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Mapping QTLs for Heat Tolerance in Wheat
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ABSTRACT

Heat stress is a major environmental stress limiting wheat productivity in most cereal
growing areas of the world. In order to map and characterize quantitative trait loci con-
trolling heat tolerance, 144 recombinant inbred lines deriving from the cross of Kauz and
MTRWAL116 were assessed in a greenhouse and growth chamber at 35°C. One hundred
and sixty six SSR and 3 AFLP markers were used to construct a linkage map containing
18 linkage groups and covering 16 chromosomes of wheat. Using the composite interval
mapping method, three QTLs were detected for heat tolerance and measured by the
Fischer susceptibility index, on chromosomes 1B, SB and 7B. The alleles of both parents
contributed to heat tolerance. A large amount of explained phenotypic variances and
small confidence intervals indicate that the linkage information between markers and
QTLs could easily be used in breeding for heat tolerance.
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INTRODUCTION

Global warming, which arises from in-
creased CO, in the atmosphere, could affect
agriculture in future (Iba, 2002). Heat stress
is currently a major limitation to wheat (7¥i-
ticum aestivum L.) productivity in arid, se-
miarid, tropical, and subtropical regions of
the world (Fischer, 1986). Over 50 countries
importing more than 20 million tons of
wheat per year experience this type of stress
throughout the wheat cycle (Reynolds et a!.,
2001). Furthermore, as the world population
grows exponentially, there is a need to ex-
pand productive areas into warmer climates.
Consequently, the development of heat-
tolerant cultivars is of major concern in
wheat breeding programs (Wardlaw et al.,
2002). A detailed understanding of the ge-
netics and physiology of heat tolerance and
proper selection methods will facilitate the
development of heat tolerant cultivars. Ge-
netic variation for heat tolerance in wheat
cultivars is well established (Al-Khatib and

Paulsen, 1990; Reynolds, 2001; Wardlaw,
1989). Exposure to higher than optimal tem-
peratures reduces yield and decreases the
quality of wheat (Fokar et al., 1998; Maestri
et al., 2002; Wardlaw et al., 2002).

Traits such as earliness, leaf rolling, plant
height, early ground cover, stay green, and
grain filling duration are shown to be associ-
ated with resistance to heat stress (Blum and
Neguyen, 1997, Fokar et al., 1998; Reynolds
et al., 2001). Cell membrane thermal stabil-
ity, canopy temperature depression, stomatal
conductance, and photosynthetic rate are all
physiologically important under heat stress
(Al-Khatib and Paulsen, 1984; Fokar et al.,
1998; Reynolds et al., 1994, 2001). Yield
under stress, however, is preferred by breed-
ers for screening tolerant genotypes (Ozkan,
1998). This approach has the advantage of
combining the effects of many different fac-
tors without needing to know the relative
importance or the physiological basis of
each factor. It should be noted that, although
heat stress is almost certainly a component
of drought stress, wheat germplasm that per-
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forms well under heat stress is not necessar-
ily drought tolerant (Reynolds ez al., 2001).

The use of yield as a selection criterion for
the development of stress tolerant varieties
is prohibitive in early generations. The cost,
time, labor and equipment necessary for
such evaluation would easily use up a breed-
ing program’s budget. Additionally, heat
stress does not happen predictably and even-
ly in the field and it is so difficult to separate
it from drought stress as well. Hence, plant
breeders look for alternative methods such
as marker assisted selection (MAS). QTL
mapping offers important information on the
number and location of the loci which con-
trol quantitative traits and may provide a
useful method for MAS (Kato et al., 2000;
Liu, 1998). It has been proved that heat tol-
erance is quantitatively inherited and con-
tinuously distributed (Blum, 1988; Yang et
al., 2002). To our knowledge, the only study
concerning QTLs for heat tolerance is that of
Yang et al. (2002). In it, detected two QTLs
for heat tolerance measured by grain filling
duration following the method of single fac-
tor analysis in an F2 population. They were,
therefore, unable to map and localize the
QTLs.

Nonetheless, QTL studies should be con-
ducted in different populations and under
different conditions before the results can be
used in breeding programs. The objective of
this study was to map and characterize quan-
titative trait loci controlling heat tolerance
and to find the molecular markers associated
with them.

MATERIALS AND METHODS

Plant Material

The plant population studied consisted of
144 F9 recombinant inbred lines (RILs) ori-
ginating from a cross between Kauz  (Ju-
patco F73/Blue Jay/Urest T81) and
MTRWAI116 (PI372129/2*Pondera). Kauz
has been developed in CIMMYT, Mexico,
and is known to be tolerant to high tempera-
ture while MTRWAI116 is an unreleased
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experimental line from Montana State Uni-
versity (USA) and is considered to be ther-
mosensitive (Fokar ef al., 1998; Ibrahim and
Quick, 2001). The initial cross was made in
December 1997, and generations were ad-
vanced by single seed descent up to F6 fol-
lowed by three generations of bulk for seed
increase (Butler et al., 2005).

Evaluation of Heat Tolerance

Evaluation of heat tolerance was con-
ducted according to Yang et al. (2002) with
some modifications. Seedlings of the 144
RILs and the parents were germinated and
grown in a Metro-Mix2000® growing me-
dium in the greenhouse at 20-25°C in special
pots called Conetainer®. The experimental
design was completely randomized with four
replications. Plants were watered at the
proper time and fertilized with a complete
solution of Peter-Professional®. One week
after the first anther extrusion was observed,
the pots of two replications, each containing
one seedling, were moved to a controlled
environment chamber for heat shock. The
chamber was set at 35/30 °C and 14/10 h
day/night, 50/70% relative humidity and
illumination of 335 pmol m® S” Plants
were exposed to this high temperature for
three days and then moved back to the
greenhouse. Since the lines’ anthesis date
was different, they were moved to the
chamber at different times. When the color
of the peduncle turned to yellow, signalling
physiological maturity, the plant head was
excised and incubated in 40°C for three
days. Kernel weight was, then, measured.
Considering the two replications grown in
the greenhouse as controls, the stress suscep-
tibility index (SSI) of Fischer and Maurer
(1978) was calculated as

Ys

ssi=1=085/1p) gy 22
ST Yp
Where Ys and Yp refer to the performance
of each genotype in stress and control condi-

tions, respectively, and Y refers to the mean
performance of all genotypes.
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Molecular Marker Analysis

DNA extraction was conducted through
the method of Tai and Tanksley (1990). The
marker genotype of 144 RILs was assessed
with 166 wheat SSRs and 3 AFLPs. SSR
primers were selected from several sets:
GWM (Roder et al., 1998), GDM (Pestsova
et al., 2000), and WMC (Gupta et al., 2002).
PCR was carried out in a MJ PTC-100 ther-
mocycler (MJ Research, MA, USA) using
the recommended temperatures for each
primer pair. Sunrise "™ 96 (GibCo BRL) and
Sequi-Gen GT Sequencing Cell (BioRad)
systems were used for electrophoresis on
agarose and on polyacrylamide gels, respec-
tively. The AFLP markers obtained accord-
ing to Vos et al. (1995).

Construction of the Map

Segregation distortion for all the loci was
tested using a chi-square test. Markers devi-
ating from the theoretical frequencies and
one of the lines with more than 10% of the
markers being heterozygous were excluded
from the QTL data. For the construction of
the genetic map, linkage analysis was per-
formed using the program MAPMAKER
(Lander ef al., 1987) and the Haldane map-
ping function (Haldane, 1919). After the
removal of closely linked marker loci (<1
cM) the genetic map used for QTL mapping
comprised 81 marker loci (997.4 cM) with
an average marker density of 6.6 cM. This

covers 16 chromosomes of wheat including
1A, 1B, 2A, 2B, 2D, 3D, 4B, 4D, 5A, 5B,
5D, 6B, 6D, 7A, 7B and 7D.

QTL Analysis

The QTL analysis was performed by the
software package PLABQTL (Utz and Mel-
chinger, 1996) based on composite interval
mapping (CIM). Co-factors were assessed
by the procedure cov SELECT. The thresh-
old for the detection of a QTL was fixed at a
LOD value of 2.0. The phenotypic variance
of each QTL and of all detected QTLs were
calculated through multiple regression.

RESULTS AND DISCUSSION

The kernel weight under stress conditions
and SSI showed transgressive segregation
(Tablel) suggesting that the alleles of both
parents contribute to heat tolerance and their
combination results in higher values than
those of the parents. The ANOVA showed
that there is a significant variation among
RILs for kernel weight under both stress and
control conditions as well as for SSI. Herita-
bility of SSI was fairly high indicating its
reliability for QTL mapping. Despite the
lack of statistical normality for SSI, we de-
cided not to transform the data to achieve
normality.As pointed out by Mutschler et al.
(1996), transformation pulls the skewed
tails of the distribution towards the center,

Table 1. Mean, range, Mean Square (MS), and heritability (h?) of the parents Kaz (KZ) and MTRWA116
(MT) and RILs derived from their cross for kernel weight (krnl wt) under stress and control conditions and

their stress susceptibility index (SSI).

Trait KZ MT Parent.  RILs RILs RILs RILs h?
Mean Min. Max. Mean MS

Control krnl wt 1.07 1.20 1.14 0.2 2.2 1.04 0.39%* 0.53

Stress krnl wt 0.80 0.61 0.71 0.1 1.6 0.64 0.15* 0.20

ssr? 0.675 1.28 0.98 0.1 1.0 0.56 0.13** 0.67

* and ** Significant at the 0.05 and 0.01 probability level, respectively.

 Stress intensity (SI) = 0.38.

263



Mohammadi et al.

- gwm234
~fl.gwm190 <] QTL-Heat Tol s ~f- gwm297
29.2
26.2
- 247 32.8
26.7 g -J. gwmo63a
25.2
-{i-gwm234b
27.7 -ft- gwm604 L ewmitte
8.5
~ff-gwmll AL ewmdos 193
34.7 30.3
JL.gwm611
-{l-gwm124 - gwm639
5.9 255
25.9 . gwm499 i
~{l-ewm582b 43 4 gwm371 JL.gwm63b
3.5 4 gwm335 <]QTL-Heat Tol
26.5 6.2
T gwml33a 21.6
~-gwm153 <« QTL-Heat Tol
226 7.5 f--gwm234d
--gwm63d
~{- wmc44
32.7
104 - gwm259
2238
164 ] gwml40
-4- gwm350d,gwm350a
-f- gwml46

Figure 1. Position of QTLs detected for heat tolerance on genetic map of 143 RILs derived
from the cross Kauz x MTRWA116. White or black triangles indicate that allele for
improved heat tolerance was inherited from Kauz or from MTRWAI116

thereby misrepresenting differences in trait
values among lines and reducing the ability
to detect QTLs.

On the basis of composite interval map-
ping, three QTLs were detected for heat tol-
erance measured by SSI (Table 2). One of
the QTLs is located on chromosome 1B and
linked closely to gwm190 (Figure 1). This is
a major QTL (LOD>3) and explains 44.3%
of phenotypic variance. The positive addi-
tive effects of this QTL revealed that the
allele from Kauz should be considered for
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heat screening because the lower values of
SSI are of interest. The second QTL located
on chromosome 5B next to gwml33a ex-
plained 27.3% of the phenotypic variance.
The negative additive effects of this locus
demonstrates that MTRWAI116 contributes
the favorable allele for increased heat toler-
ance. This agrees with the results of trans-
gressive segregation. For years, the group-5
chromosomes have been thought to carry
genes for abiotic stress resistance (Dub-
covsky et al., 1995; Cattivelli af al., 2002).
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Table 2. QTLs for heat tolerance measured by stress susceptibility index for 143 RILs from the
cross KauzXMTRWAI116 with the position on chromosome, the nearest marker, confidence
interval, LOD score, explained phenotypic variance (R %), and additional effects.

Nearest marker Position” Confidence LOD R’ Additive
interval effects b
gwm190 1B(0) 0-14 343 443 0.131
gwml33A 5B(114) 112-132 2.01 27.3 -0.295
gwm63B 7B(78) 68-86 2.61 34 0.115
16.7°

“ The number in parenthesis shows the position on the chromosome of the QTL in ¢cM.
b Negative effects indicate that the allele from MTRWA116 contributes to a higher heat toler-

ance.

“ Total explained phenotypic variance in a simultaneous fit.

Another QTL is located on chromosome 7B
and closely linked to gwm63b, having posi-
tive additive effects. Three QTLs altogether
explained 16.7% of the phenotypic variance
of SSI in a simultaneous fit which is much
lower compared to the individual QTLs,
suggesting a statistical correlation between
QTLs.

Yang et al. (2002) reported two QTLs
linked to gwmll and gwm293 for heat tol-
erance which were not detected in our study.
The reason for this might be that (1) they
used grain filling duration rather than SSI
for measuring heat tolerance, (2) the QTLs
were detected in an F2 population passing
only one meiosis and the recombination
might, therefore, happen during the subse-
quent generations, or (3) these loci were
possibly not segregating in our population.
Interestingly, gwml1 was mapped on chro-
mosome 1B where a QTL was detected for
heat tolerance in this study (Figurel) indi-
cating that, most probably, chromosomelB
contains genes governing heat tolerance.

Since there was no similar study on QTL
mapping for heat tolerance in the literature,
comparison of detected QTLs with other
studies was not possible.

A large amount of explained phenotypic
variances and small confidence intervals in-
dicated that the precision of the location of
the QTLs detected was good enough and
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that the linkage information between mark-
ers and QTLs could be used in breeding
programs. Nonetheless, QTL analysis with a
more saturated linkage map and more repli-
cations would add to the precision and reli-
ability of the results.
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