This is very quick method and the IR-thermometer is easy to handle. 
However, in later generations stomatal conductance can be measured. Under Bangladesh conditions, 
heat stress experiments should be conducted only under irrigation. Water stress (residual moisture or 
partial irrigation) will confound the effect of heat. Materials should be tested in hot and irrigated 
environments when selecting high yielding heat tolerant genotypes. 

(2)� The global testing of materials will help to know the varietal response in individual environments, as 
well as to identify reliable testing sites for predicting global performance of the materials. 

(3)� Dissemination to NARSs of germplasm with diversified genetic background is needed. This will help 
in identifying more germplasm with heat tolerance. 

(4)� In varietal selection for hot environments, the physiological basis of heat tolerance is important. 
Physiological traits such as canopy temperature depression, stomatal conductance, and chlorosis are 
promising for measuring heat tolerance. Genetic variability of these traits and response to selection 
should be studied. 

(5)� Indirect selection for heat tolerance can be practiced by looking at such plant traits as early ground 
cover, seedling vigor, stay green, leaf rolling, and biomass. These traits can be studied in the local 
program using thorough biometrical analyses. 

Background 

Late heat is the major environmental constraint to improving wheat production in Bangladesh. Terminal 
heat stress restricts wheat production in both irrigated and rainfed situations, particularly for plantings 
beyond December 20. About 40% of the total wheat area is planted late and results in less yield. Increased 
heat tolerance in late planted wheat is necessary to increase productivity. To overcome this problem, 
development of wheat varieties through vigorous germplasm screening, identification of traits for heat 
tolerance, hybridization with heat tolerant lines, and appropriate crop management should be tried. In this 
paper the former two approaches are discussed. Canopy temperature depression and leaf conductance were 
found to be useful for evaluating heat tolerance. Leaf conductance appeared to be more suitable for the hot, 
humid conditions prevailing in Bangladesh. Evaluation of new techniques (membrane thermostability test) 
for measuring heat tolerance should be emphasized. 
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Introduction 

Bangladesh is situated between 21 °34' and 26°38'N latitude and 88°45' and 92°40'E longitude, with 
elevations between 5 and 39 m. The mean temperature during the coolest month (January) is about 18°C. 
December and February are about I-2°C and March is about lO-12°C hotter. 

Relative humidity ranges from 62% to 87%. In Bangladesh wheat is grown mainly in the rice-based 
farming system. The transplanted rice and wheat pattern covers about 54% of the cropped area. About 80% 
of wheat is planted late because of the long maturing rice varieties and delayed harvesting of rice. Late 
planting is further aggravated by the long tum-around time between the two crop systems due to difficulties 
of quick seed bed preparation. Late planted wheat is thus subjected to high temperatures at the reproductive 
stage, forcing premature ripening and also limited response to cultural practices for high yield (Midmore et 
aI., 1984; Shipler and Blum, 1986). High temperature during grain filling (terminal heat stress) is thus 
considered as the major environmental factor reducing the wheat production in Bangladesh. With the 
current wheat varieties, planting after December I under Bangladesh conditions results in potential yield 
loss of 1.3% per day/hectare for each day of delay (Saunders, 1988). This reduction in yield agrees with 
observations by Fischer and Maurer (1976), who reported a 4% reduction in grain yield for every unit 
increase in temperature between tillering and grain filling. 

Research on heat tolerance thus presents some unique challenges. This is because the situation necessitates 
more heat tolerant genotypes to increase present yield levels. Researchers should pinpoint the plant traits 
that show high association with grain yield and considerable genetic variation under heat stress. 
Identification of sources of resistance to heat is very important. Several physiological traits have been 
investigated in different countries with warm environments and genetic material found promising for 
evaluating heat tolerance. The use of physiological screening techniques, together with breeders' empirical 
selection methods, increases the efficiency of selection and would conserve a lot of heat tolerant genetic 
materials that are visually lost during the screening process. The objective of this study is, therefore, to 
study the possibility of using physiological traits such as canopy temperature depression, leaf conductance, 
chlorophyll content, and membrane thermostability test as selection tools for heat tolerance. 

Materials and Methods 

Experimental sites. Germplasm was evaluated for heat tolerance at three sites: Dinajpur, Jessore, and 
Rajshahi. Summaries of the locations and meteorological data are given in Table 1. 

Table 1. Seeding dates and other special features of experimental sites, 1995-96 cycle. 

Mean cycle Mean Temperature 
Sowing Elevation (days) during crop growth 

Location date Coordinates (m) Anthesis Maturity max. min. 

Dinajpur 20/12/95 25°38'N 
88°41E 39 70 100 28.8 19.4 

Jessore 23/12/95� 23°11 'N 
89°01 'E 7 72 100 30.5 17.9 

Rajshahi 21/12/95� 24°01 'N 
89°00'E 18 70 97 28.6 16.1 
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Breeding materials. Two sets of CIMMYT germplasm (6th IHSGE-A and 6th IHSGE-B) were received. 
Set A consisted of 33 segregating populations of the cross Pavon*Nesser, while Set B consisted of 60 elite 
bread wheat lines with diverse genetic backgrounds developed at CIMMYT, Mexico. In set A, the varieties 
Nesser and Seri 82 were used as heat tolerant checks and Pavon was used as the heat susceptible check. In 
set B, the varieties Fang 60 and Siete Cerros were included as varieties with wide adaptation in addition to 
Nesser and Seri 82. 

Methods. The experimental design was 2-replicated lattice square with 6 blocks for set A and 8 blocks for 
set B. Unit plot size was 5 m x 8 rows with row spacing of 20 em. The crop was grown using the 
recommended package of practices with irrigation. The germplasm was evaluated under heat stress 
environment in all the sites simulated by planting dates (December 20-25). Throughout the growing season, 
vegetative and physiological characteristics were recorded for all genotypes grown. At harvest time yield 
and yield components were determined. 

Physiological traits measured. Two physiological traits, canopy temperature depression (CTD) at Jessore 
and leaf conductance (COND) at Dinajpur and Rajshahi, were measured. CTD measurements were made 
with a hand-held IR-thermometer after anthesis between noon and 4 pm, when resolution for this trait is 
highest. Leaf COND was measured as leaf resistance using a viscous flow porometer (CSIRO) and 
expressed in an arbitrary (relative) unit. It was measured after anthesis in the afternoon on 6-10 flag leaves 
per plot (Reynolds et ai., 1994). 

Other traits measured. Grain yield, biomass at maturity, grains/m2, kernel weight, grains/spike, harvest 
index, spikes/m2, early ground cover (EGC), etc. 

Results and Discussion 

IHSGE-A. Significant variability was found among the sister lines for different traits (Table 2). Within this 
set of materials, correlations between CTD and yield are moderate and the CTD of the selected lines is 
relatively higher than that of the sensitive check Pavon 76. Most of the selected sister lines outyielded the 
susceptible checks but could not outyield the resistant check Nesser. The mean yield of 2 sites (Dinajpur 
and Jessore) is relatively low due to very poor yield at Jessore as a result of management constraints. The 
selected lines will be further evaluated for heat tolerance in the ensuing season. 

Table 2. Performance of the selected sisters of Nesser*Pavon from IHSGE-A in Bangladesh, 1995/96. 

Anthesis Maturity CTD TGW Grain yield 
Genotype # Pedigree/cross (days) (days) °C (g) (tlha) 

1 Nesser/Pavon 76 98 -3.9 34.5 2.33 
5 Nesser/Pavon 73 99 -3.4 33.0 3.01 

15 Nesser/Pavon 76 96 -3.5 32.0 2.70 
23 NesserlPavon 70 97 -3.4 30.8 2.23 
29 Nesser/Pavon 71 96 -2.4 34.8 2.33 
34 Nesser 69 97 -3.1 33.8 2.80 
35 Pavon 71 97 -2.6 26.8 1.83 
36 Seri 82 70 97 -2.8 29.5 2.76 

IHSGE-B. The advance lines were evaluated for heat tolerance in late sowing against the heat tolerant and 
widely adapted varieties, i.e., Kalyansona, Nesser, Seri 82, and Fang 60. 
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Phenotypic correlations were calculated for the relationships between different traits and yield for Rajshahi, 
Dinajpur, and Jessore. The physiological parameters CTD and conductance showed strong correlation with 
mean site yield (Table 3). Other yield contributing traits like spikes/m2 , grains/spike, grains/m2, and EGC 
(analyzed at Rajshahi only) were also shown to be strongly correlated with grain yield, indicating the 
importance of these traits for heat tolerance. Mean performance of the promising heat tolerant genotypes is 
shown in Table 4. The selected genotypes will be further evaluated under heat stress conditions and the most 
promising ones will be included in the hybridization program. 

Table 3. Correlation of different traits with grain yield within the genotypes of IHSGE-B, 1995/96. 

Correlation with Mean and Location wise grain yield 

Traits Site mean Dinajpur Rajshahi Jessore 

COND-DIN 0.26* 0.63** 0.04 -0.19� 
COND- RAJ 0.36* 0.29* 0.71 ** 0.19� 
Mean COND 0.46* 0.36** 0.45** 0.05� 
CTD1-JESS 0.19 0.04 0.09 0.19� 
CTD2-JESS 0.30* -0.09 0.28* 0.33**� 
Mean CTD 0.32* -0.05 0.25 0.34**� 
EGC-DIN 0.95**� 
EGC-RAJ 0.83**� 
Spikes m-2 0.29*� 
Grains spike-I 0.27*� 

2Grains m- 0.43** 

Table 4. Summary of performance of selected genotypes from IHSGE-B, 1995/96. 

Grain Yield (tfha) 
SI Entry Anth Mat L CTD 
# # Cross/pedigree (d) (d) COND 1 (0C) DIN RAJ JESS Mean 

1 9 VEE#5//PF 703541MUS 70 98 43.0 -5.2 1.68 2.20 1.50 1.80 
2 15 ALDANnAS 58//0PATA 70 97 55.0 -5.5 1.66 2.08 1.88 1.87 
3 25 TURACO/CHIL 70 97 35.0 -4.7 2.07 2.35 1.56 1.99 
4 32 CHILIBUC 67 95 37.5 -3.9 1.93 2.81 1.54 1.76 
5 40 MN#663/41 CS/LE.RA 112*CS/3IPVN 67 99 39.5 -4.8 2.39 1.69 1.22 1.77 
6 46 PGO//K134(60)NEE 71 98 38.5 -4.7 1.98 2.09 1.86 1.86 
7 52 KAUZ*2//DOVEIBUCIBUC/3 72 100 38.5 -4.3 2.37 1.84 1.43 1.88 
8 58 KAUZ*2ITC*6/RL5406 (RL 6043)/3/KAUL 71 99 44.0 -3.7 1.66 2.13 1.82 1.87 
9 61 FANG 60 64 95 38.5 -4.4 1.98 2.06 1.48 1.84 
10 62 SERI M 82 75 97 49.0 -5.0 2.25 1.41 1.12 1.59 
11 63 SIETE CERROS T66 68 95 36.5 -3.4 2.24 1.73 1.30 1.76 
12 64 NESSER 71 97 36.5 -3.3 2.12 1.52 1.30 1.65 

Note: Leaf conductance is expressed in an arbitrary unit. Higher values indicate low conductance (higher stomatal resistance). 

Conclusion 

CTD appeared to be a useful tool for selecting heat tolerant genotypes having a positive association with 
superior performance. CTD may complement empirical selection for wheat in warm environments. Leaf 
conductance seems to be a useful selection criterion for heat tolerance. The results suggest that leaf 
conductance may be a alternative to CTD in hot and humid environments like Bangladesh, where lower 
VPDs do not permit the expression of CTD, as also reported by Reynolds et al. (1994). 
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Future program on heat stress 

a.� Hybridization: Based on results of the 1st and 2nd IHSGE conducted by CIMMYT in collaboration 
with NARSs at different sites within India, Sudan, Bangladesh, Nigeria, and Mexico, a few heat 
tolerant (TOL) and heat sensitive (SEN) parents (TOL=Seri 82, Fang 60, Nesser, SEN=Kalyansona, 
Trigo 3, Pavon 76) were identified. In the ensuing season, a hybridization program involving the TOL 
and SEN parents will be initiated to assess the potential genetic gain of applying physiological and 
morphological selection criteria in early generations. 

b.� Screening diverse wheats for heat tolerance: A large amount of germplasm will be collected from 
tropical and subtropical countries. It may consist of CIMMYT World collections, synthetics derived 
from the CIMMYT wide crossing program, as well as germplasm from countries such as India, Sudan, 
and Nigeria. Physiological parameters such as CTD, leaf conductance, and leaf chlorophyll content 
will be used to evaluate germplasm for heat tolerance. 

c.� Chlorophyll content: Chlorophyll concentration will be measured by Minolta chlorophyll meter at 
anthesis and at physiological maturity to determine the rate of leaf senescence. This trait was also 
suggested as a possible selection tool for evaluating heat tolerance by Reynolds et al. (1994). 

d.� Evaluation ofnew techniques for identifying heat tolerance: The membrane thermostability test is 
based on conductivity measurements estimating electrolytic leakage from the leaf tissue after heat 
shock treatment. Shanahan et al. (1990) obtained a significant increase in spring wheat yields in hot 
locations by selecting membrane thermostable lines as determined by measurements on flag leaves at 
anthesis. Reynolds et al. (1994) conducted MTS test on 16 genotypes under IHSGE-l &2 and observed 
that membrane relative injury level was in the 18-68% range. Thus this test will be used beginning the 
coming season for mass screening of genotypes for heat tolerance. 
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Figure 1. Maximum and minimum temperatures (DC) at two locations of Bangladesh during 1994-95 
and 1995-96. 

Summary of Trial Data - ODA Heat Project 

Site: Jessore, Bangladesh 

IHSGE V IHSGE VI-A IHSGE VI-B 
1994/95 1995/96 1995/96 

Sowing date 10.12.94 23.12.95 21.12.95 
Date of 1st irrigation 31.12.94 13.01.96 11.01.96 
Date of 50% emergence 15.12.94 28.12.95 26.12.95 
Date of 50% flowering 15.02.95 04.03.96 01.03.~6 

Date of 50% maturity 22.03.95 01.04.96 28.03.96 
Mean trial yield (kglha) 1245 1000 1206 

Comments: 
1. Heavy weed infestation in 95/96. 
2. Pest damage (bird damage at maturity, 2 rat damage) 

• bird damage at maturity 
• bird rat damage causing poor plant population 

Note: 
There were management problems due to political disturbances this year in Jessore (1995/96). 
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Crop Management. ODA Heat Project Summary of Trial Data· ODA Heat Project 

Site: Dinajpur, Bangladesh 

1994/95 

Fertilizer rates 
N=100 kglha 
P=60 kglha 
K=40 kglha 
S=20 kglha 

Irrigations 
1st irrigation at 

CRI (17.01.95) 
2nd irrigation 

at heading (04.03.95) 
3rd irrigation 

at grain filling (16.03.95) 

Pesticides 
not used 

Soil type 
sandy loam to sandy clay loam 
pH 5.0 - 5.5 

1995/96 

N=100 kglha 
P=60 kglha 
K=40 kglha 
S=20 kglha 

1st irrigation at 
CRI (10.01.96) 

2nd irrigation at heading 
(22.02.96) 

3rd irrigation at grain 
filling (14.03.96) 

not used 

sand clay loam 
pH 4.5 - 5.0 

Site: Rajshahi. Bangladesh 

IHSGE VI-B 
1995/96 

Sowing date 21.12.95 
Date of 1st irrigation 10.01.96 
Date of 50% emergence 26.12.95 
Date of 50% flowering 27.02.96 
Date of 50% maturity 26.03.96 
Mean trial yield (kglha) 1859 

Comments: 
1. Severe leaf rust infection in many genotypes. 
2. Moderate to high sterility in some genotypes. 
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Chapter 4. Summary of Data from India 

R.R. Hanchinal, D. Mohan, K.N. Ruwali, J. Rane, R.P. Singh, S. Nagarajan, and J.P. Tandon 

Executive Summary 

Validation of the use of early generation selection criteria 
for yield performance under a range of environments 
It is clear from the analyzed data that of the different physiological traits tested, CTD is the most reliable, 
simple and rapid. By and large, it holds good for only homogeneous material. As the mean yield across the 
environments has been correlated with CTD, location specific factors influencing the trait have been 
ignored. Hence, the method needs to be tested at different locations. Since factors such as plant height 
highly influence CTD, specifications and precautions must be listed for effective use of this trait. 

Dissemination among NARS of diverse genetic materials showing 
variation for traits related to adaptation to hot conditions 
Many genotypes have been selected as potential sources of heat tolerance based on the relative performance 
of various IHSGE lines tested in different locations. These will be subjected to vigorous testing at different 
locations and used in local stress tolerance breeding programs. The IHSGE planted in at least two Indian 
locations showed that there are some heat tolerant lines in this material. Heat tolerance primarily revolves 
around physical yields. Such lines have been picked up by plant breeders and are being further evaluated. 

Better understanding of the physiological basis of variation for traits related to heat tolerance 
From the data generated by this project, it was evident that stay-green (the ability to retain chlorophyll for a 
longer period) and membrane thermostability help genotypes survive and perform well in hot environments; 
greater grain no/unit area is more important than even grain weight. Since CTD is related to 
evapotranspiration, it is likely that genotypes with high expression for this trait transpire more when water 
is not a limiting factor; this may partly explain why CTD is not effective under all conditions. 

Use of selection criteria by scientists in local programs and to conduct 
and analyze large yield trials using the latest biometric tools 
Local programs use yield as a selection criterion, in addition to other traits (number of tillers, grain size, and 
stay-green of flag leaf and peduncle) to select genotypes for heat tolerance. However, centers collaborating 
in the ODA heat project are now equipped with instruments for measuring traits associated with heat 
tolerance such as canopy temperature depression and membrane thermostability. The Directorate of Wheat 
Research, Kamal, the nodal center, has scientists who were exposed to these techniques at CIMMYT, 
Mexico, and are capable of using the latest biometric techniques. 

Background 

Wheat, an important winter cereal in India, is grown on over 23.5 million hectares under diverse 
agroclimatic conditions. On the basis of mean temperature in January, the coolest month of the crop season, 
it can be said that wheat is grown under hot or very hot conditions. Furthermore, the degree of heat stress to 
which the crop is exposed is largely determined by geographical location and time of sowing. 
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In the North West Plains Zone, which is relatively cooler and thus more productive than others, wheat is 
sown after the highly remunerative basmati rice. Late maturing basmati rice compels farmers to delay wheat 
sowing. As a result, the crop is exposed to above optimal temperatures late in the cropping cycle. Further, 
very often heat waves from the Great Thar Desert cause devastating damage. The project directorate is 
located in this zone. 

Central India has the largest wheat area sown under rainfed conditions. Crop survival largely depends on 
stored soil moisture at the end of the monsoon and one or two spells of uncertain showers. Ever increasing 
ambient temperature and depleting soil moisture create an inhospitable crop environment throughout the 
growing season. At later stages of crop growth, vertisols develop deep crevices that sever roots and subject 
plants to acute water stress, particularly when ambient temperature rises to 35°C. 

Peninsular India is located between 8°N and 21 ON latitude and between 73°E and 85°E longitude. Though 
heat prevails during all 100 days of the growing period, wheat is traditionally grown in this crop 
environment. As a result of the green revolution, traditional low yielding wheat cultivars were replaced by 
Mexican semidwarf genotypes. However, despite new irrigation projects and the high yield potential of 
genotypes, yields remained substantially low. Efforts are being made to develop wheat genotypes that are 
better adapted to higher temperatures. 

The All India Coordinated Wheat Improvement Programme (AICWIP) conducts identical trials at 30 
different sites in India that fall broadly under six megaenvironments. Experiments have revealed tolerance 
of wheat genotypes to high temperatures at different stages of growth. 

In order to strengthen efforts aimed at improving wheat yields under heat stress, an ongoing DWR heat 
tolerance wheat program was added to CIMMYT's IHSGE with financial aid from an ODA-UK research 
fund. 

Details of Experiments Conducted 

Experiments were conducted at the IARI-Regional Wheat Research Station, Indore, located in the Central 
Zone, and at Ugar in Kamataka State, located in the Peninsula Zone. 

Experiments conducted at Indore 
A trial including 16 wheat varieties was received from CIMMYT, Mexico, during 1993-94. The crop was 
planted on 26.11.93 as per instructions. Among the varieties, Seri-82, CNO*2/HE-1 and PEA'S produced 
around 55 q/ha yield. The varieties which performed well were tested during 1994-95 and 1995-96. 
Genotypes Seri 82, Nesser, Tepoca, and Glennson consistently produced higher yields in all three seasons. 

As part of the ODA project, IHSGE-V (1994-95) was planted on 30.11.94. A normal dose of fertilizer was 
applied @ 100:60:30 kg/ha NPK. The crop was highly segregated in plant height, ear character, flowering, 
etc. Only four irrigations were given. Fang 60 and its sister lines produced more than 40 q/ha grain yield. 
However, check variety Sonalika produced more yield than any other genotype. 

During 1995-96, a nursery including 100 genotypes, 6th IHSGE-A (36 varieties) and 6th IHSGE-B (64 
varieties) was received from CIMMYT, Mexico. The trial was planted on 7.12.95. Normal doses of 
fertilizer and irrigation were applied to the crop. 
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In the 6th IHSGE-A, 7-8 crosses of NesserlPavon produced about 55 q/ha yield. The yields were quite high 
compared to local checks and released varieties. Most genotypes flowered 68 to 75 days after sowing. Some 
genotypes showed minor rust incidence late in the cropping cycle, which did not affect grain production. 
However, some varieties were of the open glume type, and shattering was a problem in the post-ripening 
stage. This glume type seems to be undesirable for our conditions. 

About 20-25 IHSGE-B genotypes produced more than 58-64 q/ha and a similar number of varieties 
produced more than 55 q/ha. Yields were quite good and higher than those of local checks (released 
varieties). The flowering period varied from 65 to 75 days after sowing. Most genotypes were rust-free. 
Seed of about 20 high yielding genotypes was supplied for inclusion in the 1996-97 National Heat Screening 
Nursery. High yielding varieties will be retested in the coming season. 

It was observed that late sown wheat required frequent irrigation from March till crop maturity. Water 
availability will, to some extent, minimize the effect of heat stress on the crop. 

Experiments conducted at Ugar, Karnataka 
ODA experiments consisting ofIHSGE-A and IHSGE-B were conducted at Ugar, Kamataka. Soil fertility is 
quite high, and irrigation facilities are adequate. The experiments were planted under very late sown 
irrigated conditions on 23 December 1995. While the crop experienced heat stress during the whole crop 
cycle, both maximum and minimum temperatures were quite high at all growth stages. Compared to the 
1994-95 cycle, there was a 2°C increase in mean daily temperature during 1995-96. During tillering, 
anthesis, and grain filling, mean daily temperatures were 23°C, 25°C, and 25-28°C, respectively, indicating 
high heat stress. 

In first experiment (IHSGE-A), grain yield ranged from 1417 kg/ha (No. 29) to 4162 kg/ha (No. 31), with an 
average yield of 3021 kg/ha. Four entries (3, 7, 31, and 32) out of 33 showed numerical superiority over 
high yielding check PAVON (3930 kg/ha). High GCV (18.41) accompanied by high heritability in a broad 
sense (76.1) with high genetic advance (364.37) was observed for yield (Table 1). 

In IHSGE-B, the grain yield varied from 2091.9 kg/ha (No. 63) to 5940 kg/ha (No. 14), with an average 
yield of 3782 kg/ha. Twenty-two entries recorded significantly higher yields over check variety NESSER 
(3072 kg/ha). The top three entries were No. 14 (5940 kg/ha), No. 43 (5665 kg/ha), and No. 59 (5614 kg/ha). 

Table 1. Estimates of range, mean and other variability parameters (IHSGE-A and HTWYT). 

Range Mean PCV GCV H2 GA 

IHSGE-A 
DH 54.0 - 63.5 58.8 5.30 3.83 52.3 3.34 
PH 52.5 - 81.6 65.5 11.88 9.56 64.7 10.38 
SL 4.0 7.5 5.3 17.63 11.78 44.6 0.86 
DM 94.0 - 101.5 96.9 2.81 1.64 33.9 1.90 
YLD 1417 - 4162 3021 21.11 18.41 76.1 367.37 

HTWYT 
DH 53.5 - 60.5 57.0 3.57 2.47 47.9 2.01 
PH 45.5 - 81.5 67.4 13.02 11.36 76.2 13.76 
SL 4.5 8.5 6.2 15.69 8.60 30.1 0.60 
DM 91.5 - 98.0 94.9 3.34 0.53 20.5 0.17 
YLD 2616 - 5823 3918 17.62 12.49 50.3 262.82 
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Screening Diverse Wheats for Heat Tolerance Traits 

A collaborative study with CIMMYT on screening diverse wheats for heat tolerance was conducted at 
TIaltizapan (Mexico) and Indore (India). It included local Indian gennplasm, gennplasm from the 
CIMMYT world collection and synthetic wheats covering three cultivated species of Triticum e.g. aestivum 
(bread wheat), durum (durum wheat), and dicoccum (emmer wheat). Results revealed that even under hot, 
irrigated conditions in Mexico, yield shows a strong positive correlation with grain number, spike number, 
spike length, spike weight, harvest index, and biomass. Rate of biomass accumulation was considered more 
important than total biomass production. Synchrony in flowering and earliness are desirable traits that allow 
genotypes to escape heat stress at grain filling. Under such conditions, grain filling was positively 
correlated with yield. In such harsh environments, there was a big loss in sink because many tillers 
remained unproductive and did not contribute to yield. 

The role of CTD and chlorophyll could not be established in the diverse materials. This is in contrast to 
results of previous studies on more unifonn materials, which found these physiological traits to be 
positively correlated with yield under heat stress conditions. Deviations may exist for durum wheats, tall 
types and emmer wheats. There is need to further investigate the relationship between yield and 
physiological parameters on a wide range of genetically diverse materials. 

The study helped to identify genotypes showing tolerance to this kind of abiotic stress. Such superior 
genotypes were found among local Indian wheats, CIMMYT varieties and synthetics, and every cultivated 
species under investigation. 

Based on earlier studies, the CIMMYT group was of the view that canopy temperature depression can be 
used as an indicator of heat tolerance. It was agreed as part of the aDA project to evaluate a number of 
Indian bread, durum, and emmer wheats, along with wider CIMMYT collections to validate the utility of 
this parameter. Dr. D. Mohan from DWR spent four months in 1996 as a visiting scientist at CIMMYT 
conducting this study at Tlaltizapan. Forty different data points for the 100 entries were generated. 

The statistical analysis of the data continued upon Dr. Mohan's return to India. From Tables 2 and 3, it is 
clear that when short and long cycle bread wheats are observed separately, biomass seems to play an 

Table 2. Bearing of biomass on grain yield under heat stress environments. 

S.No. Type No. Source Biomass Yield 

I Synthetic 5 CIMMYT 10.09 4.3 
2 Elite 15 CIMMYT 9.81 4.2 
3 Elite 15 India 9.65 4.2 
4 Tall (l26±5 cm) 15 all 9.48 3.1 
5 Short (73±5 cm) 15 all 9.27 4.1 

Bread Wheat 
6 Long duration (I 08±2 days) 15 all 9.49 3.6 
7 Short duration (98±2 days) 15 all 9.33 4.0 
8 Local 15 India 9.05 3.2 

Durum Wheat vs Bread Wheat 
9 Durum (l05±5 days) 15 all 8.84 3.3 
10 Bread wheat (l05±5 days) 15 all 8.73 3.1 

Emmer Wheat (dicoccum) 
11 Indian 5 India 8.79 3.0 
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important role in yield under heat stress in the short cycle types. The mean yield of 15 short cycle genotypes 
was higher under those conditions. Neither canopy temperature nor chlorophyll content had any bearing on 
yielding ability under heat stress. Bread 'wheats that take 105 days or longer to mature showed less 
correlation between biomass and yield under comparable conditions. 

When the same physiological traits were compared in a group of bread wheats and a group of durums of 
similar maturity, it was noted that even under heat stress, the durums always yielded less than the bread 
wheats. Also, the relationship between biomass and yield under these conditions was statistically 
significant, better for bread wheat than for durums. 

Five synthetics and five emmer wheats were included in the trial, and it was noted that the emmers' biomass 
has a very high relationship with yield under stress. The synthetic wheats behave in the same manner. 
CIMMYT's current elite materials were found to produce higher amounts of biomass. 

Table 3. Relation between yield and different physiological parameters (15 gen. in each group). 

Correlation with yield Mean value 
BM HI CTD CHL YLD BM HI CTD CHL 

Early vs Late in Bread Wheat 
a. Short duration (98 + 2 days) 

0.68* 0.36 -0.21 -0.09 4.04 9.33 0.43 3.96 39.17 
b. Long duration (l08 + 2 days) 

0.58* 0.85* -0.01 0.44 3.63 9.49 0.38 4.38 39.55 

Durum vs Bread Wheat 
a. Durums (105+5 days duration) 

0.64* 0.67* -0.27 -0.41 3.14 8.73 0.36 4.73 40.10 
b. Bread Wheat (105+5 days duration) 

0.78* 0.61 * -0.08 0.43 3.29 8.84 0.37 4.17 37.47 

Short vs Tall 
a. Short (73±5 cm) 

0.56* 0.61 * 0.15 -0.40 4.05 9.28 0.44 4.14 39.47 
b. Tall (126±5 cm) 

0.57* 0.30 0.51 0.10 3.08 9.48 0.33 4.68 39.30 

Indian vs CIMMYT Bread Wheats 
a. CIMMYT Elite 

0.85* 0.75* -0.52 
b. Indian Elite 

0.60* 0.61 * 0.14 
c. Indian Local 

0.75* 0.62* 0.56* 
d. CIMMYT Synthetics (5 genotypes) 

0.88* 0.96* -0.27 

0.29 

0.10 

0.51 * 

0.24 

4.22 

4.25 

3.19 

4.29 

9.81 

9.66 

9.06 

10.09 

0.43 

0.44 

0.35 

0.43 

3.89 

4.30 

4.32 

4.35 

41.76 

37.36 

35.89 

40.79 

Indian vs CIMMYT durums 
a. Indian durum (10 genotypes) 

0.56 0.63* 0.23 
b. OCIMMYT durum (10 genotypes) 

0.68* 0.05 -0.02 

0.44 

-0.02 

3.43 

2.81 

9.08 

9.22 

0.38 

0.31 

4.54 

5.19 

38.20 

44.32 

100 Diverse genotypes 
0.67* 0.88* 

Genetic correlation 
0.27* 0.65* 

-0.33 

-0.43 

-0.06 

-0.31 

3.53 9.15 0.39 4.35 40.13 
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Summary of Trial Data - ODA Heat Project Meteorological Data - ODA Heat Project 

Site: Dharwad. India Site: Dharwad. India 

IHSGE VI·A IHSGE VI·B 
1995/96 1995/96 

Sowing date 23.12.95 23.12.95 
Date of 15t irrigation 23.12.95 23.12.95 
Date of 50% emergence 28.12.95 28.12.95 
Date of 50% flowering 20.02.96 18.02.96 
Date of 50% maturity 01.04.96 02.04.96 
Mean trial yield (kglha) 3021 3782 

Crop Management - ODA Heat Project 

Site: Dharwad. India 

1995/96 

Fertilizer rates 
60 kg nitrogen:60 kg Pps: 40 kg kzO at the time of sowing 
40 kg N at 30 days after sowing 
20 kg N at 45 days after sowing 

Irrigations 
pt irrigation at 23.12.95 
2nd irrigation at 07.01.96 
3rd irrigation at 22.01.96 
4th irrigation at 06.2.96 
5th irrigation at 25.2.96 
6th irrigation at 12.03.96 

Pesticides: not used 

Soil Type: black alluvial 

Summary of Trial Data - ODA Heat Project 

Site: Indore. India 

IHSGEV 
1994/95 

Sowing date 
Date of 1st irrigation 
Date of 50% emergence 
Date of 50% flowering 
Date of 50% maturity 
Mean trial yield (g1m2 ) 

30.11.94 
30.11.94 

19-28.02.95 
05-10.03.95 
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Year 1994/95 
Oct 
Nov 
Dec 
Jan 
Feb 
March 
April 

Year 1995/96 
Oct 
Nov 
Dec 
Jan 
Feb 
March 
April 

IHSGE VI-A 
1995/96 

07.12.95 
07.12.95 
15.12.95 

15-10.02.96 
20.28.03.96 

505 

TempoC 
max mean 

31.26 
29.80 
29.80 
29.54 
32.82 
36.87 
39.0 

31.06 
31.03 
31.86 
31.22 
34.58 
37.19 
39.50 

TempoC Rain 
min mean hmm 

21.48 134.80 
18.20 
13.13 
14.09 49.50 
15.39 
17.96 
19.86 

21.29 63.10 
17.10 21.80 
16.16 
15.29 
16.65 
19.32 
19.83 

IHSGE VI-B 
1995/96 

07.12.95 
07.12.95 
15.12.95 

12-16.02.96 
18.26.03.96 

562 
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Chapter 5. Summary of Data from Nigeria 

I. Abubakar and L.B. Olugbemi 

Executive Summary 

Under Nigerian conditions, significant differences in yield were observed among the tested genotypes, 
especially between the best and the poorest lines, possibly due to the high coefficients of variation. At high 
temperatures, especially at post-anthesis, only genotypes that are truly adaptable clearly demonstrate yield 
superiority. 

Generally, conditions in Tlaltizapan, Mexico, appear similar to those in many warm environments, which 
makes it a very reliable site for predicting global performance. 

Nigeria's participation in the aDA IHSGE project, apart from affording the opportunity of identifying 
genotypes that are more adaptable to local conditions, provides access to diverse genetic resources for 
further breeding. 

Some of the parameters measured--especially biomass, canopy temperature depression, and leaf 
chlorophyll content-have provided better understanding of the underlying basis for variation in traits 
related to heat tolerance in wheat. 

The training offered at CIMMYT through the project to Mr. Ibrahim Abubakar, a member of our staff, has 
made him better suited to handle wheat trials, in particular the IHSGE trials. 

Finally, the equipment obtained through the project will continue to provide the country with useful tools 
for further work. 

Introduction 

Wheat production in Nigeria is presently less than 10% of national requirements. The land sown to wheat in 
the 1988/89 season is estimated at 200,000 ha, with a low average yield of 1.0-1.5 tlha. Wheat, being a 
temperate crop, is very sensitive to high temperatures, which greatly limit its yield and more or less 
determines its potential in the tropics. 

High temperatures during the growing season hasten crop development. They also have adverse effects on 
various yield parameters including tillering, head size, grain size, and test weight. Since the environment 
cannot be manipulated to suit the crop's needs, efforts must be made to breed and/or select heat-tolerant 
lines better adapted to warm/hot and humid climates. This is why Nigeria's participation in the International 
Heat Stress Genotype Experiment, aimed at increasing wheat production in the warm environments, is 
considered very beneficial to the country. 

Experimental Sites 

The Kadawa irrigation site, a substation of the Institute for Agricultural Research, Samaru, Zaria, is located 
in Kano state, Nigeria, at latitude 11 ° 39'N and longitude 08° 02'E. The soil is predominatly sandy loam. 
Night temperatures during the growing period are low, ranging from a monthly mean of 9.5 - 12.5°C in 
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January to a mean of 19.3 - 20.8°C in April. Mean monthly maximum temperature is 29.3 - 31.2°C in 
January, and rises to a mean of 37.2 - 38.7°C in April (Tables 1 and 2). In Nigeria wheat is normally sown in 
OctoberlNovember and harvested in March/April. Mean minimum and maximum temperatures in November 
to December are about the same as those in January but the latter is slightly cooler in some years. 

Relative humidity during the growing season ranges from 49% to 65% at 0700 h, declining to about half of 
this value at 1600 h (Table 3 and 4). Wind speed is relatively constant, hovering between 144 to 110 km/d, 
except in April 1996, when it declined to about 94 km/d. Both the temperature and humidity were 
determined with the equipment supplied by the project through CIMMYT, Mexico. 

At the second site, Talata Mafara in Sokoto state, latitude 12°33', longitude 06°05'E, sunshine hours during 
the growing season are usually 7-8 per day, except in April, 1995, when the hours dropped to about 5 per 
day (Table 5). At this site, relative humidity, as well as maximum and minimum temperatures (Tables 5 and 
6), are similar to those of Kadawa. Due to serious bird damage in the 1994/95 cycle and the late release of 
irrigation water in the 1995/96 season, results from the site have not been included in this report. 

Table 1. Kadawa, Nigeria, maximum and Table 2. Maximum and minimum temperatures 
minimum temperature 0700 hr Jan - April, 1995. at Kadawa Irrigation Station, Nigeria, Lat. 

11°39', Long. 08-02, at 0700 h, Jan-Apr 1996.
Temp °C 

Temperature °C
Max. Min. 

Maximum Minimum
January 29.3 9.5 
February 31.5 11.8 January 31.2 12.5 
March 36.6 16.7 February 33.2 13.4 
April 38.7 20.8 March 35.9 18.7 

April 37.2 19.3 

Table 3. Kadawa, Nigeria, wind speed and Table 4. Wind speed and relative humidity at 
relative humidity, Jan - April, 1995. Kadawa Station, Nigeria, Jan-April, 1996. 

Wind ReI. Humidity ReI. Humidity Wind ReI. Humidity ReI. Humidity 
speed (0700 h) (1600 h) speed (0700 h) (0/0) (1600 h)(%) 

January 140.5 53.9 33.5 January 125.1 57.2 25.3 
February 144.1 51.6 23.5 February 121.9 65.1 27.7 
March 131.8 49.0 23.7 March 110.1 51.5 38.5 
April 127.5 58.1 23.6 April 94.3 61.6 22.3 

Table 5. Wind speed and relative humidity at Table 6. Maximum and minimum temperatures 
TlMafara, Nigeria, 1995. at TlMafara Irrigation Station, Nigeria, Lat. 

12.33', long 06-05, 0700 hr, Jan - April, 1995. 
ReI. ReI. 

Humidity Humidity Temperature °C 
Sunshine (0700 hr) (0600 hr) 

hours (0/0) (0/0) Maximum Minimum 

January 7.3 52.0 14.1 January 29.8 12.8 

February 7.7 45.0 10.8 February 32.1 15.1 

March 7.9 59.1 36.5 March 38.7 20.8 

April 4.9 70.8 45.1 April 37.5 23.1 
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Materials and Methods 

Each year, the experiment was planted following the plan and instructions received with the nursery. In 
1994/95, the trials were sown on 4 January 1995, and in 1995/96 on 21 December 1995. Both years, trials 
were irrigated the day after planting. Fertilizer at 100 kg N/ha in two split applications was applied at 
planting and again four weeks after planting. n05 and K20, each at 26 kg/ha, were applied at planting. In 
total, 10 irrigations (at about 55.5 mm per irrigation) were applied. There were no disease attacks, hence no 
application of pesticides. Plots were manually weeded with hoes. By 15 April in 1995 and 10 April in 
1996, the crop had attained 50% maturity and was harvested about a week later. 

Results 

(i)� IHSGE 1994/95: Mean yield, days to heading, and plant height for the 120 genotypes are 1262 kg/ha, 
60 days, and 74.5 cm, respectively. The highest yielder was genotype 16 with a grain yield of 1875 kg/ 
ha, which is significantly higher than the others. Other materials producing yields of about 1600 kg/ha 
are genotypes 110, 12,20,97,38,61,14,70, and 30, which yielded 1800, 1775, 1700, 1675, 1675, 
1650, 1650, 1625 and 1625 kg/ha, respectively. However, these yields were not significantly higher 
than the rest, except for genotype 5 with a significantly lower yield of 650 kg/ha. 

(ii)� There is a negative correlation between yield and days to heading, but a positive correlation between 
yield and plant height, indicating advantage of tallness in such an environment. 

(iii)� IHSGE VI-A 1995/96: Grain yields of the 36 genotypes ranged from 781.8 to 1642.5 kg/ha with a 
mean yield of 1209 kg/ha. The three top yielders were genotypes 25 (1642.5 kg/ha), 22 (1642.5 kg/ha) 
and 36 (1602.5 kg/ha). Their yields were, however, not significantly higher than the others. Days to 
heading ranged from 54 to 66. This trait was negatively correlated with yield, unlike plant height, 
which varied from 46.5 to 72.5 cm and was positively correlated (Table 7). 

(iv)� IHSGE VI-B 1995/96: Grain yield ranged from 861.2 to 2228.8 kg/ha, days to heading from 51 to 67, 
and plant height from 49.5 to 78.0 cm. The mean yield of the 64 genotypes was 1510 kg/ha, with 
genotype 64 (2228.8 kg/ha) significantly the highest and genotypes 46 (861.2 kg/ha) and 41 (936.2 kg/ 
ha) the lowest. Other high ranking genotypes were 62 (2086.3 kg/ha), 61 (2071.3) kg/ha, and 55 
(2000.00 kg/ha). 

As noted in the other trials, grain yield was negatively correlated with days to heading but positively 
correlated with plant height (Table 8). 

Table 7. IHSGE VI-A, Kadawa, Nigeria 1995-96. Table 8. IHSGE VI-B, Kadawa, Nigeria 1995-96. 
Correlations between yield and days to heading Correlations between yield and days to heading 
and plant heading. and plant height. 

Correlation coefficients Correlation coefficients 
Plant Plant 

Yield Days to Heading Height Yield Days to Heading Height 

Yield 
Days to heading 
Plant Height 

-0.0294 
0.6124 

-0.0294 

-0.0653 

0.6124 
-0.0653 

Yield 
Days to Heading 
Plant Height 

-0.1970 
0.4816 

-0.1970 

-0.3055 

0.4816 
-0.3055 
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Discussion 

The main yields of the three trials-1262; 1209, and 1510 kg/ha, respectively-were generally low. This is 
primarily due to late planting, which made the post anthesis period occur when the temperatures were very 
high, thus shortening grain filling. Some of the genotypes still demonstrated their yield superiority by 
exhibiting high ranking. Late planting is due to the late release of irrigation water by the River Basin 
Development Authority. 

In all the three trials, yield was positively correlated with plant height. The crop experienced warmlhot 
conditions at grain filling, and some stem reserves were required by the grains during that short period. This 
may be a very important trait of heat tolerant lines; also important is that the peduncle is still green at grain 
filling. 

Summary of Trial Data - aDA Heat Project 

Site: Kadawa. Nigeria 

IHSGE V IHSGE VI-A IHSGE VI·B 
1994/95 1995/96 1995/96 

Sowing date 04.01.95 21.12.95 21.12.95 
Date of 1st irrigation 05.01.95 22.12.95 22.12.95 
Date of 50% emergence 09.01.95 28.12.95 28.12.95 
Date of 50% flowering 
Date of 50% maturity 15.04.95 10.04.95 10.04.95 
Mean trial yield (kglha) 1262 1209 1510 

Comments: 

• Late planting generally, due to late release of water 

• Cool periods in 1994/95 and 1995/96 were shorten than normal 

• Little weed problem - sedges mainly 

Meteorological Data - aDA Heat Project Crop Management - aDA Heat Project 

Site: Kadawa, Nigeria Site: Kadawa, Nigeria 

TempoC TempoC Rain 1994/95 1995/96 
max mean min mean hmm 

Fertilizer rates 
Year 1994/95 24.01.95 20.12.95 
Jan 29.3 9.5 nil 54 kg hlha 54 kg Nlha 
Feb 31.5 11.8 nil 26 kg Pps 26 kg Pps 
March 36.6 16.7 nil 26 kg Kp 26 kg KzO 
April 38.7 20.8 nil 25.02.95 25.01.96 

46 kg Nlha 46 kg Nlha 
Year 1995/96 

IrrigationsJan 31.2 12.5 nil 
10 irrigations at about 10 irrigation at 55.5 mm Feb 33.2 13.4 nil 
55.5 mm i.e. a total of 555 mm i.e. a total of 555 mm March 35.9 18.7 nil 

April 37.2 19.3 nil Pesticides not used 

Soil type 
sandy loam sandy loam 
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Chapter 6. Summary of Data from Sudan 

I. Amani, O. Rasoul, A. Ibrahim, G. EI-Sarag, M. Mustafa, and O.A.A. Ageeb 

Introduction 

Wheat (Triticum aestivum) is grown as a winter crop in many tropical and subtropical countries under heat 
stress conditions (l7.5°C in the coolest month) (Fischer and Byerlee, 1991). In Sudan there is increasing . 
demand for wheat products. This has resulted in the introduction of wheat cropping to Central Sudan, which 
is more tropical than wheat's point of origin in northern Sudan. These conditions necessitate more heat 
tolerant genotypes. Abiotic stresses such as heat stress were found to be location specific; appropriate traits 
should thus be assessed and verified in the target environment. 

Environmental characterization using newly adopted quantitative techniques is a prerequisite for any 
successful breeding program, as is the identification of sources of resistance to abiotic stresses. 

Researchers need to pinpoint plant traits that show high association with yield and considerable genetic 
variation. After that, the genetic stability and heritability of each trait should be determined to justify its use 
in early versus late generation selection. Breeders normally use visual screening traits such as biomass, 
tillering, and leaf senescence. The use of physiological screening techniques, together with visual methods, 
increases the efficiency of selection and would conserve a lot of heat tolerance genes that are usually lost 
during the screening process. These physiological traits include canopy temperature depression (CTD), 
membrane thermostability, stomatal conductance, and photosynthetic rate, among others. 

Canopy Temperature Depression 

Plant leaf temperature is affected by radiational, conventional, and transpirational processes. Therefore, it 
gives a measure of the plant response to its environment. Transpiration of water from leaves cools them 
down. Temperature depression should be proportional to the evapotranspiration rate. However, continued 
transpiration results in soil moisture depletion, which in turn results in a decrease in transpiration rate and a 
decrease in the magnitude of leaf temperature depression. 

The development of the hand-held infrared thermometer (IRT) made it possible to conduct numerous 
studies to evaluate and compare CTD to other plant water stress indicators (Idso et at., 1981; Diaz et aI., 
1983). Other studies have shown the potential of using cm as a selection tool for drought tolerance, and 
still others have been conducted under irrigated conditions to investigate such stresses as heat (Reynolds et 
aI., 1994). 

CTD can be used to rapidly evaluate thousands of lines, and can be applied at any stage of plant growth as 
long as soil surface is not viewed. A combination of empirical observations and quantitative measurements 
might be the best way to select genotypes that are tolerant to heat stress. Results of the 5th International 
Heat Stress Genotypes Experiment (IHSGE) showed that CTD was highly and positively correlated with 
yield at five hot, dry, irrigated environments. This supports the observation that wheat genotypes capable of 
investing unlimited irrigation water in evaporative cooling are able to carry out normal physiological 
processes and have higher yield potential in hot, dry, irrigated environments. 

Several studies have shown that sufficient variability exists for CT and CTD to be potential tools for 
selection for heat and drought tolerance. However, little has been done regarding the use of these traits in an 
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actual breeding program. If plant breeders are to effectively use this trait, more information is needed on the 
genetic variability for CTD in segregating populations. 

This study was conducted as part of a program that aims at: 

I. Evaluating genetic variability for heat tolerance based on measurements by an infrared thermometer. 
2. Testing the repeatability of the trait. 
3. Testing heritability of the trait via divergent selection. 

Materials and Methods 

The physical environment 
This experiment was grown in a number of countries in megaenvironment (ME) 5, which is characterized 
by hot, dry conditions. The objective was to develop widely adapted cultivars for heat stressed 
environments. In Sudan the experiment was sown in four locations: Sennar, Wad Medani, Shendi, and 
Hudeiba. In Wad Medani, the experiment was sown in the Gezira Research Station, which is characterized 
by short, hot, dry winters. 

In the 1995/96 season, temperatures ranged between 34.4°C and 14.2°C. Compared to other seasons, it was 
hot. The experiment was sown on 1 December 1995, which is late considering the recommended date. 

The germplasm 
The study was comprised of two sets of CIMMYT germplasm (A and B). Experiment A (E-A) consisted of 
34 segregating populations of the cross Pavon*Nesser, while experiment B (E-B) consisted of 64 advanced 
lines developed in Cd. Obregon, Mexico. 

The experimental design 
The design used was a lattice square with two replicatons, 6 blocks for E-A and 8 blocks for E-B. Plot size 
was eight 5-m rows with 15 cm row spacing. Sowing rate was 120 kg/ha. Recommended doses of nitrogen 
and phosphorus (86 kg N/ha and 43 kg P20s/ha) were applied at sowing. 

Data collected 
The data collected were mainly related to phenology, plant height, yield and yield components, and canopy 
temperature. 

Canopy temperature 
Canopy temperature was measured using a hand-held infrared thennometer. Readings were taken in the 
afternoon (13:00 and 14:30 h). The viewing angle was around 40° to the horizontal line above the canopy 
so as to avoid the confounding effect of soil temperature. 

Results and Discussion 

During the course of this season, temperatures were generally slightly higher than in the 1992/93 season. 
This season the difference in maximum temperatures was 4°C, while the minimum temperature increased 
by 3°C. 

Yields were lower than expected (2.3 tlha). This reduction in yields may be attributed to high temperatures 
during growing season. This is in agreement with Fischer and Maurer (1976), who reported a 4% reduction 
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in grain yield for every unit increase in temperature between tillering and grain filling. Moreover, moisture 
stress occurred during grain filling due to lack of irrigation water. Another factor contributing to low yields 
was delayed sowing, which escaped the optimum range of sowing dates for the Gezira area. 

The described conditions shortened the life cycle of the crop, which matured in 91 days. This is considered 
to be within the minimum range for growing seasons in Sudan. Phenological, morphological, and yield data 
are presented in Tables 1a and lb. 

Canopy temperature depression 
Results obtained in this study showed significant differences in CTD among the germplasm used for 
evaluating the trait (p=O.O 1) (Table 1). This is in agreement with the findings of the IHSGE (Reynolds et a!., 
1994) and suggests there is sufficient genetic variability for this trait among wheat germplasm. CTD should 
thus be a useful trait for breeders when selecting for heat tolerance. Moreover, CTD data were consistently 
and highly correlated across all days of measurement (Reynolds et aI., 1994). This shows that CTD is a 
repeatable, consistent test and increases the confidence with which it may be used in breeding programs 
(Tables 2a and 2b). It also allows the rapid testing of many lines, e.g., the large numbers of introductions 
that are evaluated annually in a breeding program. 

CTD measured on advanced lines and segregating populations showed positive phenotypic correlation with 
yield, r=0.26 and 0.40, respectively. Although low compared to the findings of Amani et a!. (1996), the path 
analysis revealed that CTD has a direct main effect on yield (1 .13) and an indirect effect through other 
parameters (days to heading, anthesis, maturity, and spikelets/spike). 

Table 1a. Phenology, yield and yield components, and CTD (6th IHSGE.A). 

Character Min. Max. Mean Sig Se± CV% 

Days to heading 59.00 65.00 62.00 ** 1.04 2.09 
Days to maturity 87.00 96.00 91.00 ** 1.22 1.57 
Plant height (em) 67.00 85.00 76.00 ** 1.34 2.50 
Spike/m2 345.00 545.00 450.00 NS 47.2 8.49 
Biomass (t/ha) 6.10 10.00 8.50 NS 0.68 9.78 
Yield (t/ha) 1.20 2.60 2.00 * 0.24 15.3 
HI% 0.16 0.28 0.23 ** 10.9 
CTD (0C) 8.00 6.10 7.20 ** 0.26 5.21 

* Significant at p<O.OI, ** significant at p<O.05 

Table lb. Phenology, yield and yield components, and CTD (IHSGE-B). 

Character Min. Max. Mean Sig SE± CV% 

Days to heading 54.00 67.00 60.70 ** 1.89 3.12 
Days to maturity 83.50 96.00 91.10 ** 2.40 2.63 
Plant height (em) 64.70 91.20 67.80 ** 1.94 2.53 
Spike/m2 258.30 465.00 369.10 ** 1.38 8.49 
Biomass (t/ha) 9.01 11.90 10.13 NS 0.98 9.70 
Yield (t/ha) 1.70 2.85 2.30 NS 0.32 13.6 
HI% 0.16 0.28 0.23 ** 
CTD (0C) 7.03 4.27 5.66 ** 0.44 7.75 

* Significant at p<O.OI, ** significant at p<O.05 
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Conclusion 

CTD proved to be a rapid, stable test that can be used successfully for selection. 
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Table 2a. Correlation coefficients among CTD 
measured on different days on the 6th IHSGE·A. 

Table 2b. Correlation coefficients among CTD 
measured on different days on the 6th IHSGE·B. 

1 2 3 4 5 6 1 2 3 4 5 6 

2 
3 
4 
5 
6 
7 

0.58** 
0.55** 0.51 ** 
0.36* 0.26 NS 0.14 NS 
0.35* 0.37* 0.50** 0.45** 

0.15 NS 0.52** 0.34* 0.27 NS 
0.23 0.66** 0.32* 0.46** 

0.37* 
0.53** 0.69** 

2 
3 
4 
5 
6 
7 

0.68** 
0.56** 
0.63** 
0.42** 
0.41 ** 
0.77** 

0.75** 
0.63** 
0.61** 
0.60** 
0.92** 

0.64** 
0.42** 
0.70** 
0.87** 

0.64** 
0.40** 
0.80** 

0.17 NS 
0.66** 0.72** 

* Significant at p=O.OI, ** significant at p=O.05 * Significant at p<O.OI, ** significant at p<O.05 

Summary of Trial Data· ODA Heat Project 

Site: Wad Medani, Sudan 

IHSGEV IHSGE VI-A IHSGE VI·B 
1994/95 1995/96 1995/96 

Sowing date 23.11.94 02.12.95 30.11.95 
Date of 1st irrigation 23.11.94 02.12.95 30.11.95 
Date of 50% emergence 27.11.94 05.12.95 03.12.95 
Date of 50% flowering 15.01.95 04.02.96 30.01.96 
Date of 50% maturity 23.02.95 04.03.96 01.03.96 
Mean trial yield (t/ha) 2.4 2.0 2.3 

Comments: 
• IHSGEV. Nothing of importance occurred. 
• IHSGEVI. Subjected to moisture stress during grain filling. 
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Comments: 
The trial was subjected to water stress during heading and early grain 
filling. 

Crop Management. ODA Heat Project 

Cycle: 1995/96 
Fertilizer rates: 186 g urealha (urea =46% N) 
Irrigations: 8 irrigations 
Pesticides: Sprayed with Eratin to control aphids 
Soil Type: Karu soil (loamy clay) organic content 0.9% 
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Summary of Trial Data· ODA Heat Project 

Site: Hudeiba. Sudan 

IHSGEV 
1994/95 

Sowing date 09.11.94 
Date of 1sl irrigation 09.11.94 
Date of 50% emergence 15.11.94 
Date of 50% flowering 08.01.95 
Date of 50% maturity 11.02.95 
Mean trial yield (kglha) 3295 

IHSGE VI-A 
1995/96 

05.11.95 
05.11.95 
11.11.95 
07.01.96 
21.02.96 

4571 

IHSGE VI-B 
1995/96 

06.11.95 
06.11.95 
12.11.95 
09.01.96 
17.02.96 

4532 
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Appendix 

Table 1. Key features of the experimental sites of the 5th and 6th International Heat Stress Genotype 
Experiments. 

Country Site Sowing Month Coordinates Climatic condition 

Mexico� 11altizapan December 18°N 99°W hot, low RH 
llaltizapan January 18°N 99°W hot, low RH 
Obregon February nON 109°W temperate, low RH 
Obregon March nON 109°W late heat, low RH 

Sudan Wad Medani November 14°N 33°E hot, low RH 
Hudeiba November 17°N 34°E hot, low RH 

Bangladesh Jessore December 23°N 14°E hot, high RH 
Dinajpur December 25°N 88°E late heat, high RH 

Nigeria Kadawa, Kana December 12°N 08°E hot, low RH 
India Indore December 22°N 75°E hot, low RH 

Dharwar December 16°N 76°E hot, low RH 
Delhi December 28°N nOE late heat, low RH 

Sudan Sennar November 13°N hot, low RH 
Shendi November l6°N 33°E hot, low RH 

Bangladesh Rajshahi December 24°N 89°E hot, high RH 

Table 2. Monthly mean maximum and minimum temperatures for Tlaltizapan and Obregon, 1994/95 
and 1995/96 cycles, Mexico. 

Location� Year Nov Dec Jan Feb March April 

Tlaltizapan 1994/95 Max 31.6 31.4 30.9 32.6 34.7 35.6 
Min 12.3 10.9 11.0 12.3 13.4 14.7 

Tlaltizapan 1995/96 Max 31.1 29.2 29.2 32.0 33.1 35.1 
Min 13.1 10.0 7.0 10.3 12.3 14.5 

Feb Mar April May June 

Obregon 1995 Max 27.2 29.3 31.7 34.3 37.6 
Min 11.9 11.4 9.9 14.7 20.1 

Obregon 1996 Max 28.3 29.2 33.1 35.9 
Min 10.3 9.5 12.6 18.0 

Table 3. Mean yield at 16 hot, low RH environments and physiological traits measured in Tlaltizapan 
Mexico for lines used as parents in heat tolerance studies. 

Average 
Line YLD MT MT Resp Conduc- Photo- PSI CHL YLD YLD 

16 sites CTD flag seed dark tance synth CHL CHL Ci a:b Obr* % Loss 

Fang 60 3990 5.4 29 38 7.1 0.73 34.0 5.37 31.1 276 3.38 6109 0.53 
Seri 82 4586 6.7 29 24 9.0 0.61 34.3 4.60 36.7 260 3.51 6302 0.37 
7C 66 3707 6.0 53 40 6.2 0.64 31.7 5.32 29.3 278 3.25 5560 0.50 

Mean 4094 6.0 37 34 7.4 0.66 33.4 5.10 32.4 271 3.38 5990 0.47 

* Obr - Yield under temperate conditions. 
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Table 4. Realized (25% selection pressure) heritability estimated for leaf photosynthesis rate, leaf 

temperature, stomatal conductance, C02 intercelular and chlorophyll content through lines F5 to F7 

(average of two dates). 

Leaf C02 
PS rate Temperature Gs Intercelular Chlorophyll 

Heritability 1.0 0.5 0.88 0.79 1.0 

*With any heritability from FS to Fl. 

Table 5. Percent difference in yield at international sites of top ranking 30 lines versus bottom 

ranking 30 lines with respect to traits measured in Mexico on 60 advanced lines, 1995/96 cycle. 

Averages 
Trait (15 sites) Sudan(4) India (3) Bangladesh(3) Nigeria(l) 

Yield 6% 3% 4% 4% 3% 
(Obregon March) 

eTD 6% 1% 4% 4% 2% 
(Obregon March) 

Conductance 2% -1 % 3% 1% -4% 
(Tlalti zapan) 

Spikes/m2 2% 5% 1% 0% -6% 
(Average) 

Table 6. Cell membrane relative injury for 50 Indian lines. 

Cultivar Injury(%) Species Cultivar Injury(%) Species 

N-59 34 17.0 Dur Malvi Loc 36 43.1 Dur 
MACS 2759 49 17.8 Dic Bundi Loc 26 43.9 Aes 
PBN 1716 22 19.2 Aes HW 1093 50 44.0 Dic 
Kharch 65 7 19.9 Aes Mand. Red 30 44.6 Aes 
Baxi 23 37 20.5 Dur NI9223 9 45.6 Aes 

Indi 62 2 25.6 Aes HI 7483 40 46.6 Dur 
Madya Loc 27 28.8 Aes LOK-l 13 47.3 Aes 
HDR 145 45 29.4 Aes NP200 43 47.4 Dic 
ASW 1057 19 30.2 Aes AKW 65-1 23 47.4 Aes 
RS 392 10 30.9 Aes Raj 1777 17 48.0 Aes 

Bund. Loc. 25 31.1 Aes AM-206 46 49.7 Dic 
Bansi-168 38 32.9 Dur GWL331 8 49.8 Aes 
HI 8351 35 35.0 Dur K 8027 11 49.8 Aes 
Raj 1555 42 36.1 Dur Pissi Loc 4 49.9 Aes 
Sujata I 38.8 Aes Gwal. Loc 29 50.0 Aes 

C-306 3 39.5 Aes Hyb.65 5 50.2 Aes 
Bansi-224 39 39.6 Dur HG 2285 12 51.4 Aes 
Dahod Loc 24 39.7 Dur Bijaga Y. 33 52.9 Dur 
Debiera 512 40.9 Aes A-9-30-1 31 55.0 Dur 
NI5439 20 40.9 Aes Khenpad 47 55.3 Dic 
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