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Abstract 

Wheat is one of the most important crops in the world. However, its production is being 

constantly hampered by abiotic environmental stresses such as heat stress. Three 

experiments were conducted in the present study to investigate the existence of genetic 

variation and to dissect the genetic control of heat tolerance at early plant growth stage 

of wheat. 

A novel screening method was developed to assess the existing genetic variation for 

early stage heat tolerance and to identify heat tolerant genotypes. A total of 499 wheat 

genotypes were evaluated for heat tolerance by subjecting them to heat stress (35 ºC) 

and non-stress (25 ºC) conditions at the early seedling growth stage. Seedling length 

(SL) was measured to assess response of genotypes to heat stress. It was found that the 

SL at 25 ºC ranged from 7.8 cm to 41.9 cm, while SL at 35 ºC ranged from 0.4 cm to 

29.9 cm, with mean SL reduced by an average of 48.5% at 35 ºC compared to that at 25 

ºC. A damage index (DI) for each genotype was calculated to rank the genotypes, and 

the DI ranged from 0.98 to -0.28. Three hexaploid genotypes, Pakistan W 20B, 

Perenjori, and SST16, were ranked as extremely heat tolerant (EHT). Hexaploid 

genotypes Synthetic and Stiletto, along with two tetraploid genotypes, (T. turgidum ssp 

dicoccoides) G3211 and G3100 were found to be extremely heat susceptible (EHS). All 

other genotypes fell between these extremes. Genotypes from seven different 

geographic regions responded differently to heat stress. Asian genotypes displayed the 

highest tolerance to heat stress followed by genotypes from Africa, Europe, South 

America, the Middle East, North America and Australia. 
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Five genotypes including two heat tolerant genotypes (Tevere and W156), one 

moderately tolerant genotype (Chara) and two susceptible genotypes (Blanco Sin 

Barbillas and Cascades) were crossed in a half 5 × 5 diallel analysis. Analysis of 

variance of heat tolerance index (HTI) for the parents and their half diallel F2 progenies 

revealed the involvement of additive (to a higher degree) and non-additive genetic 

effects governing the inheritance of HTI. Susceptibility was dominant over tolerance for 

heat stress. The recessive alleles were concentrated in the two heat tolerant parents 

Tevere and W156. The analysis also revealed that both major and minor genes were 

involved in controlling the trait. High broad-sense (86.5%) and moderate narrow-sense 

(41.0%) heritabilities were observed for heat tolerance. 

Quantitative Trait Locus (QTL) analysis was also conducted in a recombinant inbred 

line (RIL) population derived from a cross between two hexaploid wheat genotypes, 

Synthetic and Opata. A total of 78 RILs from the cross was assessed based on HTI at 

early seedling stage under environment controlled condition. The bread wheat Opata 

was more tolerant to heat stress (35 ºC) than Synthetic. Four major QTLs were detected 

for HTI, one (HTI3A) on chromosomes 3A, two (HTI3B.1, HTI3B.2) on 3B and the 

other one (HTI4D) on 4D. These QTL explained up to 88.4% of phenotypic variation. 

An association analysis population (92 tolerant and 92 susceptible genotypes) was 

genotyped using four markers Xbarc217, Xgwm285, Xbarc84 and Xbarc197 that were 

the most closely linked simple sequence repeat (SSR) markers to the heat tolerance 

QTLs identified. A total of 16 different allelic combinations were found with mean 

diversity index (DI) values ranging from 0.82 to 0.14. The lowest DI (0.14) was 

recorded with genotypes that showed combinations of 102 bp (Xbarc217), 223 bp 

(Xgwm285), 123 bp (Xbarc84) alleles and an absence of the 136 bp (Xbarc197) allele. 
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This group included six heat tolerant hexaploid wheat genotypes, namely, AGT 

Scythes, Aus 17513, Machete, Opata, Perenjori and Rageni. The highest DI (0.82) was 

recorded in genotypes that presented only allele 136 bp and lacked alleles 102, 223 and 

123 bp. This group included four heat susceptible hexaploid wheat genotypes 

(Chihuahuena, India 85, Red Bobs and Synthetic), two tetraploid wheat genotypes, (T. 

turgidum ssp dicoccoides G3211 and T. timopheevii ssp araraticum KU 8567), and 

three diploid genotypes of T. monococcum G 2847, G 2511 and Thoudar-2. The 

presence of the 223, 123 and 102 bp alleles across the 184 genotypes increased HTI by 

an average of 23.2, 20.0 and 17.0%, respectively, while the presences of the 136 bp 

allele reduced HTI by an average of 14.5%. This validation of the closely linked 

markers to the major QTLs across this diverse population is an indication for those 

markers to be useful for marker assisted selection (MAS) in wheat heat-tolerance 

breeding. 
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Chapter 1 General introduction 

 

1.1 Background 

The temperature of our planet has increased significantly in the last century and a strong 

increasing trend is predicted in the coming years (Seitz 2008). Increasing temperature is 

of vital significance as its negative effect on plant growth, survivability and production 

is substantial (Chowdhury and Wardlaw 1978; Elahmadi 1994; Farooq et al. 2011c; 

Ferrara et al. 1994; Hassauzzaman et al. 2013; Howarth 2005; Kreps et al. 2002; Kurek 

et al. 2007; Lobell and Asner 2003). Seedling establishment in plants is an essential 

growth stage for their future survival and final production (Landjeva et al. 2008). Heat 

stress at germination and seedling stages is reported to have an enormous impact on the 

survival and establishment of crop plants (Blum 1996; Nayeem and Mahajan 1991; 

Peacock et al. 1990; Sattelmacher et al. 1990). Temperatures above 30 ºC during grain 

filling stage decrease kernel mass in wheat cultivars (Wardlaw 1994). In some regions 

of the world, roughly 78.0% of grain yield and 63.0% of kernel mass are lost when high 

temperatures (35 ºC) occur in the ten days between anthesis and harvest (Gibson and 

Paulsen 1999). High temperatures between 30 ºC and 38 ºC cause up to 50.0% 

reduction in wheat yield world-wide (Paulsen 1994). 

Common or bread wheat (Triticum aestivum L.) is a hexaploid (2n = 6x = 42 = 

AABBDD) of extraordinary diversity. It has expanded into over 25,000 different 

cultivars, showing a capacity to adapt to a vast number of differing abiotic stresses 

(Feldman 1995). Bread wheat provides humanity with a vital source of nutrients (Pena 

2002), and since 1960 the production and consumption of bread wheat has increased 
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significantly. Unlike some other crops, wheat has the ability to thrive in less favourable 

regions of the world, such as the arctic circle or along the line of the equator. Around 90 

to 95 per cent of all wheat production is specifically bread wheat (T. aestivum), which is 

widely used in the production of baked goods, chiefly bread itself (Curtis 2002). 

Recent studies have pointed out that last century’s warmest summers, experiences along 

tropical and subtropical regions, could be the norm by the end of this century (Battisti 

and Naylor 2009). Given this possibility, wheat cultivars with the ability to produce 

high yield in normal conditions and maintain stable output under environmental 

constraints are in demand (Yang et al. 2002a). The production of global wheat has to 

increase by 2.0% each year until 2020 to meet predicted need. An estimated half of this 

need can be met by means such as breeding wheat cultivars with tolerance to heat 

(Singh et al. 2007), and so the acquisition of thermotolerance has become a fundamental 

objective in wheat breeding (Blum et al. 2001; Fokar et al. 1998). Farooq et al. (2011c) 

argued that the adversities caused by heat stress can be managed by creating tolerant 

genotypes and agronomic schemes, an argument that gains weight in light of the finding 

that improved tolerance of crops to high temperature was the primary reason for the 

high yields between 1874 and 1994 in the Great Plains of the United States (Assad and 

Paulsen 2002). Developing a viable plant breeding program that will increase wheat 

tolerance to heat is an important strategy for breeding new cultivars that can maintain 

plant performance and yields under elevated temperature. 

Identification of genotypes that are able to cope with predicted changes in climate and 

genetic improvement of this adaptation are promising approaches for developing heat 

tolerant cultivars (Howarth 2005; Maestri et al. 2002; Wahid et al. 2007). Genetic 

variability plays an essential role in adapting cultivar to heat stress. The natural 
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variation of heat tolerance discovered among wheat germplasm (Balouchi 2010; 

Blumenthal et al. 1995; Sikder et al. 2010), provides good opportunity to improve wheat 

for heat tolerance through genetic improvement (Wahid et al. 2007). 

Successful breeding approaches have been created based on the knowledge of gene 

actions and their subsequent effects (Sharma et al. 2013). The natural variation in heat 

tolerance among wheat germplasm provides potential genes contributing significantly to 

improved yield and damage resistance under heat stress conditions (Barakat et al. 2011; 

Lawlor 1994; Yang et al. 2002b). Heritability and genetic variability for traits of interest 

are essential for the selection of polygenic traits such as heat tolerance. Several studies 

have reported transgressive segregation in hybrid population for tolerance to heat stress, 

which indicated that many genes are associated with heat tolerance (Garg et al. 2012; 

Landjeva et al. 2008; Maestri et al. 2002; Paliwal et al. 2012; Saadalla et al. 1990; Yang 

et al. 2002b). Both additive and non-additive genetic effects are reportedly involved in 

controlling heat tolerance in wheat (Dhanda and Munjal 2006; Farooq et al. 2011a; 

Ibrahim and Quick 2001a; Kamaluddin et al. 2007; Moffatt et al. 1990; Porter et al. 

1995). There is a need to establish a framework for heat tolerance study in wheat in 

order to find major and stable quantitative trait loci (QTLs) and to investigate 

inheritance of heat tolerance as revealed by structured populations. 

1.2  Aims of this PhD project  

The value of this research project lies in its screening and evaluation of a large number 

of wheat genotypes for heat stress at an early stage of development, quantitative trait 

locus mapping and validating markers associated with heat tolerance in wheat, and 

development of new wheat germplasm with improved tolerance to heat stress. The 
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specific objectives of this project are to: 

 Identify heat tolerant wheat genotypes for genetic studies and wheat breeding 

through phenotypic and molecular screening; 

 Understand the gene actions and genetic control of heat tolerance by genetic 

analysis; and 

 Map QTLs related to heat tolerance and validate the identified QTLs in different 

genetic backgrounds. 

1.3 Thesis structure 

The findings from the present project are presented in six chapters: a general 

introduction, a literature review, three major research chapters and a general discussion. 

Chapter Two, the literature review, provides a brief background on wheat, the adverse 

impacts of heat stress on wheat growth and development, wheat breeding for heat 

tolerance and genetic studies of wheat. 

Chapter Three addresses the identification and confirmation of heat tolerant wheat 

genotypes by phenotypic and molecular marker screening. A large number of wheat 

genotypes collected from all over the world are evaluated for heat tolerance and the 

extremely heat tolerant/susceptible wheats are identified and confirmed using molecular 

markers associated with heat tolerance. 

Chapter Four presents findings on the genetic control of heat tolerance in bread wheat 

(T. aestivum L.) as revealed by 5 × 5 half diallel cross analyses. This study revealed that 

heat tolerance in wheat is governed by recessively inherited additive genes. Dominance 

gene action was also found important for heat tolerance in wheat. 

Chapter Five describes the use of QTL mapping and marker validation using 
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unstructured population to analyse trait-marker association. In this study four major loci 

for heat tolerance were detected and validated in selected wheat genotypes. 

Chapter Six discusses the significance of the results and implications for future studies. 
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Chapter 2 Literature review 

 

2.1 Wheat classification 

The tribe Triticeae consists of 15 genera and over 300 species, including rye, barley and 

wheat (Sakamoto 1973), which have been used as germplasm sources for improving 

wheat breeding (Jiang et al. 1994). Wheats are at three ploidy levels: diploid (2n = 2x = 

14), tetraploid (2n = 4x = 28) and hexaploid (2n = 6x = 46).  

Diploid wheats make up a singular set with the genome formulation AA. This genome, 

although simple, is typical to all polyploid wheat. The wild diploid wheats include the 

species T. urartu and T. boeoticum. Tetraploid emmer wheats split into two sets with 

the genome formulations AABB and AAGG. Hexaploid wheats that are all cultivated, 

have two forms: the main set, with the formulation AABBDD, and a single hexaploid, 

T. zhukoviskyi, AABBGG. AABBDD hexaploid wheat is derived from a cross between 

an AABB tetraploid and a diploid with the D genome (Miller 1987) (Table 2.1). 

Table 2.1 The main species of hexaploid wheats (Adapted from Miller 1987). 
Hexaploid species Genome formula 

T. spelta L. AABBDD 

T. vavilovi (Tum.) Jakubz AABBDD 

T. macha Dek. and Men. AABBDD 

T. sphaerococcum Perc. AABBDD 

T. compactum Host. AABBDD 

T. aestivum L. AABBDD 

T. zhukovskyi Men. and Er. AABBGG 
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2.2 The origin and evolution of wheat 

Many years ago, the ancient regions of Greece, Rome, Egypt, Babylonia and Crete 

cultivated wheat crop as one of their primary plant foods. There is evidence that the 

Chinese also cultivated this cereal from 2700 BC (Pal 1966). The southwest zone of 

Asia, especially the mountainous region of the fertile crescent from the Mediterranean 

coast to the west and the plain of Tigris and Euphrates at the east through the Syrian 

Desert, is the primary location of the genus Triticum (Feldman and Sears 1981), and has 

been reported to be the centre of origin for bread wheat (Patnaik and Khurana 2001). In 

Egypt, Turkey, Iraq and surrounding countries, archaeologists have uncovered grains of 

wheat in carbonised form (Leonard and Martin 1968).  

Diploid (genome AA, einkorn) and tetraploid (Genome AABB, emmer) species were 

the earliest domesticated wheats. Their genetic association suggests that they may have 

developed in the south-east of Turkey (Dubcovsky and Dvorak 2007). The tetraploid 

emmer wheat T. dicoccum is believed to be the result of the first form of hybridisation, 

millions of years ago. It emerged from a cross between the wild grass Aegilops 

speltoides and a wild wheat of a diploid nature, T. monococcum. This emmer wheat was 

domesticated to produce durum wheat (Patnaik and Khurana 2001).  

2.3 Cultivated wheat 

2.3.1 Durum wheat 

About 5.0% of wheat production in the world is durum or pasta wheat (T. durum), used 

in pasta, medium-dense breads and couscous (Bushuk 1998; Pena 2002). Durum wheat 

generally has large, solid, vitreous, and ample kernels with a protein content of 13.0 to 

22.0% of their dry weight (Blanco et al. 1996). Compared with bread wheat (T. 
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aestivum), durum has a harder grain, a higher protein content, a more intense yellow 

colour and a nutty flavour; it gives superior cooking results (Kneipp 2008). Durum 

wheat has been adapted vastly, much more than bread wheat, although it is not 

cultivated as much (Autrique et al. 1996). It is better adapted to the dry Mediterranean 

climate than bread wheat (Shewry 2009). 

2.3.2 Common wheat 

Common or bread wheat (T. aestivum L.), belongs to the family Poaceae (Gramineae), 

which includes major cereal crops such as oats, maize and rice (Gill and Gill 1994). It 

grows in areas between latitudes 30° and 60° N and 27° and 40° S, which offer the most 

suitable agro-climatic conditions for its growth (Nuttonson 1955). 

Bread wheat is believed to have been cultivated for about 10,000 years (Dubcovsky and 

Dvorak 2007). It was first used to generate a dry cereal (Leonard and Martin 1968), and 

it still occupies a primary place among cereals because of its wide cultivation and high 

nutritional value. In addition, wheat-derived bread has been a staple food for humans 

since early civilisation (Pal 1966). Today wheat provides about 20.0% of the calories 

and proteins required for human nutrition. It also provides a starch content of between 

60.0 and 70.0% of wholegrain and 65.0 to 75.0% of white flour (Bushuk 1998; Shewry 

2009). The unique characteristics of dough made from wheat flours, which can be 

processed into a wide range of breads and other baked products, has given wheat 

importance over other crops (Shewry 2009). 

Roughly 30.0% of the global cereal region is represented by wheat (Cossani and 

Reynolds 2012). Worldwide, wheat production was about 729.5 million tonnes in 2014, 

exceeding the 717.2 million tonnes produced in 2013 (FAO 2015). Given the growing 

world population, wheat productivity is expected to reach 3.5 tonnes per hectare by 
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2033 (Ortiz et al. 2008). However, the demand for wheat is also increasing, and is 

predicted to increase by 2.0% annually (Jaradat 2011). Developing nations are the 

biggest importers of wheat, which comprises about 34.0% of their imported food 

(CIMMYT 2005). The European Union recorded the highest wheat production in 2014 

at 156.1 million tonnes, followed by China, India, the United States, the Russian 

Federation and Canada (Table 2.2). Kazakhstan, Argentina, Ukraine, Australia and the 

Russian Federation are major wheat exporters. In 2014, the global wheat trade recorded 

153.0 million tonnes, while wheat use was 711.7 million tonnes. Asia is the biggest 

import region, followed by Africa, South America, Central America and Europe (FAO 

2015). 

Table 2.2 Top world wheat producing countries (million tonnes) (Adapted from FAO 
2015). 
 

No Country 2013  2014 estimate 2015 forecast 

1 European Union 143.6  156.1 148.5 

2 China (Mainland) 121.9 126.2 126.5 

3 India 93.5 95.8 92.0 

4 United States of America 58.1 55.1 56.0 

5 Russian Federation 52.1 59.7 54.0 

6 Canada 37.5 29.3 29.5 

7 Pakistan 24.2 25.3 26.4 

8 Australia 26.9 23.6 24.4 

9 Ukraine 22.3 24.1 23.6 

10 Turkey 22.0 19.0 21.0 

11 Islamic Republic of Iran 14.0 13.0 13.5 

12 Kazakhstan 14.0 13.0 12.5 

13 Argentina  9.2 13.9 12.0 

14 Egypt  8.8 8.8 8.5 

15 Uzbekistan  6.9 7.2 7.5 
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2.4 Wheat production in Australia 

In Australia wheat is a winter crop, with planting beginning in autumn and harvesting 

during spring and summer (Australian Government, Department of Agriculture 2015). 

Spring wheats are the majority of cultivars grown in Australia, and include Premium 

White, Soft, Prime Hard, Standard, Hard and Durum (The Australian Grains Industry 

2011). Australia grows wheat for both local and international markets, and about two 

thirds of national production is exported to Asia and the Middle East (Balouchi 2010). 

Wheat is grown throughout Australia excluding the Northern Territory (Simmonds 

1989). New South Wales, Queensland, South Australia, Victoria and Western Australia 

are the major producers, with Western Australia being the biggest (Australian 

Government, Department of Agriculture 2015). According to The Australian Grains 

Industry (2011), about 90.0% of wheat produced in Western Australia is exported. In 

addition to the bread-related industry for human use, wheat is also used as feed for 

livestock on the east coast (Australian Government, Department of Agriculture 2015). 

On the global scale, Australian wheat represents about 3.0% of world production, and 

10.0 to 15.0% of the annual world wheat trade (The Australian Grains Industry 2011). 

Australian wheat production was roughly 26.9 million tonnes in 2013, but declined to 

23.6 million tonnes in 2014 (FAO 2015). The negative effect of climate change was the 

main reason for this reduction in Australian wheat production. 

2.5 Plant breeding and genetics 

A primary concern in the breeding of plants is to select particular plants with 

characteristics of interest. A relatively new practice that can facilitate breeding 

programs includes assessing genotypes for prevailing problems and mapping QTLs or 



2 Literature review 

12  

genes controlling traits of high interest and importance, such as tolerance to heat stress 

(Asins 2002). The ultimate objective of plant breeding lies in the discovery and 

accumulation or amalgamation of favourable genes into new cultivars/plants (Collard 

and Mackill 2008), and is heavily dependent upon genetic variability. 

Quantitative difference is a key characteristic of many desirable traits in plants (Asins 

2002). Normally, information regarding morphological (phenotypic) markers is used to 

detect agronomic characters in plant breeding. The advancement of strategies used in 

the examination of both the function and structure of genes in plants has contributed to 

the use of molecular markers for trait detection. These markers are used largely in an 

examination of the ways in which the genomes of plants are structured, and in linking 

marker with a particular trait. Molecular markers are not influenced by environmental 

factors as they can be recorded during any life phase of a particular plant (Patnaik and 

Khurana 2001). This independence, and other factors such as the overall cost of field 

evaluation, the dependability of the markers themselves, and links between markers and 

desirable genes (William et al. 2005) have led to a surge in their use in plant breeding 

programs (Patnaik and Khurana 2001). 

2.6 Genetic markers 

Genetic markers can be used to test dissimilarities within a single species as presented 

in this study. Normally genetic markers do not signify actual objective genes, but 

instead act as ‘flags’. Gene ‘tags’ refer to genetic markers that are closely positioned to 

genes, meaning they are tightly linked. Genetic markers have no actual effect on the 

phenotype of a particular trait because they are mostly from a non-coding repetitive 

segment of a chromosome, and do not code for any protein. Every genetic marker 

inhabits a specific position on the chromosome, its locus (Collard et al. 2005).  
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There are two main groups by which genetic markers may be categorised: 1) classical 

markers, including biochemical, cytological and morphological markers; and 2) 

molecular markers or deoxyribonucleic acid (DNA) markers (Singh et al. 2014), the 

latter of which are very popular because they are plentiful and unaffected by 

development or environment (Xu 2010). Because molecular technology has developed 

quickly, there are now easy ways to establish molecular markers (Xu 2002). They 

usually are substantively impartial but follow Mendelian laws, and so the marker map 

or marker location on a genome can be recreated with recombinant proceedings (Jiang 

2013). A large variety of practices currently adopted to distinguish disparities within 

DNA sequences of different entities can generally be grouped into various procedures, 

including Southern hybridisation-based methods (restriction fragment length 

polymorphisms, RFLP), PCR-based techniques (the most common being randomly 

amplified polymorphic DNA (RAPD), amplified fragment length polymorphisms 

(AFLP), simple sequence repeat, (SSR) or microsatellite), and single nucleotide 

polymorphisms (SNP) (Table 2.3) (Collard et al. 2005; Jiang 2013; Kalia et al. 2011). 

Recently, technology of next generation sequencing has been frequently used in plant 

genetics. These various technologies have led to rapid data generation and reduced costs 

in DNA and ribonucleic acid (RNA) sequencing, in addition to advancing 

developmental studies of genomics and plant molecular markers (Berkman et al. 2012). 
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Table 2.3 Examples of molecular markers utilised in wheat (Adapted from Collard et al. 2005; Jiang 2013; Langridge et al. 2001; Kalia et al. 2011). 
Marker 
system 

Codominant 
or dominant 

DNA needed 
(μg) 

Advantages  Disadvantages 

 

RFLP 

 

codominant 

 

5.0-50.0  

Reliability and reproducibility are high, robust. Can be reference to 

other cereal maps. High availability. Specific regions can be 

targeted. Transferable. Can be cloned/sequenced.  

 Practically difficult, slow, large amounts of DNA 

required. High quality of DNA needed. Low to moderate 

level of polymorphism generated. Time-consuming, 

laborious, expensive.  

 

SSR 

 

codominant 

 

0.05-0.12  

Reliability and reproducibility are high, robust. Trustworthy, 

practical, simple, transferable. Genome-specific: particular regions 

can be targeted. Adaptable to automation. High level of 

polymorphism generated. Can be cloned/sequenced.  

 High development cost. Time-consuming, laborious; 

required for production of primers. Polyacrylamide 

electrophoresis required. High to moderate quality of 

DNA needed. 

 

AFLP 

 

dominant 

 

0.5-1.0  

Reliability and reproducibility are high, robust. Trustworthy. Large 

numbers of loci can be detected at the same time. Adaptable to 

automation. High levels of polymorphism detected.  

 Random. Large amounts of DNA required. High quality 

of DNA needed. Methodology complex. Cannot be 

cloned/sequenced.  

 

RAPD 

 

dominant 

 

0.01-0.1 

Inexpensive, quick and simple. Several loci can be generated from a 

single primer. Moderate quality of DNA needed. High level of 

polymorphism generated. Small amounts of DNA required.  

 Reliability low. Reproducibility problematic. Generally 

not transferable. Cannot be cloned/sequenced. 

 

SNP 

 

codominant 

 

0.05  

Inexpensive. Quick and simple. Reliability and reproducibility are 

high. Can be cloned/sequenced. Small amounts of DNA required. 

Adaptable to automation. High level of polymorphism generated. 

 High quality of DNA needed. 
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DNA markers are especially valuable when they are able to expose discrepancies 

between individuals of the same or dissimilar species. These particular markers are 

known as polymorphic markers. A type of marker, which does not differentiate between 

genotypes is the monomorphic marker. A polymorphic marker can be regarded as 

dominant or co-dominant, depending on its ability to discriminate between 

heterozygotic and homozygotic individuals. A co-dominant marker suggests alterations 

in relation to size, but dominant markers can be detected based on their presence or 

absence. Divergent forms of DNA markers, for instance differences in band size, are 

known as marker alleles. Generally, dominant markers amplify only two allele sizes 

while many alleles may be amplified by a co-dominant marker (Collard et al. 2005). 

Wheat research to date has applied RFLP, RAPD, SSR, and AFLP markers (Langridge 

et al. 2001). As Song et al. (2005) noted, these markers identify the polymorphism 

within bread wheat as minimal. Conversely, SSR markers, being co-dominant, show 

high levels of polymorphism, robust and envisioned with ease. Bohn et al. (1999) and 

Parker et al. (2002) considered that AFLP and SSR markers have the highest influence 

when discovering polymorphisms. SSR markers are most prevalent within marker 

applications because of their frequently co-dominant heritage and also because of their 

sturdiness, acknowledged not only as repeatability but also as dependability and 

consistency within a PCR-based marker method (William et al. 2007). Several 

challenging elements are encountered in the progression of DNA markers for wheat 

(Langridge et al. 2001). One is the small amount of variation observed between wheat 

cultivars. The sheer size of the wheat genome is also a problem: at 16 x 109 base pair 

(bp) it is nearly three times that of maize or barley. Having three ploidy levels also 

contributes to the difficulty and intricacy of mapping and marker analysis. In addition, 

some fragments may be in close range, which requires careful analysis to differentiate 

between them. The low level of polymorphism as compared with other crops 
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(Langridge et al. 2001) dictates the need for many more markers to be used in the case 

of wheat than is the situation with maize, rice or barley (Chao et al. 1989; Liu et al. 

1990). DNA markers can be used to discover particular QTLs with the aid of linkage 

map construction, and may also be utilised by integrating both QTLs and genes to breed 

cultivars through the method of marker assisted selection (MAS) (Song et al. 2005). 

Molecular markers can be used in detecting QTLs possessing many alleles or even only 

two alleles controlling quantitative traits (Mohler and Singrün 2004), markers, which 

are found to be closely associated to genes of high significance are valuable and useful 

in cloning these genes (Song et al. 2005). Recently, detecting genes responsible for such 

quantitative traits has been the dominant function of molecular markers that are 

available for most major crop species and their wild relatives (Haley and Knott 1992; 

Nelson 1997). In comparison with segregation analysis, which lacks marker statistics, 

molecular markers deliver much more capability for detecting QTLs (Haley and Knott 

1992). 

2.7 Linkage map construction 

A prerequisite for creating genetic maps is having DNA markers that can be used to 

uncover gene positions (Song et al. 2005). A linkage map is an abstract record of DNA 

markers within a chromosome, and is commonly based upon recombinant frequencies 

(Griffiths et al. 2005). The construction of a linkage map in plant breeding studies 

makes the greatest use of DNA markers. Such a map can be used to detect genome areas 

that encompass genes determining qualitative and quantitative traits. Collard et al. 

(2005) listed three important factors in the creation of linkage maps: mapping 

population, level of polymorphism, and linkage analysis. ‘Complete linkage maps’ may 

be created by evaluating the mapping population, which can provide a foundation for 
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marker function development. This is challenging and laborious for the most part, 

especially in species with large numbers of linkage groups, like wheat, but the maps are 

able to offer a significant amount of information as to the genomic makeup of the plant 

(Langridge and Chalmers 2005). One of the key aspects of linkage maps is offering a 

large resource to those in research even though their pragmatic use in plant breeding has 

recently become finite (Langridge and Chalmers 2005).  

SSR markers have frequently been employed in the areas of diversity and inheritance 

studies for stress tolerance in plant (Oblessuc et al. 2009). At the end of last century the 

International Triticeae Mapping Initiative (ITMI) was founded and is now globally used 

in mapping SSR markers (Börner et al. 2002). A wheat map of the recombinant inbred 

lines (RILs) of the Synthetic/Opata population developed by Song et al. (2005) and 

available at grain genes database is considered the standard wheat genetic map for 

identification and QTL mapping of different biotic and abiotic stresses in wheat. The 

wheat genetic map of RILs of the Synthetic/Opata population has been referenced by 

several researchers (e.g. Chhuneja et al. 2006; Faris et al. 1999; Yu and Chen 2013). 

2.8 QTL mapping  

The procedure using linkage map construction for performing QTL analysis to detect 

genomic areas related to traits is called QTL mapping (Collard et al. 2005). The concept 

of QTL identification was developed by Sax (1923). Recently DNA markers and 

biometric strategies have contributed to innovations in QTL mapping (Asins 2002). 

Comprehensive insight into the genetic foundation of multi-genic traits has always been 

the main target of quantitative genetics, which depends on segregating phenotypic 

differences within and among related individuals (Lynch and Walsh 1998). QTL 

mapping theory examines the association between phenotype and genotype differences 
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according to information from molecular markers and the studied characteristics of a 

particular mapping population, then adjusts the location of QTL to conclude the 

differences of phenotype in line with the linkage map. Basically, the basis of QTL 

mapping is genetic linkage of phenotype data (Long et al. 2008); mapping the markers 

and their linkage with particular traits are the two important stages. Then having precise 

data and appropriate software are necessary to obtain meaningful and reliable outputs 

(Kearsey and Farquhar 1998). Examples of commonly used software in QTL mapping 

include Mapmaker/QTL (Lincoln et al. 1993), QTL Cartographer (Basten et al. 1994), 

Map Manager/QTX (Manly et al. 1999), QGene (Nelson 1997), Epistate (Chase et al. 

1997), and QTL IciMapping (Wang et al. 2011). 

Different types of mapping populations such as F2, F3, backcross, doubled haploids and 

RILs can be used for QTL mapping. Collard and Mackill (2008) noted that although 

mapping populations such as F2, F3, or backcross are commonly used, populations of 

RILs and doubled haploids that can be preserved and created perpetually are more 

desirable because they permit repeatability and reliability. The RIL mapping 

populations used for QTL mapping in the present study are usually created by continued 

selfing, where two parental lines are crossed and F1 and F2 hybrids are produced. F2 

hybrids are selfed to produce F3, F4, … through single seed descent. After six to eight 

generations, most individual lines become homozygous pure lines and can be utilised 

for QTL mapping. RILs allow replicated assessment of phenotypes, but the time needed 

to develop RILs is a serious disadvantage to its use (Hu and Xu 2009; Semagn et al. 

2010). 

Several QTL mapping methods have been developed. They differ in levels of intricacy, 

starting with the simplest one, single marker analysis, and moving to interval mapping 
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(IM) (Lander and Botstien 1989) then multiple QTL mapping (MQM) (Jansen 1993) or 

compensative interval mapping (CIM) (Zeng 1994). Hackett et al. (2002) suggested that 

the validity and clarity of QTL identification may be increased by using CIM rather 

than single marker analysis or IM. Recently a modified algorithm from CIM mapping, 

inclusive composite interval mapping (ICIM) (Wang et al. 2011), has become 

commonly used for QTL mapping. This modified algorithm is less complicated and has 

a more rapid convergence pace than that used in CIM. ICIM mapping preserves the 

advantages of CIM mapping, augmented by improved QTL mapping performance, 

capability and accuracy (Li et al. 2007). Many QTLs have already been mapped in 

different plants using QTL analysis, which has significantly advanced polygenic traits. 

However, many difficult gaps are yet to be filled in QTL detection, application, and 

biological clarification (Long et al. 2008). 

Kearsey (2002) and Remington and Purugganan (2003) pointed out several limitations 

of QTL analysis including cost in terms of both time and resources. QTL positions and 

their action are determined to a certain population, but the information gained cannot be 

used for different populations; and only the areas on a chromosome, not the genes, 

affecting the trait of interest can be identified by QTL analysis. In addition, closely 

linked QTLs of less than 20.0 centiMorgan (cM) are not easily differentiated and in 

some cases the QTLs cannot be identified, especially when two loci are associated ‘in 

repulsion’.  

QTL mapping involves five general steps: (1) selection of particular parents contrasting 

in traits of interest and generation of the mapping population, (2) selection of 

appropriate genetic markers, (3) construction of a genetic linkage map, (4) precise 

phenotypic data of the individual lines, and (5) identification of QTLs that affect the 

studied traits, using appropriate statistical analysis (Doerge 2002; Semagn et al. 2010). 
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These five different processes provide significant data relating to chromosomal 

positions and the effects of QTLs and genetic variation of multi-genetic traits (Xu 

2002). Recently, confirmation and validation of identified QTLs and fine mapping have 

become important approaches in agricultural research (Langridge et al. 2001). 

Validation of QTL mapping can be done through independent populations or by using 

near isogenic lines (NILS) (Collard et al. 2005). Identification of effective QTLs for 

such studies relies on the numbers and types of mapping populations utilised, traits of 

interested studied, environmental factors that control phenotypic evaluation and 

coverage of genetic molecular map (Semagn et al. 2010). 

2.9 Marker assisted selection (MAS) 

Many breeding programmes in Australia, Canada, Europe, India, and the United States 

are already using MAS (Gupta et al. 2009), to develop wheat cultivars for improving 

important traits such as heat tolerance (Gupta et al. 2010). Koebner and Summers 

(2003) speculated that MAS will be progressively utilised in four chief capacities within 

wheat breeding programs: (1) for hastened assortment of some traits of interest that are 

problematic to phenotype as a result of multifaceted inheritance, truncated heritability, 

or complicated environmental properties, (2) for conservation of recessive alleles in 

backcross breeding, (3) for pyramiding of genes associated with resistance to disease, 

and (4) for selection of parental lines in crossing procedures, to guarantee negligible 

amounts of repetition of alleles within genes pursued for selection. 

For effective utilisation of DNA markers in MAS, five major parameters should be 

considered: the closer the marker to the QTL, e.g., less than 5.0 cM, the more reliable; 

the quality and amount of DNA required; the availability of simple, quick methods; 
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very polymorphic markers; and the cost efficacy of the system (Collard and Mackill 

2008). Collard et al. (2005) outlined several other advantages for MAS, such as savings 

in-field time; the influence of environment can be eliminated, and genotypes at seedling 

growth phase can be selected; many genes may be amalgamated at the same time and 

unfavourable genes can be avoided; traits with low heritability can be selected, and 

particular traits can be examined even though phenotypic screening is not possible. 

2.10 Heritability 

Heritability is known primarily as the ratio of entire differences within a mapping 

population that can be attributed to dissimilarity in genetic components. Heritable traits 

can be seen when individuals take after parents as a consequence of genetic likeness 

(Griffiths et al. 2005; Weaver and Hedrick 1992). Two particular kinds of heritability 

can be approximated: broad-sense and narrow-sense. Represented as (H2) board-sense 

heritability is the level to which a trait of interest is regulated, conveyed as the 

proportion of the entire genetic variation; including additive genetic and non-additive 

genetic effects, epistasis and genetic effects of inbred parents to the phenotypic 

difference. Narrow-sense heritability (h2) is the level to which a trait is succeeded from 

parental lines to individuals, conveyed as the proportion of the additive genetic 

difference to the overall phenotypic variation (Griffiths et al. 2005). 

2.11 Diallel analysis 

Breeding techniques that greatly benefit the development of hybrids and hexaploid 

wheat cultivars have been created through research on gene actions and their subsequent 

effects upon specific crops (Sharma et al. 2013). Crossing distant genotypes among 

germplasm following established mating designs such as diallel mating is the most 

frequently used approach to understanding gene actions and interaction in crop plants 
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(Baker 1978; Inamullah et al. 2006; Johnson and King 1998). Diallel analysis was 

initially designed by Hayman (1954a) and Jinks (1955), who created a consistent 

instrument for the comprehension of gene actions and their subsequent effects 

(Inamullah et al. 2006). The methodology has been developed and applied to a number 

of major crops recently (Crestani et al. 2012; Laude and Carena 2014; Moroni et al. 

2013; Song et al. 2015). Crucial information relating to genetic bases of traits can be 

obtained through diallel analysis, such as the importance of additive and non-additive 

genetic effects, the dominance of tolerance or susceptibility, heritability, and the 

involvement of major or minor genes controlling a trait.  

2.12 Climate change and wheat production 

2.12.1 Climate change 

Wheat, a cool season crop, is generally sensitive to high temperatures. The current trend 

of global climate change is to become warmer. Minor changes in the average 

temperature can have a significant effect on the frequency of extreme temperature 

events; for instance, the number of very hot days could rise significantly as a 

consequence of minor escalations in average temperatures (Howarth 2005). Predictions 

are that by 2030 the average annual temperature will have increased by 0.4 ºC to 2.0 ºC 

over most of Australia. There is also a possibility of temperatures increasing in the 

northwest regions (Pittock 2003). Wheat genotypes tolerant to such increased 

temperatures need to be selected to ensure a steady increase in production. 

2.12.2 The impact of global warming on agriculture and wheat production 

If the earth has a warmer climate in the next years, this will have fundamental effects on 
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agriculture and food production (Howarth 2005; Kamal et al. 2010; Pearce et al. 1996; 

Rehman et al. 2005; Seitz 2008). Globally, about 220.0 million hectares currently under 

wheat are subjected to one or more abiotic stresses (Cossani and Reynolds et al. 2012), 

putting a major strain on agricultural research that targets improving and stabilising 

wheat production. This is especially true in this century, taking into account the delicate 

and incredibly variable characteristics of the various regions of the world and the 

continuous decline of natural resources (Pfeiffer et al. 2005). The negative effects of 

global warming on wheat productivity could lead to a shortage of essential supplies, a 

reduction in food security, and an increase in poverty worldwide (Tubiello et al. 2000). 

The wheat industry in Australia is particularly sensitive to the influence of climate 

(Howden and Jones 2004) as the majority of Australian wheat is spring wheat. 

2.13 Heat stress 

Heat stress is defined as ‘the rise in temperature beyond a threshold for a period of time 

sufficient to cause irreversible damage to plant growth and development’ (Wahid et al. 

2007, p. 200). Fluctuations in temperature may happen in the span of a single day or at 

any time during the crop growing season (Howarth 2005). Different plants respond 

differently to the adverse impacts of excessively high temperatures (Sumesh et al. 

2008). 

Heat stress affects many aspects of plant life, including the distribution of species, 

whether naturally occurring or crop plants (Howarth 2005). Pfeiffer et al. (2005) argued 

that a plant that has been subjected to heat stress has an elevated risk of being affected 

by additional stresses such as disease and drought. Roughly 65.0 to 70.0 million 

hectares of the crop over the entire planet are commonly subjected to heat stress, which 

can occur in irrigated and rain-fed areas as well as in areas with moderate to high 



2 Literature review 

24 
 

humidity (Pfeiffer et al. 2005). In Australia, wheat cultivars are subjected to heat stress 

at different times during growth but especially at the period of grain filling (Balouchi 

2010). 

Heat stress has the ability to affect a wheat crop at every stage of its cycle: seed 

germination (Nayeem and Mahajan 1991; Reynolds and Thompson 1971), seedling 

formation, growth, and survival (Finch-Savage 1995; Garcia-Huidobro et al. 1982; 

Howarth 2005; Peacock et al. 1990; Sattelmacher et al. 1990), tillering, biomass 

accumulation, initiation of florets, fertilisation or pollination and seed growth (Pfeiffer 

et al. 2005), anthesis (Rehman et al. 2009b), root growth and development (Porter and 

Gawith 1999). Heat stress also adversely affect morphophysiological characteristics and 

process such as plant height (Prasad et al. 2006), distribution of leaf (Pfeiffer et al. 

2005), photosynthesis (Al-Khatib and Paulsen 1999), cellular homeostasis (Yeh et al. 

2012), respiration (Howarth 2005; Levitt 1980; Pfeiffer et al. 2005), productivity and 

quality (Treglia et al. 1999), reproduction (Lillemo et al. 2005) growth rate (Howarth 

2005; Kurek et al. 2007), grain yield (Fischer and Maurer 1976) and grain quality and 

dry weight (Wollenweber et al. 2003).  

Abiotic stress is a major threat to successful germination and seedling growth, that are 

critical for wheat production (Blum 1996). Seedling stage has been widely used for 

investigating the effects of abiotic stresses on wheat growth and development, for 

example, heat stress (Fokar et al. 1998; Garcia-Huidobro et al. 1982; Howarth 2005;  

Kyauk et al. 1995; Peacock et al. 1990; Pfeiffer et al. 2005 ), osmotic stress (Rauf et al. 

2007), drought stress (Raza et al. 2012), and salinity stress (Sadat Noori and McNeilly 

2000). Exposure to high temperatures throughout the phase of seedling growth has been 

reported to result in actual alteration of particular survival characteristics within the 
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wheat crop (Efeoglu and Terzioglu 2007). 

2.14 Heat tolerance 

Plants that are able to survive and maintain stable production under extreme elevated 

temperatures are identified as heat tolerant (Kamel et al. 2010). Given the growing 

world population and expected warmer climates, it is essential to simultaneously 

increase the productive capacity of agriculture and to expand the productive regions of 

the world. These goals demand substantial efforts in breeding to improve the heat 

tolerance and quality of cereals (Maestri et al. 2002). Plants cannot flee from 

unfavourable environmental conditions, and so have evolved various protective 

mechanisms to cope with severe abiotic and biotic stresses (Howarth 2005). It is 

necessary to investigate such adaptive mechanisms and find fast and effective ways of 

developing plants that can tolerate a wide range of stressful environmental conditions. 

2.14.1 Breeding for heat tolerance 

It is a prime concern of agricultural systems, and particularly for annual crops, to 

produce the maximum possible yield under the prevailing environmental conditions 

(Howarth 2005). Plants, like any other organism, have the potential to develop 

thermotolerance mechanisms to survive under lethal elevated temperatures (Mittler et 

al. 2012; Vierling 1991; Qu et al. 2013) to minimise their deteriorative cellular effects, 

but not all survive to the same degree. In fact, plants often demonstrate significant inter- 

and intraspecific variations in their capacity to withstand heat stress; this provides a 

tremendous opportunity to improve complex traits like heat tolerance by genetic means, 

and to develop crops with enhanced endurance to heat (Wahid et al. 2007). This 

approach has been suggested by many investigators for improving Australia’s wheat-

belt crops, where mean temperatures experienced during the grain filling period are 
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significantly above the optimal 15 ºC for maximal kernel mass (Chowdhury and 

Wardlaw 1978). Production of such heat tolerant wheat crops requires identification of 

critical factors/genes controlling such complex traits. The challenge remains on how to 

find those. 

2.14.2 Acquisition of heat tolerance 

In order to produce new cultivars of crops able to cope with predicted changes in 

climate, it is necessary to understand how they react to increased temperatures and in 

what ways their heat tolerance can be improved (Halford 2009). All plants develop 

various strategies that enable them to survive when subjected to increased temperature 

(Hassauzzaman et al. 2013). These include ‘long-term evolutionary phenological and 

morphological adaptations and short-term avoidance or acclimation mechanisms’ 

(Wahid et al. 2007, p. 210). Plants obtain heat tolerance through the synthesis of ‘heat 

tolerance-related compounds’, or from progressive exposure to periods of heat. This 

miraculous adaptation is primarily associated with displays of heat shock reaction, and 

achieved by altered transcriptomic machinery such as gene expression associated with 

heat tolerance, enabling plants to handle heat stress (Wahid et al. 2007). Under stress, 

plants tend to reallocate more of their resources towards defence rather than growth as 

they come closer to the boundaries of their adaptation. As the frequency of severe 

environmental events increases, the capacity to endure is extremely important if a 

cultivar is to produce reliably (Howarth 2005). 

Different approaches have been undertaken to improve the heat tolerance of existing 

wheat cultivars. Examples include identifying heat tolerant genotypes and utilising new 

heat stress-related genes, improving the effectiveness of breeding methods, developing 
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marker assisted selection, and modifying known heat stress-related genes. One useful 

approach is to identify naturally heat tolerant wild germplasm and examine their 

adaptive mechanisms. This is a promising strategy because the long-term exposure of 

this germplasm to heat stress is likely to have induced novel and ‘directed’ genetic 

changes in their genome to drive physiological adaption to heat (Maestri et al. 2002). 

Multi-genic traits are a large factor in determining the agronomic action of all types of 

crops. Given the progress and advancement of molecular markers, it has become 

possible to detect and inherently position causative genetic influences like QTLs and to 

employ them in further enhancement of crops. This has resulted in a rise in the amount 

of research into QTLs, shaping the agronomic performance of crucial crop species 

(Langridge and Chalmers 2005). The natural variation in heat tolerance among wheat 

germplasm provides circumstantial evidence of potential traits/factors/genes 

contributing significantly to improved yield and damage resistance under heat stress 

conditions (Barakat et al. 2011; Lawlor 1994; Sharma et al. 2012; Yang et al. 2002b). 

These can then be used in breeding programs or biotechnological applications to 

develop heat stress-tolerant wheat cultivars. Better understanding of genetics and the 

physiological basis of heat tolerance, along with utilisation of appropriate germplasm 

and methodologies, will definitely help in the development of sustainable heat tolerant 

wheat genotypes (Fokar et al. 1998). 

Breeders of wheat have succeeded in establishing traits of interest that improve plant 

output. The progress of in vitro methods has aided conventional approaches to wheat 

breeding via developing the genetic differences required for producing genotypes 

possessing traits of interest (Patnaik and Khurana 2001). A large portion of the 

achievements in wheat breeding can be attributed to the use of recent approaches to 

selection and breeding, such as the introgression of genes from wild species toward 
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cultivated species and the growth and expansion of improved approaches for selection 

(Langridge et al. 2001). Genetic engineering and the expansion and usage of DNA 

markers are two recent innovative methods that have been applied to the development 

and enhancement of wheat. These methods have been discovered and made available 

through biotechnology. A wide offering of approaches to advance the productivity of 

selection strategies is available through molecular marker application; the methods rely 

on the discovery of variations that exist among accessions or cultivars of wheat 

(Langridge et al. 2001). 

2.14.3 Challenges facing breeding cultivars for heat tolerance 

Heat tolerance in wheat is a complex trait (Garg et al. 2012). Intensive research 

targeting the dissection of this trait at the genetic, molecular, and physiological levels 

has been reported, but the complete picture is far from clear (Wahid et al. 2007). 

Relatively little information on heat stress-related genes and their utilisation in breeding 

programs, and on modern biotechnology applications for improving this trait is 

available (Maestri et al. 2002). There are several particular challenges for breeding 

cultivars for heat tolerance: 

 The limited availability of knowledge regarding the genetic mechanism of heat 

tolerance is hampering the development of suitable cultivars (Moffatt et al. 

1990). 

 Although progress has been made in the discovery of genotypes tolerant to heat 

stress in bread wheat, one of the primary unmet objectives of wheat improvement 

programs remains the ability to straight selection for the types of trait that exhibit 

tolerance (Ali et al. 1994).  
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 Recently released wheat genotypes, which grow and produce well under 

controlled conditions, usually are not highly tolerant of severe stresses in the 

environment such as those caused by heat (Morgunov 1994). 

 There is limited knowledge of various physiological aspects of tolerance in 

plants, such as the various effects of heat stress, the phases of plant development 

that might be used for selection; there is still a deficiency of effective and precise 

research as well as of investigation into ways to select the specific physiological 

methods and mechanisms that provide tolerance to heat (Morgunov 1994). 

 Heat tolerance is not simply inherited; in cereals it is controlled by multiple genes 

over various growth phases and different plant tissues (Maestri et al. 2002). 

 In comparison to studies of other abiotic stresses, little study and development of 

genetic markers linked to heat tolerance in differing species of plant has been 

undertaken (Wahid et al. 2007). 

 Factors that contribute significantly to heat tolerance in crop plants are not yet 

entirely comprehended. This represents the most crucial limitation in 

implementing molecular biology for improving heat tolerance in wheat (Wahid et 

al. 2007). 

2.15 The genetics of heat tolerance in wheat as revealed by diallel analysis 

Quantitative traits are governed by many genes and being generally unresponsive to 

stimuli of an environmental nature (Buckler et al. 2009; Hu and Xu 2009; Lynch and 

Walsh 1998). The inheritance of heat tolerance is complex and may be governed by 

varying inheritance factors (Farooq et al. 2011a; Paulsen 1994). A significant problem 

that hinders breeders in effectively selecting for this trait is its highly quantitative nature 

(Sadat et al. 2013). In general, quantitative traits are highly influenced by environmental 
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factors, and as a result have low heritability. Studies (e.g. Yang et al. 2002b) revealed 

the importance of additive and dominant gene actions in governing tolerance to heat 

stress in wheat. 

Several studies revealed genetic control and inheritance patterns controlling heat 

tolerance in wheat by estimating different traits using diallel analysis. Moffatt et al. 

(1990) reported the substantial effect of general combining ability based on the trait of 

chlorophyll fluorescence in six wheat genotypes crossed in a diallel mating design. In 

another experiment, five wheat genotypes were crossed in a diallel analysis to 

investigate combining ability in wheat by estimating the amount of 2,3,5 triphenyl 

tetrazolium chloride at seedling stage. The analysis signifies the importance of general 

combining ability in controlling heat tolerance (Porter et al. 1995). 

Ibrahim and Quick (2001a) reported a significant role of additive genetic effects in 

membrane thermal stability at seedling stage under heat stress conditions by crossing 

six wheat genotypes in a full diallel mating design. A full diallel mating including seven 

wheat genotypes was used to investigate the gene actions of relative cell injury and 

some yield components under heat stress conditions by Farooq et al. (2011b). This 

analysis too reveals a significant role of additive genetic effects for acquiring heat 

tolerance. 

The importance of additive and non-additive genetic effects was reported by Dhanda 

and Manjal (2006), who estimated the cellular thermotolerance of eight wheat 

genotypes crossed in a half diallel mating design. Kamaluddin et al. (2007) crossed 

eleven wheat genotypes in a diallel mating design to investigate the gene actions of 

grain filling duration and some yield characters under heat stress. The analysis revealed 
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a greater importance of general than of specific combining ability. Farooq et al. (2011a) 

reported the importance of both additive and non-additive genetic effects in acquiring 

heat tolerance in a 7 × 7 full diallel mating design in an investigation of the gene actions 

of some yield traits at the grain filling phase under heat stress. Ram et al. (2014) 

reported the importance of additive and dominant gene actions in controlling heat 

tolerance of some morpho-physiological characteristics in a 10 × 10 diallel analysis. 

Quantitative traits having high heritability estimates are important parameters for the 

selection of genotypes. Heritability for heat tolerance in wheat has previously been 

determined by measuring several traits. Fokar et al. (1998) reported high heritability 

(89.0%) for cellular thermotolerance by measuring triphenyl tetrazolium chloride 

(TTC). Ibrahim and Quick (2001b) reported moderate heritability and realised 

heritability (50.0 to 65.0% and 49.0 to 64.0% respectively) for TTC, and low to 

moderate heritability and realised heritability (32.0 to 38.0% and 27.0 to 47.0% 

respectively) for membrane thermal stability. Yang et al. (2002b) reported high broad-

sense and realised heritabilities (80.0 and 96.0%, respectively) for heat tolerance by 

estimating grain-filling duration. 

Mohammadi et al. (2008) reported low heritability (20.0%) for kernel weight under heat 

stress and moderate heritability (67.0%) for stress susceptibility index (SSI) in 144 F9 

RILs resulting from a cross between wheat genotypes Kauz and MTRWA116. Mason et 

al. (2010) reported moderate broad-sense heritability ranging from 44.0 to 69.0% for 

yield components under heat stress. 

Paliwal et al. (2012) reported high broad-sense heritability ranging from 74.5 to 87.0% 

for heat susceptibility index (HSI). Barakat et al. (2011) reported moderate broad-sense 

heritability (47.7%) for heat tolerance by estimating the grain filling rate. Tiwari et al. 
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(2013) reported moderate heritability ranging from 36.0 to 59.0% for HSI. A moderate 

heritability is also recorded for some grain filling traits under heat stress conditions, 

ranging from 40.0 to 63.0%. Azman et al. (2015) reported moderate to high heritability 

ranging from 66.0 to 89.0% for chlorophyll fluorescence kinetics under heat stress 

conditions at the seedling stage. 

Farooq et al. (2011a) reported moderate to high narrow-sense heritability (43.0 to 

88.0%) for yield characters at the grain filling stage. Farooq et al. (2011b) reported 

moderate to high narrow-sense heritability (62.0 to 88.0%) for some yield components 

and relative cell injury. Ram et al. (2014) reported low to high narrow-sense heritability 

ranging from 3.0 to 78.0% for some morpho-physiological characteristics. 

2.16 QTL mapping of heat tolerance in wheat 

Heat tolerance in wheat is a complex quantitative trait controlled by more than one gene 

(Maestri et al. 2002; Paliwal et al. 2012; Singh et al. 2014). To our knowledge, major 

identified QTLs for heat tolerance in wheat have been detected through quantification of 

yield and yield components: for example, the HSI in wheat, estimated from variations in 

yield and yield components of RILs under heat stress and non-stress conditions has been 

considered for QTL mapping (Mason et al. 2010, 2011; Tiwari et al. 2013). QTL 

analysis at the seedling stage has been well established for investigating abiotic stresses 

in crops including wheat (Genc et al. 2010; Jiang et al. 2008; Liu et al. 2008); but not 

yet to investigate heat tolerance in wheat. Many researchers have reported QTL 

mapping of heat tolerance in wheat (Table 2.4).  

 

 



2 Literature review 

33 

Table 2.4 QTLs of heat tolerance in wheat, detected by previous researches. 
 

Trait QTL Chromosome PVE%* Reference 
Chlorophyll 

fluorescence kinetics-

initial fluorescence 

QF0.cgb-1B 1B   7.5 

Azman et al. 2015 

QF0.cgb-2B 2B   7.9 
QF0.cgb-5B 5B 10.8 
QF0.cgb-7B 7B   5.6 
QF0.cgb-7D 7D   8.0 

 

Chlorophyll 

fluorescence kinetics- 

maximum fluorescence 

 

QFm.cgb-1A 

 

1A 

  

 6.6 
QFm.cgb-4A 4A 11.9 
QFm.cgb-7A 7A   9.5 

 

Chlorophyll 

fluorescence kinetics- 

variable fluorescence 

 

QFv.cgb-1A 

 

1A 

   

7.8 

QFv.cgb-4A 4A 14.9 

 

Chlorophyll 

fluorescence kinetics- 

maximum quantum 

efficiency of PS II 

 

QFv /Fm.cgb-1A 

 

1A 

 

  7.5 
QFv /Fm.cgb-2A 2A   8.5 
QFv /Fm.cgb-4A 4A   6.8 
QFv /Fm.cgb-6A 6A   8.3 

Thylakoid membrane 

damage 
QHttmd.ksu-6A 6A 14.9 

Talukder et al. 2014 

QHttmd.ksu-7A 7A 30.6 
QHttmd.ksu-1D 1D 14.1 

 

Plasmamembrane 

damage 

 

QHtpmd.ksu-7A 

 

7A 

 

33.5 
QHtpmd.ksu-2B 2B 17.2 
QHtpmd.ksu-1D 1D 11.6 

 

Chlorophyll content  

 

QHtscc.ksu-6A 

 

6A 

 

17.6 
QHtscc.ksu-7A 7A 30.8 
QHtscc.ksu-1B 1B 12.6 
QHtscc.ksu-1D 1D 16.6 
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Table 2.4 (cont). QTLs of heat tolerance in wheat, detected by previous researches. 

Trait QTL Chromosome PVE%* Reference 
Heat sensitivity index-

mature grain yield 
QHY.bhu-1DL 1D 10.2 

Tiwari et al. 2013 

 

Heat sensitivity index-

thousand grain weight 

 

QHTgw.bhu-1DS 

 

1D 

 

11.8 
QHTgw.bhu-6BL 6B 14.0 

 

Heat sensitivity index- grain 

filling duration 

 

 

QHGfd.bhu1-2DL 

 

2D 

 

21.0 
QHGfd.bhu2-2DL 2D 20.6 

QHGfd.bhu1-7AL 7A 12.3 

Heat sensitivity index- 

canopy temperature 
QHCt.bhu-1DS 1D 11.7 

Mature grain yield  5A 8.1 
7D 9. 6 

Thousand grain weight 

  

2B 

 

15.8 
6A 10.3 
7D 8.5 

 

Grain filling duration  

  

4B 

 

8.4 
5B 8.3 

Heat susceptibility index-

thousand grain weight 
QHthsitgw.bhu-2B 2B 17.8 

Paliwal et al. 2012 

QHthsitgw.bhu-7B 7B 20.3 
QHthsitgw.bhu-7D 7D 9. 8 

Heat susceptibility index-

grain yield 
QlsYLD.bhu-7B 7B 13.2 

Heat susceptibility index-

grain fill duration 
QHthsigfd.bhu-2B 2B 20.2 

Canopy temperature 

depression  
QHtctd.bhu-7B 7B 19.8 

Grain quality Qsdsheat.tam-1D 1D 22.0 
Beecher et al. 2012 

Quality stability Qsdssta.tam-7A 7A 18.0 
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Table 2.4 (cont). QTLs of heat tolerance in wheat, detected by previous researches. 

Trait QTL Chromosome PVE%* Reference 

Gain filling rate 

 6A 7.0 

Barakat et al. 2011 6B 25.0 

7D 3.3 

Heat susceptibility index-

kernel number of main spike 
QHknm.tam-5B 5B 13.4 

Mason et al. 2011 

Heat susceptibility index-

kernel weight of main spike 

QHkwm.tam-1B 1B 10.1 

QHkwm.tam-5A.1 5A 12.2 

QHkwm.tam-5A.2 5A 11.4 

Heat susceptibility index-

single kernel weight of main 

spike 

QHskm.tam-2D.1 2D 19.3 

QHskm.tam-2D.2 2D 5.2 

QHskm.tam-3B 3B 4.5 

QHskm.tam-4A.1 4A 9.6 

QHskm.tam-4A.2 4A 12.3 

QHskm.tam-5A 5A 5.8 

QHskm.tam-5B 5B 6.2 

QHskm.tam-6D 6D 14.7 

QHskm.tam-7A 7A 9.3 

QHskm.tam-7B 7B 5.5 

Heat susceptibility index-

kernel number of main spike 

QHknm.tam-2B 2B 21.6 

Mason et al. 2010 

 

QHknm.tam-3Bc 3B 11.3 

Heat susceptibility index-

kernel weight of main spike 
QHkwm.tam-3B 3B 21.2 

Heat susceptibility index-

single kernel weight of main 

spike 

QHskm.tam-1A 1A 22.6 

QHskm.tam-2Ac 2A 21.0 

Stress susceptibility index 

(SSI) 

 1B 44.3 Mohammadi et al. 

2008 5B 27.3 

7B 34.0 

Grain filling duration 
 1B 11.0 

Yang et al. 2002b 
5A 12.0 

* Phenotypic variation explained by QTL. 
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2.17 Research objectives of the present project 

Searching for naturally heat tolerant germplasm is a promising approach as it provides a 

unique opportunity not only to better understand this complex trait but also to identify 

key factors/genes that contribute significantly to heat tolerance. This will add 

significantly to the ongoing effort to improving heat tolerance in wheat. It will also pave 

the way for the production of heat tolerant crops via breeding using modern 

biotechnological approaches. The objectives of the current research project include: 

 Screening a large quantity of wheat germplasm for identification of genotypes 

with extreme heat tolerance/susceptibility (Chapter 3), 

 Using molecular marker screening to confirm identified HT and HS genotypes 

(Chapter 3), 

 Elucidating the genetic mechanisms of heat tolerance through diallel analysis 

(Chapter 4), and  

 Identifying major QTLs associated with heat stress response in wheat and 

validating the major QTLs in different genetic backgrounds (Chapter 5). 
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Chapter 3 Identification and confirmation of heat tolerant genotypes 

by phenotypic and molecular marker screening in wheat 

 

3.1 Abstract  

Heat is one of the major abiotic stresses limiting wheat production worldwide. Four 

hundred and ninety nine wheat genotypes were evaluated under 35 ºC stress and 

optimum (25 ºC) growing conditions to identify heat tolerant genotypes for early stage 

stress. Seedling length (SL) was measured to evaluate the response of the genotypes to 

heat stress. A highly significant (P<0.01) reduction in SL was observed with an average 

reduction of 11.7 cm due to the stress applied.  Damage index (DI) was calculated based 

on SL under the two temperatures for each genotype and used to rank genotypes. 

Genotype SST 16 (T. aestivum) was an extremely heat tolerant (EHT) genotype with a 

DI value of -0.28 while genotype G3211 (T. turgidum ssp dicoccoides) was an 

extremely heat susceptible (EHS) with a DI value of 0.98. This large variation was 

confirmed by the previously identified DNA markers reported to be linked to heat 

tolerance QTLs. Four simple sequences repeat (SSR) markers namely, Xbarc217 with 

allele size 102 bp, Xgwm285 with allele size 223 bp, Xbarc84 with allele size 123 bp, 

and Xbarc197 with allele size 136 bp were used to screen allelic variations of the 

markers in 180 wheat genotypes representing the whole phenotypic variation. The 

genotypes possessing the three alleles sizes 102, 223 and 123 bp and lacking the allele 

size 136 bp showed the highest heat tolerance (DI=0.14), whereas the genotypes lacking 

the three alleles sizes 102, 223 and 123 bp and possessing the allele size 136 bp showed 

the lowest heat tolerance (DI=0.82), which matched the phenotypic data well. The 
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identified heat tolerant genotypes and the associated marker alleles will be useful 

resources for genetic studies and practical wheat breeding. 

3.2 Introduction 

About 30.0% of the globe’s cereal region is represented by wheat (Cossani and 

Reynolds 2012). According to the FAO, worldwide wheat production was estimated at 

729.5 million tonnes in the year 2014 (FAO 2015). Wheat is a staple food for more than 

35.0% of the world population (Shao et al. 2005), making it one of the world’s most 

important crops (El-Lattief 2011). In the next ten years the world demand for wheat 

consumption is predicted to increase by 2.0% annually (Jaradat 2011). 

Predicted climate change, which causes variations in temperature could have 

fundamental effects on agriculture (Howarth 2005; Kamal et al. 2010; Pearce et al. 

1996; Rehman et al. 2005; Seitz 2008). Heat stress is the most speedy and severe natural 

environmental stress that a plant under normal circumstances is exposed to, compared to 

other abiotic stresses (Howarth 2005). Heat stress affects both development and 

reproduction stage of plants, resulting in reduction of potential growth (Hall 2001; 

Kreps et al. 2002; Kurek et al. 2007; Lobell and Asner 2003; Pfeiffer et al. 2005), and 

even leading to plant death (Howarth 2005). Generally, 25 ºC is the optimum 

temperature for wheat germination (Acevedo et al. 2002; Essemine et al. 2010; Medany 

et al. 2007; Lei et al. 2013) and seedling growth (Medany et al. 2007). High temperature 

(35 ºC) affects germination (Blum and Sinmena 1994) and seedling growth (Essemine 

et al. 2010; Sanghera and Thind 2014). 

The optimum temperature for wheat cultivars to reach their highest production is in the 

range of 15 to 20 ºC (Dupont and Altenbach 2003). Temperatures above 30 ºC during 

grain filling decrease kernel mass in wheat cultivars (Wardlaw 1994). Roughly 78.0% 
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of grain yield and 63.0% of kernel mass is reduced when wheat is exposed to high 

temperature (35 ºC) during the period of 10 days after anthesis till ripen in some areas 

of the world (Gibson and Paulsen 1999). Heat is a significant constraint on both bread 

and durum wheat, where it affects their productivity and quality (Hede et al. 1999; 

Treglia et al. 1999). Approximately 65.0 to 70.0 million hectares of wheat crop over the 

entire planet are subjected to heat stress (Pfeiffer et al. 2005). High temperatures 

between 30 ºC to 38 ºC cause about 50.0% reduction of wheat yield worldwide (Paulsen 

1994). 

Seedling establishment in plants is an essential growth stage for their final production 

and future survival (Landjeva et al. 2008). Under abiotic stress, the stages of seed 

germination and seedling growth become more important for wheat initiation (Blum 

1996). Maestri et al. (2002) indicated that the germination capabilities and initial growth 

of grains must possess a substantial tolerance to elevated temperatures from the very 

beginning of action of imbibing. Seedling stage has been widely used for investigation 

of the effects of abiotic stresses on wheat growth and development, for example, heat 

stress (Fokar et al. 1998; Garcia-Huidobro et al. 1982; Howarth 2005; Kyauk et al. 

1995; Peacock et al. 1990; Pfeiffer et al. 2005), osmotic stress (Rauf et al. 2007), 

drought stress (Raza et al. 2012), and salinity stress (Sadat Noori and McNeilly 2000). 

Heat stress affects seed germination (Nayeem and Mahajan 1991; Reynolds and 

Thompson 1971), seedling growth and seedling survival (Finch-Savage 1995; Garcia-

Huidobro et al. 1982; Howarth 2005; Peacock et al. 1990; Sattelmacher et al. 1990). 

Exposure to high temperatures throughout the phase of seedling growth has been 

reported to result in actual alteration of particular survival characteristics within the 

wheat crop (Efeoglu and Terzioglu 2007). The current research is therefore to focus on 

initial seedling growth stage to identify the responses of wheat genotypes with diverse 

genetic background to heat stress. 
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A trustworthy evaluating method will facilitate the effectual identification of variations 

in response to heat in different genotypes. As many changeable and irrepressible 

environmental factors may come into play when a crop grows in the field, the use of 

controlled environments is a must to allow researchers to screen genotypes for particular 

effects (Setimela et al. 2005). The current research is to monitor how temperature 

alterations affect the crop under controlled environments. A newly designed system was 

developed to study heat tolerance, which involved using a large plastic box holding 

many layers of vertically positioned filter papers with wheat seeds sown in between for 

the ease of screening large number of genotypes. 

In the end of last century the ITMI was founded and globally utilised for mapping of 

microsatellite or SSR (Börner et al. 2002)  and a collection of these SSR-based wheat 

maps have been published (Gupta et al. 2002; Song et al. 2005; Röder et al. 1998). SSR 

markers have frequently been employed in the areas of diversity and inheritance studies 

for stress tolerance in plant (Oblessuc et al. 2009), because the markers are                 

co-dominant, steadfast, practically simple, sturdy, in accordance with Mendelian laws, 

and reproducible via the use of polymerase chain reaction (PCR) (Collard et al. 2005; 

Langridge et al. 2001). Multiple alleles of SSR markers enables genotype detection, 

lineage examination and determination, and approximating genetics remoteness 

amongst plants (Diwan and Cregan 1997). Our QTL mapping study, using the ITMI 

population derived from a cross between Synthetic and Opata hexaploid wheats to 

identify QTLs associated with heat tolerance in wheat, have shown that SSR Xbarx217 

(allele size 102 bp), Xgwm285 (allele size 223 bp) and Xbarc84 (allele size 123 bp) and 

Xbarc197 (allele size 136 bp) were closely linked SSR marker to four identified heat 

tolerance QTLs. Allele sizes 102, 223 and 123 amplified from the parent Opata were 
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responsible for increased heat tolerance, allele size 136 bp amplified from the 

susceptible parent Synthetic was responsible for decreased heat tolerance in the 

validated population (chapter 5). These four single-sized fragments of the SSR markers 

were therefore used in the present study to screen allelic variations of the markers in 

unstructured population. 

The aims of the present study are: 1) to assess the impact of heat stress during seedling 

growth; 2) to identify heat tolerant wheat genotypes that can be utilised for further 

genetic studies and practical breeding; 3) to test whether genotypes from different 

continents perform differently under heat stress; and 4) to confirm the identified heat 

tolerant and susceptible genotypes using molecular marker screening.  

3.3 Materials and methods 

3.3.1 Plant materials 

A total of 499 wheat genotypes (Appendix 3.1), were obtained from Australian Winter 

Cereals Collection (AWCC), originating from seven regions: Africa, Asia, Australia, 

Europe, North America, South America and the Middle East (Fig 3.1). 
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Figure 3.1 The distribution of wheat genotypes used for heat stress tolerance 
assessment. As indicated on the map, 112 genotypes were from Asia, 107 from Europe, 
81 from North America, 69 from Australia, 56 from Middle East, 42 from South 
America and 27 from Africa. 

 

3.3.2 Germination and seedling parameters 

The study used a newly developed laboratory-based method to screen large numbers of 

genotypes over a reasonably short period of time. The tests were carried out in the 

School of Plant Biology at The University of Western Australia. After preliminary 

experiments employing different temperature regimes, 35 ºC was selected to simulate 

heat stress conditions and 25 ºC was used as a control temperature. The experiment 

conducted in completely randomised design with three replications in each treatment. 

Seeds of each genotype were soaked overnight in distilled water at 25 ºC. When the 

radicles emerged from the seed coat, randomly selected germinated seeds of each 

genotype were placed 1 cm apart between two layers of Whatman 3 filter papers (24 cm 

long by 34 cm wide), pre-moistened with distilled water. These were divided between 

two custom-designed plastic containers, each with a 58.5 cm x 42.0 cm x 33.0 cm 

dimension with small plastic holders glued to the inside walls and base (Fig 3.2). The 
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containers were placed in controlled environment rooms (CERs) with a 12 hour 

photoperiod (200 µmol m-2 s-1), with one container in a room of a constant temperature 

of 25 ºC and the other in a room of a 35 ºC. Relative humidity of 70.0 to 75.0% and 

temperatures of 35±1 ºC or 25±1 ºC were constant inside the containers throughout the 

experiment period. Distilled water matching the temperature was added to each 

container as needed throughout the evaluation period to avoid water stress.  

 

 

Figure 3.2 A newly designed system for screening wheat genotypes for heat tolerance. 
Small plastic holders (arrowed) were glued to the inside walls and base of a plastic 
container (58.5 cm length x 42.0 cm width x 33.0 cm height). A specially assembled 
unit was placed between each pair of plastic holders. Each unit contained a piece of A4 
clip folder of 24.0 cm length by 33.0 cm width to hold two sheets of Whatman 3 filter 
paper together. Wheat seeds spaced 1cm apart were positioned on a horizontal line 
between the two sheets of filter paper. 

 

3.3.3 Plant measurement 

Seven days after germination, the SL was recorded using a graduated ruler. The mean of 

the three replications for each genotype was used to present the length of SL under heat 

stress and non-stress conditions. Damage index (DI) was calculated based on SL 

differences under the two temperatures using the following formula: 

DI = 𝑚𝑒𝑎𝑛 𝑜𝑓 𝑆𝐿 𝑎𝑡 25℃− 𝑚𝑒𝑎𝑛 𝑜𝑓 𝑆𝐿 𝑎𝑡 35℃

𝑚𝑒𝑎𝑛 𝑜𝑓 𝑆𝐿 𝑎𝑡 25℃
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where DI is damage index and SL is seedling length. 

3.3.4 Molecular markers analysis of the selected wheat genotypes  

For molecular markers analysis, 180 wheat genotypes were used to confirm the 

identified heat tolerant and susceptible genotypes. These 180 were a subset of 499 

wheat genotypes, which were evaluated for heat tolerance. 90 most tolerant and 90 most 

susceptible genotypes were selected for molecular marker screening. 

Seeds were ground using a tissuelyser (Qiagen) and their total DNA was isolated using 

Nucleon PhytoPure DNA extraction Kit (GE Healthcare) following the manufacturers’ 

instructions. DNA was treated with 1.0 mg/ml RNase (Qiagen) for 3 hours at 37 ºC to 

eliminate RNA contamination. The quantity and quality of the total DNA samples were 

measured using a NanoDrop ND-1000 (ThermoFisher Scientific). PCR was performed 

in 20.0 µL volume. The reaction mixtures contained 40.0 ng of genomic DNA, 0.1 μM 

of each forward and reverse primer, 1.5 mM of MgCl2, 10 × PCR buffer (Fisher Biotic), 

200.0 μM dNTPs (Fisher Biotic) and one unit of Taq DNA polymerase (Fisher Biotic) 

using a thermal cycler (BIO-RAD). PCR thermal cycling was performed as follows:    

95 ºC denaturing step for 5mins followed by 35 cycles of 95 ºC for 30 s, annealing for 

30 s (see Table 3.1 for optimised temperatures) and 72 ºC for 45 s, with a final 

extension at 72 ºC for 5 mins. Four PCR reactions were run separately (one for each 

marker) and the products were pooled for detection. The PCR products were separated 

using an Applied Biosystems 3730xl DNA Analyzer. GeneMarker® software (version 

2.6.3 SoftGenetics, LLC®. State College, PA-16803, USA) was used for allele calling of 

SSR markers for fragment analysis. 
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Table 3.1 The SSRs primers used in the present study based on the QTLs found in Chapter 5. 

QTL Primer name Distance to the QTL (cM) Primer sequence (5′−3′)* 

 

annealing temperature  (°C) 

 

HTI3A Xbarc197 5.6 
F: CGCATGGTCAGTTTTCTTTTAATCCT 

R:  GCGCTCTCCTTCATTTATGGTTTGTTG 
51.0 

HTI3B.1 Xgwm285 24.9 
F: ATGACCCTTCTGCCAAACAC 

R: ATCGACCGGGATCTAGCC 

 

48.0 

HTI3B.2 Xbarc84 11.9 
F: CGCATAACCGTTGGGAAGACATCTG 

R: GGTGCAACTAGAACGTACTTCCAGTC 

 

55.0 

HTI4D Xbarc217 12.1 
F: GCGTTGTGTTGAAGGCTGAGCATCCA 

R: GCGGAGTAGCCTAACGGCGGTGGAGGAAAC 

 

57.0 

* F forward primer, R reverse primer
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3.3.5 Statistical analysis 

Statistical analysis was carried out using GENSTAT for Windows 15th Edition software 

(VSN International. Hemel Hempstead, UK 2012). A one-way analysis of variance 

(ANOVA) and T-test were used to test the statistical differences of DI of genotypes and 

allelic variations of the markers. A paired two-sample t-test was conducted to compare 

the SL of all genotypes under the two temperature conditions. Based on the DI, 

genotypes were classified into four subcategories including i) extremely heat tolerant 

(EHT) category with a significant negative DI, ii) heat tolerant (HT) category with a 

non-significant DI, iii) heat susceptible (HS) category with a significant positive DI, and 

iv) extremely heat susceptible (EHS) category with a significant positive DI above 0.90.  

3.4 Results 

3.4.1 A wide variation of response in wheat genotypes to heat stress 

Apart from three genotypes that performed better on the tested trait SL under heat stress 

at 35 ºC and seventeen that were unaffected, all the rest showed some levels of 

sensitivity. The maximum SL at 25 ºC was detected in the hexaploid genotype T. 

aestivum Armenia4 (41.9 cm), and the minimum was in the diploid genotype T. 

monococcum Thoudar-2 (7.8 cm). The maximum SL under stress conditions at 35 ºC 

was detected in the hexaploid genotype T. spelta duhamelianum Mazz (29.9 cm), and 

the minimum was in the tetraploid genotype T. turgidum ssp dicoccoides G3211 (0.4 

cm). The mean SL of all genotypes at 25 ºC was 24.1 cm compared to 12.4 cm at 35 ºC. 

The T-test showed a highly significant reduction in means between heat-stressed and 

unstressed conditions (P<0.01).  
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3.4.2 Identification of heat tolerant or susceptible genotypes based on DI 

Three hexaploid genotypes of T. aestivum including SST16 (DI=-0.28), Pakistan W 20B 

(DI=-0.18) and Perenjori (DI=-0.09), had negative DI values with greater SL at 35 ºC 

compared to that at 25 ºC. The SL of these three EHT genotypes at 25 ºC were 17.3 cm 

for SST16, 17.4 cm for Pakistan W 20B and 16.9 cm for Perenjori, but they grew to 

22.2 cm, 20.5 cm and 18.4 cm at 35 ºC, respectively. Fourteen genotypes behaved 

similarly under both conditions, with an average SL of 19.1 cm at 25 ºC and 18.6 cm at 

35 ºC. These 17 genotypes recorded the lowest DI values (Table 3.2). Other 482 

genotypes had the highest DI values with an average SL of 24.3 cm at 25 ºC and 12.1 

cm at 35 ºC. Among these, two hexaploid genotypes of T. aestivum Synthetic and 

Stiletto and two tetraploid genotypes of T. turgadium ssp dicoccoides G3211 and G3100 

had DI values of greater than 90.0% (Table 3.3).  
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Table 3.2 Extremely heat tolerant (EHT) and heat tolerant (HT) genotypes based on 
damage index (DI) of seedling length measured following growth at 25 ºC and 35 ºC.  

No Wheat Genotype Wheat classification Country   DI* P-value  Category 

1 SST16 T. aestivum South Africa -0.28 0.01 EHT 

2 Pakistan W 20B T. aestivum Pakistan -0.18 0.02 EHT 

3 Perenjori T. aestivum Australia -0.09 0.03 EHT 

4 Tevere T. aestivum Italy -0.04 0.06 HT 

5 Novosadska1446 T. aestivum Hungary -0.03 0.11 HT 

6 Arrino T. aestivum Australia -0.01 0.31 HT 

7 India227 T. aestivum India 0.00 0.42 HT 

8 W156 T. aestivum India 0.00 0.43 HT 

9 Bullaring T. aestivum Australia 0.00 0.43 HT 

10 H11 T. aestivum Afghanistan 0.00 0.40 HT 

11 Agt Scythe T. aestivum Australia 0.01 0.28 HT 

12 Nobre T. aestivum Brazil 0.02 0.16 HT 

13 Nobeoka bozu T. aestivum Japan 0.03 0.10 HT 

14 Lerma Rojo 64 T. aestivum Mexico 0.04 0.08 HT 

15 Ananda T. aestivum not available 0.04 0.07 HT 

16 Mitre T. aestivum Australia 0.05 0.06 HT 

17 SST 6 T. aestivum South Africa 0.06 0.05 HT 

* When DI is negative, a P < 0.05 indicates that the genotype is extremely heat tolerant; when DI is close 

to 0, a P ≥ 0.05 indicates the genotype is heat tolerant.   
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Table 3.3 Extremely heat susceptible (EHS) and selected heat susceptible (HS) 
genotypes based on damage index (DI) of seedling length measured following growth at 
25 ºC and 35 ºC. 

No Wheat Genotype Wheat Classification Country DI* P-value  Identification 

1 G3211 
T. turgidum 

ssp dicoccoides 
Syria 0.98 0.00 EHS 

2 synthetic wheat T. aestivum Mexico  0.93 0.00 EHS 

3 G3100 
T. turgidum 

ssp dicoccoides 
Lebanon 0.93 0.00 EHS 

4 Stiletto T. aestivum Australia 0.92 0.00 EHS 

5 Belvedere T. durum Italy  0.89 0.00 HS 

6 Preston T. aestivum Australia 0.89 0.00 HS 

7 Blanco Sin Barbillas T. aestivum Mexico 0.89 0.00 HS 

8 Ellison T. aestivum Australia 0.89 0.00 HS 

9 Jandaroi T. durum Australia 0.88 0.00 HS 

10 G 2847 

 

T. monococcum 

ssp boeoticum 

Iraq 0.88 0.00 HS 

11 Brazil32 T. aestivum Brazil 0.88 0.00 HS 

12 AUS10700 T. timopheevii Japan 0.88 0.00 HS 

13 Chihuahuena T. aestivum Mexico  0.87 0.00 HS 

14 Portugal 3 T. durum Portugal 0.86 0.00 HS 

15 Cascades T. aestivum Australia 0.86 0.00 HS 

16 Yitpi T. aestivum Australia 0.86 0.00 HS 

17 16-52-2 T. aestivum Brazil 0.85 0.00 HS 

18 G 2511 

 

T. monococcum 

ssp boeoticum 

Iran 0.85 0.00 HS 

19 Israel A T. aestivum Israel 0.84 0.00 HS 

20 Longreach Beaufort T. aestivum Australia 0.84 0.00 HS 

* When DI is positive, a P< 0.05 indicates the genotype is heat susceptible. Genotypes with DI more than 

0.90 are classified as EHS and genotype with DI below 0.90 are classified as HS. Some highly HS 

genotypes are also listed on this table.  
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3.4.3 Geographical origins of wheat genotypes and their response to high temperature 

Of the 499 wheat genotypes screened, provenance for five of them were unknown. Of 

the rest, 112 genotypes were from Asia, 107 from Europe, 81 from North America, 69 

from Australia, 56 from the Middle East, 42 from South America and 27 from Africa 

(Fig 3.1). The mean DI of the 494 wheat genotypes with known origins showed 

significant differences (P<0.01). The maximum DI was recorded in North America and 

Australia (0.54), followed by the Middle East (0.53), South America (0.49), Europe 

(0.47), Africa (0.45) and Asia (0.41) (Fig 3.3). T-test showed the mean DI of Asian 

genotypes was highly significantly different (P<0.01) from that of North American, 

Middle Eastern and Australian genotypes and significantly different (P≤0.05) from that 

of South America and Europe genotypes. Genotypes from Europe were significantly 

different from genotypes from North America (P=0.01). Genotypes from Asia were the 

most heat tolerant of those tested. 

 

Figure 3.3 Heat damage index (DI) (y-axis) of wheat genotypes from seven 
geographical areas (x-axis). DI was based on difference in seedling length under the two 
temperatures, 25 ºC and 35 ºC. The lowest DI was recorded for Asian genotypes (0.41), 
and the highest for North American and Australian genotypes (0.54), with genotypes 
from Africa (0.45), Europe (0.47), South America (0.49) and the Middle East (0.53) in 
the middle. Vertical bars indicate the standard error of DI means.  
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3.4.4 Characterisation of 180 wheat genotypes based on allelic variation  

Of the four SSR marker used, Xbarc217 was linked to QTL located on chromosome 4D; 

both Xgwm285 and Xbarc84 linked to QTLs located on chromosome 3B; and Xbarc197 

linked to QTL located on chromosome 3A (Chapter 5). These markers were 

polymorphic with the selected 180 wheat genotypes and produced a total of 51 alleles, 

with an average of 12.75 alleles per locus and allele sizes ranging from 79 to 426 bp.  

The SSR marker Xbarc217, linked to HTI4D, that located on chromosome 4D in the 

ITMI mapping population, and produced 8 alleles ranging from 79 to 104 bp. 92 bp 

allele was unique to the susceptible parent Synthetic among the genotypes screened, 

whereas 102 bp allele was produced in the parent Opata and absent in Synthetic. The 

102 bp allele recorded a mean DI value of 0.40. The SSR marker Xgwm285, linked to 

HTI3B.1, that located on chromosome 3B, and produced 23 alleles ranging from 209 to 

253 bp. 227 bp allele was present in Synthetic and absent in Opata, while 223 bp allele 

was amplified by only Opata. The 223 bp allele had a mean DI value of 0.36. The other 

QTL located on chromosome 3B was HTI3B.2 and linked by SSR marker Xbarc84. 

This marker produced 9 alleles, ranging from 101 to 126 bp. Two allele sizes 101 and 

117 bp were present in Synthetic and absent in Opata, whereas allele size 123 bp was 

present in Opata and absent in Synthetic. The 123 bp allele had a mean DI value of 

0.44. SSR marker Xbarc197, which linked to HTI3A, that located on chromosome 3A, 

and produced 19 alleles ranging from 136 to 426 bp. One allele size 180 bp was present 

in Opata and absent in Synthetic. Two alleles, 136 and 186 bp, were present in 

Synthetic and absent in Opata. Allele 136 bp had mean DI value of 0.54. T-test among 

genotype groups that had or didn’t have the respective single-sized fragments showed 

significant differences in the mean DI for genotypes possessing 102, 223, 123 bp and 

136 bp alleles compared with those lacking these alleles (P<0.05). 
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A box plot was developed to demonstrate distribution of DI for SL among 180 selected 

wheat genotypes presenting different allelic combinations of the four SSR markers 

alleles, 102, 223, 123 and 136 bp. Among these selected genotypes, a total of 16 

different allelic combinations were found on the basis of the presence or absence of 

allelic composition of the four alleles sizes102, 223, 123 and 136 bp. Mean DI value of 

these allelic combinations ranged from 0.14 to 0.82 (Fig 3.4). The lowest DI (DI=0.14) 

of the allelic combination was recorded with genotypes that showed combinations of 

Opata’s alleles and an absence of Synthetic’s allele. This group included tolerant 

genotypes with a low DI value, which were five hexaploid genotypes of T. aestivum, 

namely, Perenjori (DI=-0.09), AGT Scythes (DI=0.01), Machete (DI=0.11), Rageni 15 

(DI=0.19), Aus 17513 (DI=0.27), in addition to Opata (DI=0.37) (Table 3.4). The 

highest DI (DI=0.82) of the allelic combination was recorded in genotypes that 

presented only Synthetic’s allele 136 bp and lacked Opata’s alleles 102, 223 and 123 

bp. This group was susceptible genotypes with a very high DI value, which included 

four hexaploid genotype of T. aestivum Synthetic (DI=0.93), Chihuahuena (DI=0.87), 

India 85 (DI=0.75) and Red Bobs (DI=0.72), two tetraploid genotypes, T. turgidum ssp 

dicoccoides G3211 (DI=0.98) and T. timopheevii ssp araraticum KU 8567 (DI=0.71), 

and three diploid genotypes of T. monococcum G 2847 (DI=0.88), G 2511 (DI=0.85) 

and Thoudar-2 (DI=0.71) (Table 3.4). T-test showed highly significant differences 

between the two groups (P<0.01).  
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Figure 3.4 Box plot distributions of damage index (DI) for seedling length (SL) among 
180 wheat genotypes possessing different allelic combinations of the four alleles sizes, 
102, 223 and 123 bp and allele size 136 bp. Boxes refer to the 25 and 75 precentiles; 
horizontal lines signify the median. Vertical lines signify the range; The red x represents 
an outlier. N indicates the number of genotypes with each allele. 
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Table 3.4 Wheat genotypes that showed the highest and the lowest mean DI values and 
their relationships with the presence and absence of the heat-tolerance–related alleles 
and the heat-susceptibility-related allele. 

* Damage index. DI was based on difference in seedling length under the two temperatures, 25 ºC and   

35 ºC. ** (+) genotype with the target marker allele and (-) genotype without the target marker allele.  

3.5 Discussion 

The findings of the current study indicated that there was a substantial and highly 

significant reduction in SL under heat stress for most of the genotypes investigated; 

Genotype DI* 

Marker allele** 

Xbarc217 

(102 bp) 

Xgwm285 

(223 bp) 

Xbarc84 

(123 bp) 

Xbarc197 

(136 bp) 

      

Perenjori -0.09 + + + - 

AGT Scythes 0.01 + + + - 

Machete 0.11 + + + - 

Rageni 15 0.19 + + + - 

Aus 17513 

Opata  

0.27 

0.37 

+ 

+ 

 

+ 

+ 

 

 + 

+ 

 

- 

- 

 

G 3211 0.98 -  - - + 

Synthetic  0.93 - - - + 

G 2847  0.88 - - - + 

Chihuahuena 0.87 - - - + 

G 2511 0.85 - - - + 

India 58 0.75 - - - + 

Red Bobs 0.72 - - - + 

Thaoudar - 2 0.71 - - - + 

KU 8567 0.71 - - - + 
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however, three genotypes showed greater SL at 35 ºC than that at 25 ºC, demonstrating 

a potentially useful degree of heat tolerance. Fourteen other HT genotypes showed 

equal SL at 25 ºC and 35 ºC. The rest had much shorter SL at 35 ºC than that at 25 ºC, 

showing sensitivity to heat stress. Genotypes from Asia showed the lowest DI while 

genotypes from North America and Australia showed the highest DI. Among the 180 

selected wheat genotypes, five wheat genotypes AGT Scythes, Aus 17513, Machete, 

Perenjori and Rageni 15 in addition to Opata that containing alleles 102, 223, 123 bp 

and lacking allele 136 bp demonstrated a broad range of tolerance to heat stress, which 

suggested that they were useful resources for future wheat genetic and breeding studies 

for heat tolerance. 

 

The mean SL of most of the tested genotypes was reduced significantly under stress 

conditions, indicating that heat stress generally had an inhibitory impact on the early 

seedling growth of wheat. Sattelmacher et al. (1990) and Essemine et al. (2010) found 

that early growth of plant seedlings was inhibited after a short period of heat stress. 

Sanghera and Thind (2014) reported significant reduction of wheat seedling at (35 ºC). 

The evaluation of the seedlings characteristics under favourable and elevated 

temperature conditions conducted in this study offers a clear demonstration of the effect 

of high temperatures on seedlings growth in wheat. Compared to non-stress conditions, 

SL at 35 ºC varied across the tested genotypes, from massive reduction to no change, 

and even to an increase (Table 3.2 and 3.3). The variation of response to heat stress 

between heat tolerant and susceptible genotypes may be attributed to the production of 

heat shock proteins (HSPs), which are considered a major factor of plant survivability 

under stress conditions. Maestri et al. (2002) argued that HSPs expressions could play a 

significant role in tolerance to heat stress during the initial phases of germination. 
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Crucial to a seedling’s survivability within the earlier germination stages could very 

well be its own capability in synthesising HSPs when experiencing stress as a result of 

elevated temperatures (Howarth 1989).  

 

In the present study, large number of wheat genotypes with diverse genetic background 

were evaluated for SL under heat stress and non-stress conditions. This initial screening 

identified subsets of genotypes that demonstrated a range of tolerance/susceptibility to 

heat stress. Diversity of wheat genotypes for heat tolerance has been well investigated at 

different growth stages (Al-Khatib and Paulsen 1990; Balouchi 2010; Blumenthal et al. 

1995; Sanghera and Thinkd 2014); however, these studies examined only a small 

number of genotypes. To our knowledge, this is the first time that such a large number 

of genotypes have been screened for heat tolerance, and it is especially encouraging that 

several heat tolerant genotypes have been identified, which can be used for genetic 

research and perhaps for breeding heat tolerant wheat cultivars. Yang et al. (2002b) 

indicated that wheat cultivars with the ability to produce highly in normal conditions 

and maintain stable output under environmental constraints are in demand. The 

identified tolerant/susceptible genotypes were used for developing recombinant inbreed 

line populations for genetic studies. 

 

Among those tolerant/susceptible wheat genotypes identified in this study, five 

genotypes were previously known for their responses to heat stress, which were 

Cascades (heat susceptible at the vegetative stage) (Balouchi 2010), Chinese Spring 

(heat susceptible at the flowering and grain filling stages) (Qin et al. 2008), Nacazori 

(heat susceptible at the late growth stage) (Blum et al. 2001), Sonoro (heat susceptible 

at the seedling and reproductive stages) (Sikder et al. 2001; Sikder and Paul 2010), and 
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Ananda (heat tolerant at the productive stage) (Sikder et al. 2001). The findings of the 

current study were in agreement with previous reports as Cascades, Chinese Spring, 

Nacazori and Sonoro, were heat susceptible with a DI of 0.86, 0.20, 0.39 and 0.32 while 

Ananda was heat tolerant with a DI of 0.04, which speculated that the response to heat 

of the genotypes at early growth stage may correlated to the response of the stress at late 

or terminal growth stage. AI-Khatib and Paulsen (1990) argued that comparable 

outcomes can be found within wheat genotypes hailing from diverse regions in the 

world, where vegetative and grain developments under heat stress condition are greatly 

connected. Thus this research confirmed that seedling stage was ideal for evaluating 

heat tolerant/susceptible genotypes. 

In the present study, the damage index based on SL under the two temperature 

conditions was used to rank the screened genotypes. Indices such as heat response index 

(HRI) (Bidinger et al. 1987), SSI (Fischer and Maurer 1978), stress tolerance index 

(STI) (Fernandez 1992) and yield stability index (YSI) (Bouslama and Schapaugh 

1984), were extensively used to identify tolerant genotypes for abiotic stresses. 

However, few of those indices were reported for evaluating wheat genotypes for heat 

tolerance especially at the early growth stage. The findings of the current research 

suggest that DI based on the SL trait at the stage of early seedling growth can be 

exploited else to evaluate wheat genotypes for heat tolerance. 

 

One-way ANOVA demonstrated the significant difference of the mean DI of the 494 

wheat genotypes with known origins (P<0.01). Comparison based on geographical 

origins of wheat genotypes showed significant variation; T-test showed significant 

differences in the mean DI of Asian genotypes from European, North American, South 

American, Middle Eastern and Australian genotypes (P≤0.05). This indicates that the 
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genotypes from Asia showed more tolerance to heat stress, while genotypes from North 

America and Australia were less heat tolerant and more affected by heat stress in the 

seedling growth stage. This outcome suggests that Asian strains should be targeted to 

identify more heat tolerant lines in future research. Ayalew et al. (2014) found in their 

screening of 833 worldwide wheat genotypes under drought stress at early growth stage 

that the Australian genotypes had the highest reduction in root length among African, 

Asian, European, North American and South American genotypes. The findings of our 

study and the study of Ayalew et al. (2014) suggested the sensitivity of Australian 

genotypes for heat and drought stresses. These findings are in agreement with the 

finding of Howden and Jones (2004), who concluded that wheat industry in Australia is 

particularly sensitive to the influence of climate  

 

The present study confirmed the importance of three SSR markers in confirmation of 

the phenotypic screening outcome in 180 selected wheat genotypes, which are 

Xbarc217 marker allele 102 bp, Xgwm285 marker allele 223 bp and Xbarc84 marker 

allele 123 bp that amplified from the parent Opata and increase tolerance to heat stress 

in the mapping population, and Xbarc197 marker allele 136 bp that amplified from the 

susceptible parent Synthetic and decreased tolerance to heat stress in the mapping 

population. Genotypes with the presence of Xbarc197 marker allele 136 bp recorded the 

highest mean value of DI (DI=0.54) compared to other allele sizes, suggesting the 

negative effect of this allele. Six Genotypes including Opata that showed a low DI value 

with the combination of the three positively contributing alleles and none negatively 

contributing allele tend to be more tolerant to heat stress. Nine Genotypes including 

Synthetic that presented a high DI value with the negatively contributing allele and none 

of positively contributing alleles tend to be susceptible to heat stress. A highly 
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significant differences in DI (P<0.01) was observed between the two groups. It is 

concluded that wheat genotypes possessing alleles 102, 223 and 123 bp performed 

significantly better under the heat condition than those lacking the three alleles. The 

approach of using molecular marker screening for evaluation and confirmation of stress 

tolerant wheat genotypes has been reported in previous studies. For instance, Collard et 

al. (2006) used 16 wheat genotypes to validate the effectiveness of identified SSR 

markers in distinguishing between crown rot resistant and susceptible genotypes. Sadat 

et al. (2013) used 14 SSR markers that have been previously identified associated with 

heat tolerance to confirm phenotypic screening of 14 heat tolerant wheat genotypes. 

Marker assisted selection has been proved to be a sufficient method for evaluating 

wheat genotypes for heat stress and for separating tolerant and sensitive genotypes 

within a mapping population (Sadat et al. 2013; Zhou et al. 2003). Our current research 

achieved a screening of a large number of genotypes by using a few key SSR markers, 

which could be used for marker assisted selection in real breeding practice. 

 

The large number of genotypes involved in this research required the creation of a quick 

and reliable system for screening wheat genotypes for heat tolerance. It has been 

reported that under regulated environmental system, identification of abiotic stress 

tolerant genotypes during initial growth stage was easy, accurate, and rapid (Kaya et al. 

2012). A preliminary experiment has been done to test the newly designed screening 

system by using two extreme (tolerant and susceptible) genotypes with known 

responses to heat at the initial growth stage, which proved that the new system was 

suitable and reliable in screening large number of genotypes. 



3 Identification of heat tolerant/susceptible wheat genotypes 

60 

 

3.6 Conclusion 

Breeding heat tolerant wheat variety is a pivotal strategy for maintaining wheat yields in 

the era of global warming. In the current study, the mean SL of the tested genotypes 

showed a highly significant reduction at 35 ºC compared with that at 25 ºC. Three 

hexaploid wheat genotypes, Pakistan W 20B, Perenjori and SST16, were identified as 

EHT. Two hexaploid wheat genotypes, Stiletto and Synthetic wheat, and two tetraploid 

genotypes, T. turgidum ssp dicoccoides G3211 and G3100, were found to be EHS. The 

rest fell into HT or HS categories. The mean DIs of the wheat genotypes from seven 

different geographical areas were significantly different (P<0.01). Genotypes from Asia 

showed more tolerance to heat stress than those from the Middle East, South America, 

North America, Australia and Europe. The heat tolerant genotypes that were newly 

identified in this study could be incorporated into current breeding programs, which 

could lead to the improvement of worldwide wheat yield under heat stress. A 

combination of the three SSR markers, Xbarc217; allele size 102 bp, Xgwm285; allele 

size 223 bp and Xbarc84; allele size 123 bp, which was associated with heat tolerance 

QTLs HTI4D, HTI3B.1 and HTI3B.2, respectively, is a useful tool in selection of heat 

tolerance in wheat backgrounds. 
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Chapter 4 Genetic control of heat tolerance in bread wheat (Triticum 

aestivum L.) genotypes as revealed by a diallel analysis 

 

4.1 Abstract  

A 5 × 5 diallel cross was conducted to investigate the genetic mechanism of heat 

tolerance in wheat. Five T. aestivum genotypes, W156, Cascades, Chara, Tevere, and 

Blanco Sin Barbillas were intercrossed. Parents and F2 plants were evaluated under 

optimal and heat-stressed conditions. The analysis showed that both additive gene 

action and dominance effects were important for heat tolerance in wheat. It also showed 

that heat tolerance was largely governed by recessive alleles, and that these alleles were 

concentrated in the heat tolerant parents W156 and Tevere. Both major and minor genes 

were involved in the control of the trait. In this study we found a high broad-sense 

heritability (86.5%) and a moderate narrow-sense heritability (41.0%) for heat tolerance 

in wheat. The outcomes of this research will be useful to guide future genetic analysis 

and breeding of heat tolerant wheat. 

4.2 Introduction 

Common or bread wheat (T. aestivum L.) is a hexaploid (2n=6x=42=AABBDD) species 

with over 25,000 different varieties, which enabled it to adapt to diverse environments 

(Feldman 1995). Wheat productivity is affected by various biotic and abiotic factors, 

among which heat stress is one of the significant environmental factors affecting wheat 

production worldwide (Howarth 2005). Elevated temperatures, between 30 and 35 ºC, 

negatively affect wheat growth and development and decrease seed yield (Batts et al. 

1998a, b; Lawlor and Keys 1993; Long 1991; Rawson and Richards 1992). Heat stress 
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can occur at any stage of the crop development, and the extent of its effect depends on 

the growth stage of the crop and the intensity and duration of the stress. Heat stress at 

germination and seedling stage is reported to have enormous impact on the survival and 

establishment of crop plants (Nayeem and Mahajan 1991; Peacock et al. 1990; 

Sattelmacher et al. 1990). 

Genetic improvement and adaptation to the changing climate is one of the most cost 

effective and environmentally friendly mitigation strategies to tackle environmental 

stressors, including heat stress (Howarth 2005; Maestri et al. 2002; Wahid et al. 2007). 

For successful adaptation through variety improvement, genetic variability in the 

working gene pool is pivotal. As wheat is diverse in its reaction to heat stress (Balouchi 

2010; Blumenthal et al. 1995; Sikder et al. 2010), there is tremendous opportunity to 

improve its heat tolerance through genetic improvement (Wahid et al. 2007). 

Knowledge of the genetic mechanism controlling tolerance to heat stress is necessary if 

we are to select for the characteristics of interest and generate enhanced genotypes 

suitable for areas experiencing heat stress, but at present our limited knowledge is 

hampering our efforts (Moffatt et al. 1990).. 

Crossing distant genotypes among germplasm following established mating designs 

such as diallel mating is the most frequently used approach in the effort to understand 

gene actions and interaction in crop plants (Inamullah et al. 2006). Diallel analysis was 

initially designed by Hayman (1954a) and Jinks (1955), who created a consistent 

instrument for the comprehension of gene actions and their subsequent effects 

(Inamullah et al. 2006). The methodology has been further developed and applied to a 

number of major crops recently (Crestani et al. 2012; Laude and Carena 2014; Moroni 

et al. 2013; Song et al. 2015). The objective of this study was to investigate the nature 
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of gene action and inheritance of heat tolerance in order to lay a foundation for the 

production of heat tolerant wheat. 

4.3 Materials and methods 

A total of five bread wheat genotypes varying in response to heat stress were crossed in 

a 5 × 5 half-diallel analysis set. The experiment was carried out in a glasshouse at the 

University of Western Australia from 2012 to 2014. 

4.3.1 Plant materials and hybridisation 

Five wheat cultivars, W156, Cascades, Chara, Tevere and Blanco Sin Barbillas, were 

hybridised to produce 10 different half-diallel mating families. Five plants per genotype 

were sown in the glasshouse every two weeks to ensure continuous flowering and a 

good pollen supply. At maturity, seeds from all attempted crosses were harvested 

independently. Three to five seeds of each F1 were grown in glasshouse facilities to 

produce a large number of F2 seeds. 

4.3.2 Heat stress treatment 

Seeds of parents and their F2 progeny were evaluated in the controlled environment 

room of the School of Plant Biology, The University of Western Australia. The 

experiment was conducted in a completely randomised design with three replications. 

Parental lines and F2 seeds were soaked overnight in distilled water at 25 ºC. 

Germinated seeds were randomly selected and placed 1cm apart between two layers of 

vertically placed Whatman 3 filter paper (24.0 cm by 34.0 cm), pre-moistened with 

distilled water. Two identical experiments were conducted: one in CER with a 12-hour 

photoperiod (200 µmol m-2 s-1) with air relative humidity of 70.0 to 75.0% and at a 



4 Genetic mechanisms of heat tolerance 

64 

 

constant temperature of 25±1 ºC, and the other in similar conditions but at a temperature 

of 35±1 ºC. Distilled water matching the temperature was added to each container as 

needed throughout the evaluation period, to avoid water stress. 

4.3.3 Seedling length measurements 

Seven days after germination, the SL under both heat stress (35 ºC) and non-stress     

(25 ºC) conditions was recorded using a normal ruler. Means and standard errors of 

seedling length under the two conditions were computed. A heat tolerance index (HTI) 

was calculated as the ratio of seedling growth at 35 ºC to seedling growth at 25 ºC. 

4.3.4 Statistical analysis  

ANOVA was computed to test for statistical differences of HTI for the parents and their 

crosses. Statistical analysis was carried out using GENSTAT for Windows 15th edition 

software (VSN International. Hemel Hempstead, UK 2012). Data for additional analysis 

were subjected to analysis of the diallel mating design as explained by Hayman (1954a, 

b) and Jinks (1954), and that modified by Mather and Jinks (1982), to attain substantial 

knowledge about the gene actions and inheritance of HTI and to determine the adequacy 

of the genetic model for the studied trait. 

Information regarding gene action can be determined through an analysis of variance 

(Mather and Jinks 1982): 1) the presence of additive genetic effects when ‘a’ is 

significant, 2) the presence of dominance genetic effects when ‘b’ is significant, 3) the 

importance of directional dominance when ‘b1’ is significant, 4) the presence of 

asymmetrical distribution of genes between the parents when ‘b2’ is significant, and 5) 

the presence of particular gene interaction when ‘b3’ is significant: where ‘b1’ is the 

mean deviation of F2 against their mid-parental value, ‘b2’ is variation of deviation of F2 
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against their mid-parental value estimation over arrays and ‘b3’ is that part of the 

dominance variation unique to each F2. 

The adequacy of the additive-dominance model was tested using regression analysis of 

covariance between parental and F2 progeny (Wr) over the variance elements of each 

array (Vr) (Wr/Vr) and the analysis of the variance of Wr + Vr (between arrays) and Wr - 

Vr (within arrays) (Hayman 1954a, b; Jinks 1954). Mather and Jinks (1982) proposed 

that the regression coefficient (or the slope of the regression line) should be 

significantly different from zero but not from unity to achieve adequacy of this test. A 

second test for adequacy of the additive-dominance model is the analysis of the variance 

of Wr + Vr and Wr - Vr. Mather and Jinks (1982) proposed that the significant Wr + Vr 

and insignificant Wr - Vr should be occurred to achieve the adequacy of this test. If both 

tests fail, this nullifies the additive-dominance model. However, if one of them 

succeeds, the additive-dominance model is deemed partly adequate (Ali et al. 2008; Ali 

and Awan 2009; Farooq et al. 2010; Farooq et al. 2011a; Rehman et al. 2010). 

The regression evaluation of Wr/Vr graph gave three suggestive responses (Mather and 

Jinks 1982): (i) epistasis is non-existent when the slope of the regression line is 

considerably close to 1; (ii) there is additive genetic action, or dominance action, where 

the regression line crosses the Wr axis; (iii) the comparative composition of the sites 

together with the regression line specifies the allocation of dominant (neighbouring 

origin) and recessive (most distant from origin) genes between the parents. The 

relationship between Wr + Vr values that is the sum of covariance between parental and 

F2 progeny (Wr) and the variance of all F2 progeny in each parental array (Vr) and 

parental means (Vp) show the importance of major and minor gene(s) in controlling the 

trait. 
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According to Hayman (1954a, b) and Mather and Jinks (1982), genetic criteria 

including the variation of additive genetic component (D), variation of dominance (H1 

and H2), relative frequency and importance of dominant and recessive alleles (F), degree 

of dominance (√H1/D), and genes ratio accompanied by positive/negative effects in the 

parents (H2/4H1) were utilised to approximate genetic components of variations. These 

genetic parameters provide useful information: 1) a D value that is positive and 

significant indicates the presence of additive effects in controlling the trait; 2) positive, 

significant and higher values of H1 and H2 indicate the contribution of dominant genes 

to the inheritance of the trait; 3) when the values of H1 and H2 are not equal to each 

other, unequal distribution of dominant genes for the trait in the parents is indicated; 4) 

a D value greater or less than H1 and H2 indicates the importance of additive or 

dominant genetic effects involved in the inheritance of a trait, 5) a H2/4H1 ratio less than 

0.25 indicates an unequal distribution of genes, and if equal to or more than 0.25 

indicates an equal distribution of genes for trait between the parents, 6) a positive or 

negative F value indicates the presence of dominant or recessive genes controlling the 

trait, and 7) a degree of mean dominance less or more than one indicates the existence 

of partial or over-dominance. Narrow and broad-sense heritabilities were determined 

based on Mather and Jinks’s (1982) calculations. 

4.4 Results 

4.4.1 Variation in seedling length among parent genotypes under normal and heat 

stress conditions 

The five parents, W156, Cascades, Chara, Tevere and Blanco Sin Barbillas, and their F2 

progeny showed significant variation in response to heat stress in terms of SL. Under  

25 ºC, the SL of the five parents were 16.0 cm, 25.1 cm, 16.3 cm, 18.8 cm and 27.7 cm 
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for W156, Cascades, Chara, Tevere and Blanco Sin Barbillas, respectively (Table 4.1). 

Among crosses, the highest average SL was recorded for F2 progeny W156 × Tevere as 

31.3 cm, and the lowest for F2 progeny Blanco Sin Barbillas × Cascades, recorded at 

22.7 cm. The other F2 progeny fell between these two extremes, with the average SL 

ranging from 26.6 cm to 31.2 cm. Under 35 ºC, the SL for the parents were 16.0 cm, 3.5 

cm, 9.3 cm, 19.7 cm and 2.9 cm for W156, Cascades, Chara, Tevere and Blanco Sin 

Barbillas respectively (Table 4.1). Among crosses, the highest average SL was recorded 

for F2 progeny Tevere × Chara at 12.1 cm, and the lowest for F2 progeny Blanco Sin 

Barbillas × Cascades at 6.5 cm. The other F2 progeny fell between these extremes, with 

average SL ranging from 9.0 cm to 12.1 cm. ANOVA test of the diallel set showed 

highly significant variations among the parental lines and their F2 progeny under normal 

and heat stress conditions (P<0.01). 

  



4 Genetic mechanisms of heat tolerance 

68 

 

Table 4.1 Phenotypic description of parental lines grown at both temperature 
conditions.  

Parental line 
Seedling length (cm)* 

at 25 ºC at 35 ºC 

W156 16.0±1.2 16.0±0.2 

Cascades 25.1±1.6 3.5±0.6 

Chara  16.3±0.4 9.3±1.4 

Tevre  18.8±1.5 19.7±1.4 

Blanco Sin Barbillas 27.7±1.0 2.9±0.5 

* The values are the means ± standard errors.  

4.4.2 Heat tolerance index (HTI) variations of parents and their F2 progeny under 

normal and heat stress conditions 

The ANOVA of the diallel sets showed a significant difference of HTI among the 

parents and their F2 families (P<0.01). The parents W156 and Tevere showed the 

highest HTI of 101.2% and 105.2% respectively. Cascades and Blanco Sin Barbillas 

showed the lowest HTIs of 14.0 and 10.6%, respectively. Chara was moderately 

tolerant, with an HTI of 56.7% (Fig 4.1). Among crosses, the highest mean value of 

HTI was recorded for F2 progeny Tevere × Chara (46.5%), followed by Blanco Sin 

Barbillas × W156 (42.2%), Chara × W156 (39.5%), Chara × Blanco Sin Barbillas 

(38.8%), W156 × Tevere (37.9%), Cascades × W156 (35.4%), Tevere × Blanco Sin 

Barbillas (34.8%), Cascades × Tevere (34.3%), Chara × Cascades (29.6%) and Blanco 

Sin Barbillas × Cascades (28.5%) (Table 4.2). 
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Figure 4.1 Heat tolerance index (HTI) of wheat genotypes (W156, Cascades, Chara, 
Tevere and Blanco Sin Barbillas). HTI was calculated based on the ratio of seedling 
length under heat-stressed and non-stressed conditions in percentages. Vertical bars 
indicate standard errors.  

  
Table 4.2 The response of parental lines and F2 progeny to heat stress as reflected by 
the heat tolerance index (HTI). 
Genotype/ 

Cross 
W156 Cascades Chara Tevere 

Blanco Sin 

Barbillas 

W156 101.2±8.4* 35.4 ±2.4 39.5 ±4.5 37.9 ±3.3 42.2 ±2.7 

Cascades  14.0±2.1 29.6 ±1.8 34.3 ±3.2 28.5 ±1.0 

Chara   56.7±8.4 46.5 ±7.0 38.8 ±2.6 

Tevere    105.2±8.3 34.8 ±6.2 

Blanco Sin 

Barbillas 

    10.6±1.7 

*. The values are the means of HTI ± standard errors.  

4.4.3 Analysis of variance of the diallel set to study gene actions 

The analysis of variance for HTI showed that additive (a) and dominant (b) genetic 

effects were highly significant (P<0.01). The (b1) and (b2) components were also 

significant (P<0.01), indicating the importance of directional dominance and the 

presence of an asymmetrical distribution of genes between the parental lines. The (b3) 

component was insignificant (P>0.05), indicating the absence of any particular gene 
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interactions (Table 4.3). Variations of these components between HTI parameters may 

be attributed to the different numbers of dominant genes the parental lines contain. 

Table 4.3 Hayman analysis of variance for heat tolerance index (HTI) measured on 
parents and their F2 progeny from 5 × 5 half-diallel mating design in bread wheat. 

Source of variations df 
HTI 

MS Variance 

a 4               4297.4                 54.2* 

b 10               1276.5                 16.1* 

b1          1               4318.6                 54.5* 

b2 4               2044.9                 25.8* 

 b3 5               53.4                 0.7ns 

Block 2               1.8  

Block interaction 28               79.2  

* Significant at 1% confidence levels, ns not significant. Source of variation is adapted from Mather and 

Jinks (1982) where ‘a’ is additive genetic effects; ‘b’ is dominance genetic effects; b1 is mean deviation of 

F2 from their mid-parental value (directional dominance); b2 is variation of deviation of F2s from their 

mid-parental value over arrays; b3 is that part of dominance variation unique to each F2; block interaction 

is residual non-genetic; df is degree of freedom; MS is mean of squares. 

4.4.4 Adequacy of additive-dominance model 

The adequacy of the additive-dominance model was tested using regression analysis of 

Wr over Vr (Wr/Vr) and the analysis of the variance of Wr + Vr and Wr - Vr. The slope of 

the regression line in the Wr/Vr graph differed significantly from zero (P<0.01) but did 

not divert from unity (Table 4.4), indicating the adequacy of the additive-dominance 

model for HTI. This result indicated the absence of epistasis and independence of both 

genes in their distribution between the parental lines and act of genes (Ali and Awan 

2009). Further tests of the model indicated that the mean squares of (Wr + Vr) and (Wr - 

Vr) values showed significant differences (P<0.01) between the arrays (Wr + Vr) and 

within the arrays (Wr - Vr), indicating the presence of inter-allelic interactions (Table 
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4.5). Of the two tests of additive-dominance, one succeeded in confirming the 

hypothesis, suggesting that the additive-dominance model is partially adequate for HTI. 

Table 4.4 Test of adequacy of additive dominance model through regression analysis of 
Wr over Vr for heat tolerance index (HTI).  

Source of variation 
HTI 

Estimate Standard Error 

Intercept from zero 233.6* 65.1 

Slope from zero 0.6** 0.1 

Slope from unity 0.6 ns 0.1 

* Significant at 5% confidence level, ** significant at 1% confidence level, ns not significant 

Table 4.5 Test of adequacy of additive dominance model through heterogeneity and 
homogeneity for (Wr + Vr) and (Wr – Vr) values for heat tolerance index (HTI).  

Source of variation 
HTI 

   df* Mean of square 

(Wr + Vr ) Array differences  4 1509171** 

(Wr + Vr ) Block differences 10 199191 

(Wr - Vr ) Array differences 4 101859** 

(Wr - Vr ) Block differences 10 13686 

* Degree of freedom, ** significant at 1% confidence level  

4.5 The regression evaluation of Wr/Vr graph 

Covariance between Wr and Vr for HTI showed that: 1) the intercept was positive and 

significantly different from zero (P<0.05) but not from unity, indicating partial 

dominance of gene action for the trait, 2) the slope of the regression line is very close to 

1, indicating the absence of epistasis, 3) parents W156 and Tevere possessed maximum 

recessive genes as they are farthest from the origin, indicating that tolerance to heat in 

this diallel analysis experiment was governed by recessive alleles, 4) parents Cascades, 

Chara and Blanco Sin Barbillas possessed maximum dominant genes as they were close 
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to the origin, indicating that Chara may had common genes for heat tolerance, and 5) 

the regression line crossed the Wr axis over the origin, indicating the important role of 

additive genetic effects of alleles for controlling the trait (Fig 4.2). The graph of the 

relationship between (Wr + Vr) and Vp for HTI showed that major and minor genes were 

both involved in controlling the inheritance of this trait (Fig 4.3). 

 

Figure 4.2 The graphic representation of (Wr/Vr graph) for HTI measured in 5 x 5 half 
diallel. Wr is covariance between parental lines and F2 progeny, while Vr is variance of 
all F2 progeny in each parental array. 
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Figure 4.3 Relationship between (Wr + Vr) values and parental means (Vp) for HTI 
measured in a 5 x 5 half-diallel. (Wr + Vr) is the sum of covariance between parental 
and F2 progeny (Wr) and the variance of all F2 progeny in each parental array (Vr). 

 

4.6 Estimation of genetic components and heritability 

The estimation of the genetic components of HTI showed that the values of D, H1 and 

H2 were positive and significant (P<0.01), suggesting the significance of additive and 

non-additive effects. The higher values of H1 and H2 indicated the contribution of 

dominant genes to the inheritance of the trait. The D value was higher than the value of 

H1 and H2, indicating that additive gene action was more important than dominance 

effects in control of the trait. The values of H1 and H2 were not equal to each other, 

indicating an unequal distribution of dominant genes for HTI in the parents. A positive 

and significant F value (P<0.01) signified the important role of dominant genes. The 

value of (H2/4H1) was less than 0.25, confirming unequal distribution of genes for the 

trait between the parents. The degree of dominance (√H1/D) was less than one, 

indicating the existence of partial dominance in the expression of HTI. Narrow-sense 
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and broad-sense heritabilities for the trait were recorded at 41.0% and 86.5% for HTI, 

respectively (Table 4.6). 

Table 4.6 Estimation of genetic components and heritability of heat tolerance index 
(HTI) in a 5 × 5 half-diallel mating design. 
Statistics HTI 

Variance due to additive effects (D) 1995.2* 

Item of variation difference due to dominance effects (H1) 1524.5* 

Item of variation difference due to dominance effects (H2) 999.3* 

Comparative frequency of recessive and dominant alleles (F) 2071.1* 

Degree of dominance (√(H1/D)) 0.9 

Ratio of genes accompanied by positive/negative effects in the parental lines (H2/4H1) 0.2 

Narrow-sense heritability (hn
2, %) 41.0% 

Broad-sense heritability (hb
2, %) 86.5% 

Narrow sense and broad sense heritability are based on Mather and Jinks’s (1982) calculation. (H2/4H1) 

= , * denotes P <0.01 

4.7 Discussion 

The five inbred parents, W156, Cascades, Chara, Tevere and Blanco Sin Barbillas, and 

their F2 families, displayed substantial variation under heat stress (P<0.01) as reflected 

by HTI, suggesting great opportunities for the development of heat tolerant genotypes in 

the segregating populations. The analysis demonstrated the importance of additive 

genetic effects and the significant role of major and minor genes in controlling the 

inheritance of HTI. 

A considerable variation between the five parental wheat genotypes was observed. 

Parents W156 and Tevere were extremely heat tolerant with a very high HTI value 

while Cascades and Blanco Sin Barbillas were very susceptible, with Chara in between. 

Paulsen (1994) noted that the capacity for genetic advancement of characteristics of 

uv
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interest within crops can be identified by assessing any changeability in tolerance to 

heat stress. Our results showed that the cross-combination of the tolerant parent Tevere 

and the moderate tolerant parent Chara presented the highest HTI value, suggesting that 

this F2 progeny can be utilised for future research. The F2 progeny of the two heat 

sensitive parents Cascades × Blanco Sin Barbillas showed the lowest HTI value, as 

expected.  

Utilising the diallel method to study genetic control and its subsequent effects was able 

to generate critical data for the analysis of relevant gene actions (Farooq et al. 2011b). 

Earlier studies used parents and both F1 and F2 populations for the diallel analysis 

(Ivanovska et al. 2003; Kamaluddin et al. 2007; Khan 2013; Khan et al. 2009). 

However, the difficulties of obtaining a large number of F1 seeds, particularly for crop 

plants that require hand emasculation and pollination, prevented the wide use of the 

approach (Cho and Scott 2000). In contrast, large numbers of F2 seeds are easily 

produced from a few F1 seeds (Amiri-Oghan et al. 2009), and so a simplified approach 

using only parents and F2 was developed. In line with previous research, the present 

study indicated that F2 populations of diallel crosses were sufficient for diallel analysis. 

Several studies have considered F2 data in diallel evaluations in order to approximate 

reliable genetic mechanisms (Amiri-Oghan et al. 2009) in crops such as barley (Choo et 

al. 1988), soybeans (Cho and Scott 2000), faba beans (Kao and McVetty 1987), cotton 

(Verhalen and Muuray 1969; White 1966), and oilseed rape (Amiri-Oghan et al. 2009; 

Rameeh 2011). In comparison with what F1 generations offer, F2 progeny deliver more 

consistent and superior information for diallel analysis (Amiri-Oghan et al. 2009; Cho 

and Scott 2000; Danehloueipour et al. 2007). 
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The two tests of the adequacy of additive-dominance model showed the significant 

difference of slop regression from zero but not from unity and the significant of both Wr 

+ Vr and Wr – Vr, indicating the partially adequate of the model. Mather and Jinks 

(1982) speculated that the partial adequacy of the additive-dominance model is a result 

of the presence of epistasis, linkage and dependant distribution of genes among the 

parents. Several researchers have used the partial adequacy of the additive-dominance 

model to investigate genetic mechanisms in different crops such as wheat (Farooq et al. 

2010, 2011a), cotton (Ali and Awan 2009; Ali et al. 2008, 2009), pearl millet (Ali et al. 

2006) and mungbean (Rehman et al. 2010). 

The analysis of variance and the estimation of genetic components in the present study 

showed the importance of both additive and dominant gene actions in governing the 

inheritance of heat tolerance. Both additive and non-additive genetic effects were 

reportedly involved in controlling heat tolerance in wheat (Dhanda and Munjal 2006; 

Punia et al. 2011; Yang et al. 2002b). However, the analysis also revealed that the value 

of additive genetic variation was greater than dominance variation, the degree of 

dominance was less than unity, and the regression line that passed the Wr axis over the 

origin. These findings indicated the great importance of additive genetic effects 

compared with non-additive genetic effects in controlling for heat tolerance. These 

findings are in agreement with study of Kamaluddin et al. (2007) who reported the 

significant role of both additive (to a higher degree) and non-additive genetic effects for 

heat tolerance. Several previous studies reported the significant role of general 

combining abilities and additive genetic effects for the inheritance of heat tolerance in 

wheat genotypes (Ibrahim and Quick 2001a; Moffatt et al. 1990; Porter et al. 1995). 

Ibrahim and Quick (2001a) and Porter et al. (1995) reported that the manipulation of 
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additive genetic effects was generally employed for germplasm enhancement, through 

the selection of particular highly heat tolerant genotypes. 

The high broad-sense heritability estimation (86.5%) supported the significant role of 

dominance effect in the current research. This high magnitude of broad-sense 

heritability was comparable to that reported by Fokar et al. (1998), Paliwal et al. (2012) 

and Yang et al. (2002b), who estimated broad-sense heritability of 89.0, 87.0 and 80.0% 

for heat tolerance, respectively. The magnitude of broad-sense heritability in this study 

was higher than that reported by Barakat et al. (2011), Ibrahim and Quick (2001b), 

Mason et al. (2010) and Mohammadi et al. (2008) who estimated heritability of 47.7, 

65.0, 69.0 and 67.0% respectively. This result indicated the effectiveness of HTI when 

using F2 progeny for the selection of heat tolerance in wheat. 

The moderate narrow-sense heritability (41.0%) reported in the present study matches 

the findings of Farooq et al. (2011a), who reported the importance of both additive and 

non-additive genetic effects in controlling for heat tolerance, with moderate to high 

narrow sense-heritability estimations ranging from 43.0 to 88.0% for yield attributes at 

the grain filling phase. The moderate narrow-sense heritability in the current research 

was less than that reported by Farooq et al. (2011b), who signified the importance of 

additive genetic effects in obtaining heat tolerance with moderate to high narrow-sense 

heritability ranging from 62.0 to 88.0% for some yield components and relative cell 

injury. The estimated moderate narrow-sense heritability reported in this study indicates 

the importance of both additive (to a higher degree) and dominance gene actions. 

Previous findings have shown that traits recording high narrow-sense heritability are 

governed by additive genetic effects, whereas traits with low narrow-sense heritability 
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are controlled by non-additive genetic effects (Ali et al. 2009; Farooq et al. 2011a; 

Rehman et al. 2009a). 

4.8 Conclusion 

Genetic analysis of HTI using a 5 × 5 half-diallel cross showed both additive genetic 

effects and dominance gene actions in controlling heat tolerance in wheat. Susceptibility 

was dominant over tolerance to heat in wheat. The tolerant parents W156 and Tevere 

possessed recessive tolerant alleles. Minor and major genes both played an essential role 

in controlling heat tolerance. The substantial additive gene effects, significant genetic 

variation and high and moderate broad-sense and narrow-sense heritabilities observed in 

this study indicated the efficacy of selection and breeding heat tolerant wheat. 

. 
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Chapter 5 Quantitative trait locus and association analyses for the 

identification and validation of major chromosome regions 

conferring heat tolerance at early growth stage in wheat 

 

5.1 Abstract 

The International Triticeae Mapping Initiative (ITMI) population, derived from a cross 

between Synthetic and Opata, was evaluated for heat tolerance. Heat tolerance index 

(HTI) based on seedling lengths under normal and stress conditions was used to 

phenotypically characterise the mapping population. Synthetic was susceptible to heat 

stress with an HTI of 2.6%, while Opata was tolerant with an HTI of 14.0%. 

Transgressive segregation in both extremes was observed for HTI in this mapping 

population. Four major QTLs, HTI4D, HTI3B.1, HTI3B.2 and HTI3A explaining up to 

34.7, 28.9, 13.5 and 11.3% of phenotypic variation, respectively, were detected in this 

study. The four QTLs together accounted for 88.4% of the phenotypic variation. The 

effectiveness of the four QTLs was confirmed among 184 diverse wheat genotypes for 

heat tolerance using fluorescently-labelled SSR markers closely linked to the QTLs. 

The SSR markers linked to the major QTLs have the potential to be used for marker 

assisted selection (MAS) in heat-tolerant wheat breeding. 

5.2 Introduction 

Wheat is an important crop throughout the world as over 35.0% of the global population 

depends on wheat for their sustenance and calorie and protein requirements (Shao et al. 

2005). Heat is a major abiotic stress reducing wheat production (Acevedo et al. 2002; 

Pradhan and Prasad 2015). Heat stress has various impacts on plant growth and 
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development, negatively affecting the phases of germination, seedling establishment 

and reproduction (Pfeiffer et al. 2005), leading to dramatic losses in crop yield (Rehman 

et al. 2009b) and inferior grain quality (Wollenweber et al. 2003). 

The inheritance of heat tolerance is complex and affected by various internal and 

environmental factors (Farooq et al. 2011a; Paulsen 1994). Saadalla et al. (1990) 

reported transgressive segregation in hybrid population for tolerance to heat stress, 

which proposed that many genes are associated with heat tolerance (Garg et al. 2012; 

Landjeva et al. 2008; Maestri et al. 2002; Paliwal et al. 2012; Yang et al. 2002b). Both 

additive and non-additive genetic effects are reportedly involved in controlling heat 

tolerance in wheat (Farooq et al. 2011a; Ibrahim and  Quick 2001a; Kamaluddin et al. 

2007). 

QTL analyses enable us to identify major chromosome regions associated with 

particular trait for further detailed research of the trait. Several QTLs for heat tolerance 

have been reported. Ottaviano et al. (1991) used QTL analysis to explain tolerance to 

heat stress in 44 maize RILs and identified six QTLs for cellular membrane 

thermostability explaining up to 53.0% of genotypic variability. Previous studies mostly 

used yield and yield components as an index for heat tolerance in wheat (Paliwal et al. 

2012; Mason et al. 2011; Mohammadi et al. 2008). For example, the HSI in wheat, 

calculated from the difference in yield and yield components of RILs under heat stress 

and non-stress conditions, was used for QTL mapping (Mason et al. 2010, 2011). To 

our knowledge, no significant major QTLs for heat tolerance in wheat have been 

identified for use in wheat breeding programs. 

QTL analysis at the seedling stage has been well established for studying abiotic 
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stresses in crops including salinity and osmotic stress in wheat (Genc et al. 2010; 

Landjeva et al. 2008), cold stress, chilling tolerance and nitrate deficiency in maize 

(Jompuk et al. 2005; Hund et al. 2004; Liu et al. 2008), drought and cold tolerance in 

rice (Jiang et al. 2008; Kato et al. 2008; Lou et al. 2007) and drought tolerance in setaria 

(Qie et al. 2014). However, this approach has not been used to study heat tolerance in 

wheat. In this study, we attempted to use the HTI as a parameter for detecting major 

QTLs related to heat tolerance. 

QTL mapping using structured populations, along with association analysis population 

using random germplasm, has proven useful for molecular marker confirmation and 

validation for MAS in breeding (Sharp et al. 2001; Spielmeyer et al. 2003). This 

combined approach overcomes inheritance problems such as poor resolution and non-

transferability, which have been associated with QTL mapping using only a single 

structured population (Cobb et al. 2013; Paterson et al. 1988). For instance, QTLs 

controlling wheat flour colour identified from a structured population could be validated 

in wheat cultivars and lines using closely-linked DNA markers and applied to wheat 

breeding programs (Sharp et al. 2001). Spielmeyer et al. (2003) validated an SSR 

marker associated with the presence of stem rust resistance gene in 51 Australian and 

international wheat cultivars. The objectives of our research were to (1) establish a 

framework for heat tolerance research in wheat at an early growth stage in order to 

identify major QTLs conferring heat tolerance using an RILs population and (2) validate 

identified QTLs in a large number of wheat genotypes to ensure that developed 

molecular markers are widely applicable for marker-assisted wheat breeding. 
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5.3 Materials and Methods 

5.3.1 Plant materials 

A set of 78 RILs from the ITMI population, the most readily available wheat mapping 

population, was used to detect QTLs for heat tolerance during early seedling growth. 

This population was derived by single seed descent from a cross between two hexaploid 

wheats, Synthetic and Opata. Opata is a Mexican spring wheat developed at the 

International Maize and Wheat Improvement Centre (CIMMYT) in Mexico. The parent 

Synthetic was generated via a cross between wild diploid Tritium tauschii L. and the 

tetraploid durum wheat T. turgidum cv. Altar48, as described in GrainGenes database 

(wheat.pw.usda.gov/). For association analysis and marker validation, 184 wheat 

genotypes were used to test the effectiveness of the identified QTLs. These 184 were a 

subset of 499 wheat genotypes, which were evaluated for heat tolerance (Chapter 3). 

Ninety-two most tolerant and 92 most susceptible genotypes were selected to validate 

the identified QTLs. 

5.3.2 Germination and seedling parameters 

Seeds of the parents, RILs population and 184 selected genotypes were evaluated in the 

laboratory at the School of Plant Biology, The University of Western Australia. The 

experiment conducted in completely randomised design with three replications for each 

treatment. Seeds of the parents, RILs population and 184 selected genotypes were 

soaked overnight in distilled water at 25 ºC. This is based on previous researches that 25 

ºC is the optimum temperature for wheat germination (Acevedo et al. 2002). 

Germinated seeds were placed between two layers of Whatman No. 3 filter paper (1 cm 

apart) pre-moisturised with 20.0 mL distilled water, inside a square 12.0 cm Petri dish. 
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Duplicated set-ups were placed at a constant temperature of 25±1 ºC and in 35±1 ºC 

incubators. These were divided between two custom-designed plastic containers, each 

with a 58.5 cm x 42.0 cm x 33.0 cm dimension with small plastic holders glued to the 

inside walls and base. The containers were placed in CERs with a 12 hour photoperiod 

(200 µmol m-2 s-1), with two different temperature regimes of 25 ºC and 35 ºC and a 

relative humidity of 70.0 to 75.0%. Distilled water matching the CER temperature was 

added to each container as needed throughout the evaluation period to avoid water 

stress. 

Seven days after germination, SL was recorded using a graduated ruler. The mean of the 

three replications for each genotype was used to represent the SL under heat stress and 

non-stress conditions. HTI was calculated as a percentage of SL at 35 ºC to SL at 25 ºC. 

5.3.3 Linkage map construction and QTL analysis of the mapping population 

Calculated HTI based on SL was used for QTL analysis. Marker segregation data were 

obtained from the GrainGenes database (wheat.pw.usda.gov/). Available data for wheat, 

Synthetic x Opata, BARC (map; Ta-Synthetic/Opata-BARC-1A) has been used for the 

construction of the linkage map. A linkage map including 1455 RFLP and SSR markers 

shown to be polymorphic in the mapping population was constructed using QTL 

IciMapping v 3.3 (Wang et al. 2011). 

Loci were assigned to linkage groups based on the linkage information of the previously 

published linkage map. Map distances in cM were calculated using Kosambi’s mapping 

function. Missing phenotypes were deleted using the ‘deletion’ command. The walking 

speed for QTL detection was 1.0 cM. The probability in the stepwise regression was 

0.005. LOD scores were calculated using 1000 permutations with 0.05 as a type 1 error 
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(Zhang et al. 2013). LOD scores of 3.8 were set as the threshold values for declaring the 

presence of significant QTLs for HTI. 

5.3.4 DNA extraction and molecular marker analysis of the selected wheat genotypes 

Seeds were ground using a tissuelyser (Qiagen) and their total DNA was isolated using 

Nucleon PhytoPure DNA extraction Kit (GE Healthcare) following the manufacturers’ 

instructions. DNA was treated with 1.0 mg/ml RNase (Qiagen) for 3 hours at 37 ºC to 

eliminate RNA contamination. The quantity and quality of the total DNA samples were 

measured using a NanoDrop ND-1000 (ThermoFisher Scientific). PCR was performed 

in 20.0 µL volume. The reaction mixtures contained 40.0 ng of genomic DNA, 0.1 μM 

of each forward and reverse primer, 1.5 mM of MgCl2, 10 × PCR buffer (Fisher Biotic), 

200.0 μM dNTPs (Fisher Biotic) and one unit of Taq DNA polymerase (Fisher Biotic) 

using a thermal cycler (BIO-RAD). PCR thermal cycling was performed as follows:    

95 ºC denaturing step for 5 mins followed by 35 cycles of 95 ºC for 30 s, annealing for 

30 s (see Table 5.1 for optimised temperatures) and 72 ºC for 45 s, with a final 

extension at 72 ºC for 5 mins. Four PCR reactions were run separately (one for each 

marker) and the products were pooled for detection. The PCR products were separated 

using an Applied Biosystems 3730xl DNA Analyzer. GeneMarker® software (version 

2.6.3 SoftGenetics, LLC®. State College, PA-16803, USA) was used for allele calling of 

SSR markers for fragment analysis. 
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Table 5.1 The SSRs primers used in the present study.  

QTL Primer name Distance to the QTL (cM ) Primer sequence (5′−3′)* 

 

annealing temperature  (°C) 

 

HTI3A Xbarc197 5.6 
F: CGCATGGTCAGTTTTCTTTTAATCCT 

R:  GCGCTCTCCTTCATTTATGGTTTGTTG 
51.0 

HTI3B.1 Xgwm285 24.9 
F: ATGACCCTTCTGCCAAACAC 

R: ATCGACCGGGATCTAGCC 

 

48.0 

HTI3B.2 Xbarc84 11.9 
F: CGCATAACCGTTGGGAAGACATCTG 

R: GGTGCAACTAGAACGTACTTCCAGTC 

 

55.0 

HTI4D Xbarc217 12.1 
F: GCGTTGTGTTGAAGGCTGAGCATCCA 

R: GCGGAGTAGCCTAACGGCGGTGGAGGAAAC 

 

57.0 

* F forward primer, R reverse primer 
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5.3.5 Statistical analysis 

Statistical analysis was carried out using GENSTAT for Windows 15th edition software 

(VSN International. Hemel Hempstead, UK 2012). ANOVA was performed to test SL 

variation of all individual lines under the two temperature conditions in the mapping 

population. Broad sense heritability (h2) for HTI was estimated using the formula: h2 = 

δ2G/ δ2P, where δ2G is the genotypic variance and δ2P is the phenotypic variance 

(Falconer 1989). A t-test was performed to test the difference between the ninety-two 

tolerant and 92 susceptible genotypes and to determine the effect of alleles on heat 

tolerance trait of the validation population. 

5.4 Results 

5.4.1 Seedling length variation  

The two parents, Opata and Synthetic, their RILs mapping population and 184 selected 

genotypes showed significant variation in their response to heat stress in terms of SL. At 

25 ºC, SL of Opata and Synthetic were 32.1 cm and 29.5 cm, respectively. In the 

mapping population, SL ranged from 16.0 cm to 41.3 cm with an average of 27.0 cm. 

At 35 ºC, SL for Opata and Synthetic were 4.5 cm and 0.8 cm, respectively (Fig 5.1). In 

the mapping population, SL ranged from 0.1 cm to 6.6 cm with an average SL of 2.3 cm 

(Table 5.2). The difference between means of SL of the RIL population under the two 

temperature conditions was 24.4 cm. Paired two-sample t-tests showed a highly 

significant reduction in means between stressed and unstressed conditions (P<0.01). At 

25 ºC, the SL of 184 wheat genotypes ranged from 7.8 cm to 36.7 cm with an average 

of 23.4 cm. At 35 ºC, the SL ranged from 0.4 cm to 29.9 cm with an average of 12.3 

cm. The T-test showed a highly significant reduction in means of SL under the two 
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different temperatures (P<0.01). 

 

 

Figure 5.1 The two parents, Opata and Synthetic, of the mapping population used for 
QTL mapping, showing contrasting seedling length at 35 ºC. Synthetic was susceptible 
to heat stress while Opata was tolerant. 

 

5.4.2 Phenotypic analysis of heat tolerance index (HTI) 

Based on HTI, the two parents, Opata and Synthetic, and the mapping population 

displayed significantly different responses to heat stress. Opata tolerated heat stress with 

an HTI of 14.0%, while Synthetic was susceptible with an HTI of only 2.6%. In the 

mapping population, HTI ranged from 0.4 to 27.5% with an average HTI of 8.5%  

(Table 5.2) and (Appendix 5.1). Transgressive segregation in both extremes was 

observed (Fig 5.2). Broad sense heritability (h2) for HTI was high (0.9) in this mapping 

population (Table 5.2). Among the 184 validation genotypes, HTI ranged from 1.7 to 

127.8% with an average HTI of 53.9%. HTI among the 92 tolerant genotypes ranged 
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from 63.0 to 127.8% with an average HTI of 83.4%, while HTI among the 92 

susceptible genotypes ranged from 1.7 to 57.4 % with an average HTI of 24.4%. The T-

test showed a highly significant difference in means of HTI between the two groups 

(P<0.01).  

Table 5.2 Phenotypic description of heat tolerance index (HTI) and seedling length 
(SL) under both temperature conditions in the mapping population. 

Trait 
Mean of parents  RILs 

Opata Synthetic  Maximum Minimum Mean SD* h2** 

SL at 25 ºC (cm) 32.1 29.5  41.3 16.0 27.0 3.9 0.9 

SL at 35 ºC (cm) 4.5 0.8  6.6 0.1 2.3 1.5 0.9 

HTI (%) 14.0 2.6  27.5 0.4 8.5 5.7 0.9 

* Standard deviation, ** broad sense heritability 

 

Figure 5.2 Distribution of the mapping population for the heat tolerance index (HTI). 
HTI was calculated based on the ratio of seedling length under heat-stressed and non-
stressed conditions. Transgressive segregation in both extremes was observed in this 
mapping population for HTI. 
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5.4.3 QTLs for heat tolerance index (HTI) 

Four major QTLs were detected for HTI. The two main ones were mapped on 

chromosome 4D (HTI4D) and chromosome 3B (HTI3B.1); with two other QTLs on 

chromosomes 3B (HTI3B.2) and 3A (HTI3A) (Table 5.3). The Opata allele at HTI4D 

had a LOD value of 9.7, which explained up to 34.7% of the phenotypic variation. This 

QTL was flanked by two RFLP markers Xcdo669 (10.8 cM) and Xbcd265 (3.2 cM) (Fig 

5.3). Xbarc217 was the closet SSR marker (12.1 cM) linked to the HTI4D QTL. The 

Opata allele at HTI3B.1, had a LOD value of 9.6, which explained 28.9% of the 

phenotypic variation (Fig 5.4). This QTL was flanked by RFLP markers Xbcd809 (0.7 

cM) and Xfba220 (4.2 cM). Xgwm285 was the closet SSR marker (24.9 cM) linked to 

the HTI3B.1 QTL. The Opata allele at HTI3B.2 had a LOD value of 5.2, which 

explained 13.5% of the phenotypic variation. This QTL was flanked by RFLP markers 

XgbxG392 (13.6 cM) and Xfbb274 (0.6 cM) (Fig 5.4). Xbrc84 was the closet SSR 

marker (11.9 cM) linked to the HTI3B.2 QTL. The Synthetic allele at HTI3A had a 

LOD value of 4.3, which accounted for 11.3% of the phenotypic variation. This QTL 

was flanked by RFLP marker Xmwg30 (0.3 cM) and SSR marker Xbarc197 (5.6 cM) 

(Fig 5.5). The four major QTLs together explained up to 88.4% of the phenotypic 

variation. 

5.4.4 Validation of the identified QTLs conferring heat tolerance in an association 

analysis population 

Four SSR markers Xbarc217, Xgwm285, Xbarc84 and Xbarc197 were the most closely 

linked markers to HTI4D, HTI3B.1, HTIEB.2 and HTI3A, respectively. These SSR 

markers were polymorphic with different wheat genotypes and produced a total of 51 
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alleles in the selected wheat genotypes, with an average of 12.8 alleles per locus and 

allele sizes ranging from 79 to 426 bp. However, for the validation experiment, only 

clear fragments that were the same as that of the tolerant parent Opata or the susceptible 

parent Synthetic were selected for data analysis. Therefore, fragments 102, 223, 123 bp 

and 136 bp that amplified by SSR markers Xbarc217, Xgwm285, Xbarc84 and 

Xbarc197, respectively were used to classify the 184 wheat genotypes selected for 

association analysis based on the presence or absence of alleles (Fig 5.6, 5.7, 5.8 and 

5.9). Genotypes possess 102 bp allele had a mean HTI of 59.8% while genotypes 

lacking this allele had a mean HTI of 51.1%. Genotypes present 223 bp allele had a 

mean HTI of 63.1% while genotypes lacking this allele had a mean HTI of 51.2%. 

Genotypes with 123 bp allele had a mean HTI of 56.4% compared with 47.0% for 

genotypes lacking this allele. Genotypes with the 136 bp allele size had a mean HTI of 

47.9% compared with 56.0% for genotypes lacking this allele. The t-test showed 

significant differences in the mean HTI for genotypes possessing 102, 223 and 123 bp 

alleles compared with those lacking these alleles (P<0.05), while the mean HTI for 

genotypes with and without the 136 bp allele was not significant. 
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Table 5.3 QTLs identified for heat tolerance index (HTI) in the mapping population. 

QTL Chromosome Position Left marker (cM)* Right marker (cM)    LOD**       PVE %*** Origin 

HTI4D 4D 43 Xcdo669 (10.8) Xbcd265 (3.2) 9.8 34.7 Opata 
HTI3B.1 3B 286 Xbcd809 (0.7 ) Xfba220 (4.2) 9.6 28.9 Opata 
HTI3B.2 3B 153 XgbxG392 (15.6) Xfbb274 (0.6) 5.2 13.5 Opata 
HTI3A 3A 488 Xmwg30 (0.3) Xbarc197 (5.6) 4.3 11.3 Synthetic 

* Distance between the flanking markers and the QTL, ** score of the threshold value based on the permutation test for declaring the presence of a significant QTL (3.8 was set for 

this research), *** phenotypic variation explained by QTL. Inclusive composite interval mapping (ICIM) by QTL IciMapping v 3.3 was used based on the stepwise regression of 

simultaneous consideration for all marker information. The walking speed for all QTLs was 1.0 cM. The probability in the stepwise regression was 0.005. LOD scores were 

calculated using 1000 permutations, with 0.05 as a type 1 error. 
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Figure 5.3 The new major QTL for heat tolerance index (HTI) located on wheat 
chromosome 4D named as HTI4D (position 43, LOD value 9.8) on linkage map of 
mapping population based on recombinant inbred lines using inclusive composite 
interval mapping (ICIM) by the software Windows QTL IciMapping v 3.3. A LOD 
score of 3.8 was set as the threshold value based on the permutation tests for declaring 
the presence of the significant QTL. 
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Figure 5.4 Two QTLs for heat tolerance index (HTI) mapped on wheat chromosome 
3B on linkage map of mapping population based on recombinant inbred lines using 
inclusive composite interval mapping (ICIM) by the software Windows QTL 
IciMapping v 3.3. QTL HTI3B.1 is located on position 286, LOD value 9.8 and QTL 
HTI3B.2 on position 151, LOD value 5.2. A LOD score of 3.8 was set as the threshold 
value based on the permutation tests for declaring the presence of the two QTLs. 
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Figure 5.5 A QTL for heat tolerance index (HTI) located on wheat chromosome 3A 
named as HTI3A (position 488, LOD value 4.3) on linkage map of mapping population 
based on recombinant inbred lines using inclusive composite interval mapping (ICIM) 
by the software Windows QTL IciMapping v 3.3. A LOD score of 3.8 was set as the 
threshold value based on the permutation tests for declaring the presence of the 
significant QTL. 
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Figure 5.6 Allele calling of the SSR markers Xbarc217 from the tolerant parent Opata 
and susceptible parent Synthetic detected using Genemarker software version 2.6.1. Y 
axis represents Relative Fluorescent Units (RFUs) and X axis represents the basepair 
sizes (bp) of the fragments. The number marked on the bottom of the peak refers to the 
allele size of corresponding PCR fragment. The allele 102 is present for the tolerant 
parent Opata, but absent for the susceptible parent Synthetic. 
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Figure 5.7 Allele calling of the SSR markers Xgwm285 from the tolerant parent Opata 
and susceptible parent Synthetic detected using Genemarker software version 2.6.1. Y 
axis represents Relative Fluorescent Units (RFUs) and X axis represents the basepair 
sizes (bp) of the fragments. The number marked on the bottom of the peak refers to the 
allele size of corresponding PCR fragment. The allele 223 is present for the tolerant 
parent Opata, but absent for the susceptible parent Synthetic. 
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Figure 5.8 Allele calling of the SSR markers Xbarc84 from the tolerant parent Opata 
and susceptible parent Synthetic detected using Genemarker software version 2.6.1. Y 
axis represents Relative Fluorescent Units (RFUs) and X axis represents the basepair 
sizes (bp) of the fragments. The number marked on the bottom of the peak refers to the 
allele size of corresponding PCR fragment. The allele 123 is present for the tolerant 
parent Opata, but absent for the susceptible parent Synthetic. 
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Figure 5.9 Allele calling of the SSR markers Xbarc197 from the tolerant parent Opata 
and susceptible parent Synthetic detected using Genemarker software version 2.6.1. Y 
axis represents Relative Fluorescent Units (RFUs) and X axis represents the basepair 
sizes (bp) of the fragments. The number marked on the bottom of the peak refers to the 
allele size of corresponding PCR fragment. The allele 136 is present for the susceptible 
parent Synthetic, but absent for the tolerant parent Opata. 
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5.5 Discussion 

Four major QTLs, HTI4D, HTI3B.1, HTI3B.2 and HTI3A, associated with HTI were 

detected in this study. The four QTLs together explained up to 88.4% of the phenotypic 

variation. These QTLs, identified in the original mapping population, were validated in 

a selected association mapping population. The four identified QTLs, conferring heat 

tolerance in the present study, confirmed the polygenic inheritance of heat tolerance in 

wheat and can be used as landmarks for fine mapping, gene pyramiding and gene 

cloning. The validity of closely linked markers across a diverse population is a good 

indication for those markers to be used for MAS in wheat heat-tolerance breeding. 

The laboratory-based heat stress assessment was effective at screening the segregating 

population, which led to the detection of significant QTLs. The phenotypic data of the 

RIL population showed continuous segregation for HTI indicating polygenic inheritance 

of heat tolerance in wheat. These findings are consistent with previous reports on 

polygenic inheritance of heat tolerance in wheat (Garg et al. 2012; Landjeva et al. 2008; 

Maestri et al. 2002). In this study, trait of SL was an important quantitative trait having 

high heritability estimates under the two temperature conditions and was less influenced 

by the environment, making it an ideal character for selection of wheat cultivars. High 

heritably for HTI (90.0%) reported in this study was comparable to that found by 

Paliwal et al. (2012) and Yang et al. (2002b), who estimated heritability of 87.0% and 

80.0% for heat tolerance under field conditions, respectively. The high heritability 

reported for heat tolerance in this study is probably attributed to the minimized effect of 

other environmental factors other than the temperature under the controlled growing 

environment. 
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In the present study, four major QTLs for HTI located on chromosome 4D, 3B, 3B and 

3A accounted to 34.7, 28.9, 13.5 and 11.3% of phenotypic variation, respectively, were 

detected under controlled environmental condition. Using SSI, Mohammadi et al. 

(2008) identified three QTLs on chromosomes 1B, 5B and 7B contributing 44.3, 27.3 

and 34.0% of the phenotypic variance under controlled environmental condition, 

respectively. Paliwal et al. (2012) identified six QTLs for HSI of thousand grain weight, 

grain yield and canopy temperature depression located on chromosomes 2B, 7B and 7D 

explaining from 9.8 to 20.3% of the phenotypic variation over three trails under field 

conditions. Mason et al. (2011) found 14 QTLs for HSI of kernel number, kernel weight 

and single kernel weight located on chromosomes 1B, 2D, 3B 4A, 5A, 5B, 6D, 7A and 

7B explaining from 4.5 to 19.3% of the phenotypic variation under controlled 

environmental condition. In the present study, the identified major QTLs together 

accounted for 88.4% of the phenotypic variation, indicating the effectiveness of the HTI 

parameters for detecting QTLs for heat tolerance in wheat under controlled 

environmental condition. The analyses of the present study suggested the existence of 

minor QTLs in the mapping population that have not been accounted for because of the 

small population size used. Melchinger et al. (1998), Utz et al. (2000) and Schon et al. 

(2004) indicated that major QTLs with high phenotypic variation were often detected 

when the mapping populations were small in size. Further research using larger 

populations is needed to conduct a more exhaustive search for the minor QTLs. 

Previous studies employed different population sizes for the identification of QTLs, 

ranging from 44 (Ottaviano et al. 1991) to more than 300 (e.g. Melchinger et al. 1998). 

Our research used 78 RILs to identify major QTLs conferring heat tolerance under 

controlled growing conditions. The small population size limited us from exhaustive 

QTL detections in the whole genome. However, we used a very stringent statistical 
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probability (P<0.005%) to avoid any false detections of QTLs. On top of that, the 

identified major QTLs were validated using 184 selected wheat genotypes/cultivars. 

Therefore, we are confident that the population size is not a limiting factor to detect 

major QTLs in this research. 

Interestingly, of the four QTLs conferring heat tolerance identified in the present study, 

two were reported on chromosome 3B (HTI3B.1 and HTI3B.2) indicating the 

importance of chromosome 3B for heat tolerance. Chromosome 3B has been reported as 

harbouring QTLs of different abiotic stresses in wheat such as heat tolerance (Bennett et 

al. 2012; Mason et al. 2010, 2011; Pinto et al. 2010; Vijayalakshmi et al. 2010), drought 

tolerance (Zhang et al. 2013), P-deficiency tolerance (Li et al. 1999) and salinity 

tolerance (Sardouie-Nasab et al. 2013). More research into chromosome 3B is needed to 

reveal the genetic mechanisms of abiotic stress tolerance on this chromosome. 

HTI4D, with the largest effect, was derived from the tolerant parent Opata. To our 

knowledge, this is the first major QTL identified for heat tolerance on chromosome 4D. 

Wheat chromosome 4D is known for harbouring abiotic stress tolerance genes such as 

aluminium tolerance (Luo and Dvořák 1996), salinity tolerance (Sardouie-Nasab et al. 

2013), freezing tolerance (Yazdi-Samadi et al. 2006) and salt tolerance (Dubcovsky et 

al. 1996). 

The four detected major QTLs, HTI4D, HTI3B.1, HTI3B.2 and HTI3A, were 

successfully validated by association analysis of 184 genotypes based on the presence 

and absence of the closely linked SSR markers Xbarc217, Xgwm285, Xbarc84 and 

Xbarc197. Among those 184 selected wheat genotypes in this study, two genotypes 

Cascades (heat susceptible at vegetative stage) (Balouchi 2010) and Ananda (heat 
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tolerant at the productive stage) (Sikder et al. 2001) have already been assessed for heat 

stress response by other researchers. The findings of the current study were in 

agreement with the previous reports with Cascades as heat susceptible with HTI of 

13.7%, while Ananda is heat tolerant with HTI of 95.5%, probably, confirming that 

screening at seedling stage might be comparable to screening heat response at other 

developmental stages. 

The presence of 223 bp (Xgwm285), 123 bp (Xbarc84) and 102 bp (Xbarc217), across 

184 wheat genotypes with diverse genetic background increased tolerance to heat stress 

by an average of 23.2, 20.0, and 17.0%, respectively, while the presence of 136 bp 

(Xbarc197) reduced tolerance to heat stress by an average of 14.5% (Table 5.4). The 

PCR-based SSR markers are the most prevalent genotyping systems for marker 

application because of their frequent co-dominant inheritance, repeatability and 

sturdiness (William et al. 2007), and may play an important role in MAS in wheat 

breeding. 

In the present study, the tolerant parent Opata contributed three favourable alleles on 

chromosomes 4D and 3B, while Synthetic contributed an unfavourable allele on 

chromosome 3A. The parent Synthetic phenotypically was susceptible to heat stress, 

about 81.0% lower in HTI than the tolerant parent Opata (Table 5.2). Genetically, 

Synthetic was the donor of HTI3A QTL that accounted 11.3% of the phenotypic 

variation (Table 5.3) and its allele reduced heat tolerance by 14.5% in the association 

analysis population (Table 5.4). Since the susceptible QTL has not been clearly studied, 

further research on genes that are linked to heat susceptibility or that might suppress 

tolerance may assist in the development of heat-tolerant wheat cultivars. 
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We conclude that the identified major QTLs in the mapping population and their 

validations in diverse wheat backgrounds indicate the stable effectiveness of the 

detected QTLs for heat tolerance. Near isogenic lines are being developed for each of 

the four QTLs and they are being pyramided into elite wheat cultivars for heat tolerant 

breeding. 

Table 5.4 Effect of the identified QTLs HTI4D, HTI3B.1, HTI3B.2 and HTI3A 
conferring heat tolerance in the selected wheat genotypes based on association analysis. 

QTL Marker 
Allele size 

(bp) 
Donor 

HTI mean value* Effects 
(%) 

P value 
Presence Absence 

HTI4D Xbarc217 102 Opata 59.8 51.1 17.0 0.04 
HTI3B.1 Xgwm285 223 Opata 63.1 51.2 23.2 0.02 
HTI3B.2 Xbarc84 123 Opata 56.4 47.0 20.0 0.04 
HTI3A Xbarc197 136 Synthetic 47.9 56.0 –14.5 0.06 
* Presence = mean HTI of genotypes with the allele and absence = mean HTI of genotypes without the 
allele. The QTL effect was calculated based on the difference between mean HTIs in the presence and 
absence categories within the selected wheat genotypes. 

5.6 Conclusion 

The QTLs for HTI identified in the present study will assist in developing our 

understanding of the inheritance of heat tolerance in wheat genotypes. This study 

identified four major QTLs for HTI in the ITMI population, HTI4D, HTI3B.1, HTI3B.2 

and HTI3A, which confer early growth stage heat tolerance. These four QTLs together 

counted to 88.4% of the phenotypic variation and successfully validated in different 

genetic backgrounds. Further investigation of the effects of the identified QTL will 

assist in understanding the quantitative nature of heat tolerance, leading to the 

development of tolerant wheat cultivars. 
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Chapter 6 General discussion 

6.1 Introduction 

Heat is one of the major abiotic stresses limiting wheat production. Genetic variation 

and mechanism of inheritance of heat tolerance are the fundamental knowledge required 

for efficient breeding of heat tolerant cultivars. 

The major contributions of this research are: 

 A reliable and quick screening method that enables evaluation of large numbers 

of wheat genotypes was developed.  

 A total of 499 worldwide wheat collections were screened and three hexaploid 

wheat genotypes, Pakistan W 20B, Perenjori and SST16, were identified as 

extremely heat tolerant while two other hexaploid genotypes, Stiletto and 

Synthetic, and two tetraploid genotypes, T. turgidum ssp dicoccoides G3211 and 

G3100, were found to be extremely heat susceptible.  

  The large variation between the screened genotypes was confirmed through 

repeated assessments and marker-trait association analysis using four SSR 

markers linked to heat tolerance QTLs. 

 Diallel analysis revealed that heat tolerance in wheat is controlled by recessively 

inherited additive genes. Dominance genetic effect was also found important for 

heat tolerance in wheat.  

 Four major QTLs, accounting for 88.4% of phenotypic variation were identified 

in an ITMI structured RIL population derived from a cross between two 

hexaploid wheat genotypes, Opata and Synthetic.  
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 Effect of the major QTLs identified on other genetic backgrounds, and validity 

of closely linked markers for MAS were evaluated using marker-trait association 

analysis on 184 wheat genotypes. 

6.2 New screening system for heat tolerance was developed and tolerant genotypes 

were identified  

Identification of new sources of variation for heat tolerance at different growth stages 

will remain in demand for successful improvement of wheat production. The primary 

objective of this part of the project was to assess how temperature changes affect wheat 

seedlings in a controlled environment, and identify tolerant and susceptible genotypes 

for further analysis. A new system, which enabled to evaluate a large number of 

genotypes was developed using a customized hydroponic system made up of a large 

plastic box (58.5 cm x 42.0 cm x 33.0 cm dimension) with parallel layers of vertically 

organised filter papers clipped across the width of the box with wheat seeds in between 

(Fig 3.2). Several initial experiments were conducted testing various temperature ranges 

and finally 35 ºC was chosen as working stress level for this project. The optimum 

temperature for wheat growth (25 ºC) (Acevedo et al. 2002; Essemine et al. 2010; 

Medany et al. 2007; Lei et al. 2013) was used as the standard control temperature.  

Heat stress (35 ºC) caused an average reduction of 48.5%, on seedling length as 

compared to the normal (25 ºC) growing condition. Temperature increases any further 

than 35 ºC eliminated genetic variability. Temperature over 30 ºC was reported to 

drastically reduce seedling development and crop establishment, which in turn 

adversely affects seed yield (Batts et al. 1998a, b; Lawlor and Keys 1993; Long 1991; 

Paulsen 1994; Rawson and Richards 1992; Wardlaw 1994). Selection for abiotic stress 

tolerance during germination and seedling development phases under controlled 
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growing conditions was reported to be accurate and time saving (Kaya et al. 2012). A 

consistent screening technique enables effective identification of differences in response 

to heat among various genotypes. Using controlled environment as a screening platform 

was reported to be effective for a reliable evaluation and identification of genotypes 

under abiotic stress condition (Ayalew et al. 2015; Setimela et al. 2005). 

Comparative assessments based on the geographical origin of collection of wheat 

genotypes showed extensive variation. The Asian genotypes suffered relatively low 

damage from the induced heat, which signifies that the genotypes originating from this 

continent have more heat tolerance worth studying closely. The high reduction in SL of 

a majority of Australian wheat genotypes to heat stress showed that they are highly 

responsive to heat stress by which they might have a mechanism to arrest further growth 

till temperature abates.  

Genotypes with known heat tolerance (Ananda, Cascades, Chinese Spring, Nacazori, 

and Sonoro) were included in this screening experiment and their performance was in 

agreement with what was reported before (Balouchi 2010; Blum et al. 2001; Qin et al. 

2008; Sikder et al. 2001; Sikder and Paul 2010) indicating the consistency of the newly 

developed screening system.  

This initial screening experiment identified subsets of genotypes that displayed a range 

of tolerance-to-susceptibility spectrum to heat stress. The contrasting genotypes 

identified can be used in the development of recombinant inbreed line populations for 

genetic research. 
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6.3 Nature of genes and gene actions controlling heat tolerance were analysed 

Diallel analysis was used to study the genetic control and inheritance of heat tolerance 

in wheat using parental lines identified during the screening experiment (Chapter 3). 

Phenotypic evaluation of the five parental lines; Blanco Sin Barbillas, Cascades, Chara, 

Tevere and WI56 and their F2 progeny under heat stress (35 ºC) showed significant 

(P<0.05) variability, suggesting possibility of selection and development of heat tolerant 

genotypes from segregating generations. The diallel analysis revealed the importance of 

both additive and dominance gene effects and the presence of major and minor genes in 

controlling heat tolerance. Heat tolerance was controlled by recessive alleles and 

susceptibility was dominant over tolerance. The importance of recessive alleles in 

controlling heat tolerance was reported in rice (Guan-fu et al. 2015). 

The moderate narrow-sense heritability (41.0%) for HTI indicated the presence of high 

proportion of heritable (additive genetic component) variation, which in turn shows the 

possibility of improving heat tolerance with relatively low difficulty and high possibility 

of success (Falconer and Mackay 1996). Several researchers have reported the 

importance of additive genetic effects in controlling heat tolerance in various crops and 

traits related to heat tolerance (Ibrahim and Quick 2001a; Farooq et al. 2011b; Moffatt 

et al. 1990; Porter et al. 1995).  

The high broad-sense heritability (85.5%) identified in this study can be attributed to the 

minimized effect of environmental factors other than the induced temperature under the 

controlled environment condition. Comparable broad-sense heritability values to the 

present study, were reported by other researchers for instance chlorophyll fluorescence 

kinetics (89.0%), HSI (87.0%) and grain-filling duration (80.0%) (Azman et al. 2015; 

Paliwal et al. 2012; Yang et al. 2002b). The significant role of dominant genetic effect 
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in controlling heat tolerance was also revealed by the large discrepancy between narrow 

sense and broad sense heritability values in this study. This suggests that developing 

hybrid wheat for heat tolerance to exploit transgressive segregation/heterosis can be an 

option. Saadalla et al. (1990) reported transgressive segregation in hybrid population for 

tolerance to heat stress suggesting that varying genes associated with heat tolerance are 

contributed by parents.  

6.4 New heat tolerance QTLs explaining large phenotypic variation were identified 

and mapped 

Four major QTLs, which accounted for 88.4% of the observed phenotypic variation 

were identified using an RIL mapping population. The identification of several major 

and minor QTLs responsible for heat tolerance was in agreement with the polygenic 

inheritance theory of heat tolerance, which was also supported by the diallel analysis 

reported in Chapter 4 of this project. Several researchers have reported polygenetic 

inheritance of heat tolerance in wheat (Beecher et al. 2012; Mason et al. 2010; 

Mohammadi et al. 2008). The major QTLs identified in this study were linked to 

chromosome regions of 3A, 3B and 4D. These chromosome regions, except 4D were 

previously reported to harbour heat tolerance QTLs for chlorophyll fluorescence 

kinetics at the seedling stage (Azman et al. 2015), grain filling rate (Barakat et al. 2012), 

HSI of single kernel weight at crop maturity (Mason et al. 2011).  

Among the four major HTI QTLs identified in this research, HTI4D was a newly 

identified QTL associated with heat tolerance identified on chromosome 4D of wheat. 

This QTL (HTI4D) had an additive effect (originating from the tolerant parent, Opata) 

and accounted for 34.7% of the phenotypic variation in the mapping population. 
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Chromosome 4D was reported to harbour genes for abiotic stress tolerance such as 

salinity, freezing, and abiotic stress tolerance related genes such as peroxidases, 1-3-ß-

glucanase and sterol-4-α-methyl-oxidase (Dubcovsky et al. 1996; Hincha et al. 1997; 

Houde et al. 2006; Landjeva et al. 2010; Sardouie-Nasab et al. 2013; Yazdi-Samadi et 

al. 2006). Further study using fine mapping may give valuable information by 

narrowing down the actual chromosome region having the genes for positional cloning. 

6.5 Functionality of major QTLs on diverse genetic backgrounds were confirmed 

and linked marker were validated for MAS 

The mere mapping of QTLs will not be enough to use the identified QTLs and closely 

linked markers in MAS. The effect of the identified QTLs and the validity of the linked 

markers need to be confirmed on other genetic backgrounds other than the mapping 

population (Sharp et al. 2001; Spielmeyer et al. 2003; Wilson et al. 2004). Marker 

validation can be done using either structured or unstructured (natural) population or 

both. Ma et al. (2010) and Li et al. (2011) reported identification and confirmation of 

major QTLs associated with crown rot and tan spot resistances using structured wheat 

populations. Several other studies used unstructured populations for similar purpose 

(Collard et al. 2006; Sadat et al. 2013; Sharp et al. 2001; Spielmeyer et al. 2003). The 

present study attempted to confirm the effectiveness of four major QTLs conferring heat 

tolerance on 184 natural bread wheat genotypes and validate the usability of the linked 

markers for MAS. 

The 184 diverse wheat genotypes were phenotyped using the same experimental setup 

and level of heat stress (Chapter 3) as the mapping population and genotyped using SSR 

markers closely linked to the heat tolerance QTLs (Chapter 5). SSR markers, Xbarc217, 

Xgwm285, Xbarc84 and Xbarc197, which were associated with the major QTLs HTI4D, 
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HTI3B.1, HTI3B.2 and HTI3A, respectively were used for validation. These SSR 

markers were polymorphic across the wheat genotypes and produced different allele 

sizes indicating their validity for MAS. Specific allele sizes that were identical to those 

from the tolerant parent (Opata) or the susceptible parent (Synthetic) were used for the 

validation purpose. Allele sizes 102 bp (Xbarc217), 223 bp (Xgwm285), 123 bp 

(Xbarc84), and 136 bp (Xbarc197) were amplified by the SSR primers and were used to 

classify the validation population based on the presence or absence of alleles. 

Genotypes that had allele size of 102 bp (Xbarc217) showed a mean HTI of 59.8% 

while genotypes lacking this allele had a mean HTI of 51.1% with an improvement of 

about 17.0% in HTI. Similarly, genotypes that had the 223 bp (Xgwm285) allele showed 

a mean HTI of 63.1% while genotypes lacking this allele showed a mean HTI of 51.2% 

with an improvement of about 23.2% in HTI. The presence of the 123 bp allele 

(Xbarc84) increased HTI by 20.0% while the 136 bp allele size showed 14.5% 

reduction in HTI. The percentage differences were tested using t-test among genotype 

that had or didn’t have the respective allele and the differences were found statistically 

significant (P<0.05) for the 102, 223 and 136 bp alleles. While the percentage 

differences was insignificant (P>0.05) for the 136 bp allele. 

6.6 Future work 

Breeding for heat tolerance will remain to be the major challenge in crop production and 

agriculture in general. Improving the adaptability of current cultivars through gene 

pyramiding, and diversification of the wheat genetic pool for heat tolerance needs extra 

attention in the face of changing/warming climate. 

 



6 General discussion 

112  

For more effective breeding of wheat cultivars tolerant to heat stress we suggest: 

a) Further exploration for sources of heat tolerance variation in wheat genotypes 

worldwide using the method developed in this project, both for genetic studies 

and to be incorporated into wheat breeding programs. 

b) Crossing distant genotypes can be exploited to improve heat tolerance. The more 

heat tolerant Asian genotypes can be crossed with Australian genotypes to 

improve heat sensitivity of the later. 

c) Developing near isogeneic lines for each of the major identified QTLs; HTI4D, 

HTI3B.1, HTI3B.2 and HTI3A conferring heat tolerance and conducting fine 

mapping to identify more tightly linked DNA markers for MAS and to clone 

heat tolerant related genes for better understanding of heat tolerance.  

d) Gene expression analysis using qRT-PCR or next generation sequencing can be 

done to investigate the gene expression profile of the contrasting wheat 

genotypes (e.g. NIL pairs) to heat stress. 

e) QTLs found in the present study conferring heat tolerance at the early growth 

stage can be further tested under field and terminal heat conditions to draw 

conclusions about their consistency.  
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Appendix 3.1. Seedling length (SL) and damage index (DI) of the 499 tested wheat genotypes at 25 ºC and 35 ºC. 

Name of Genotype       Taxa          Country  
SL (cm)  

SL difference        DI* 
At 25 ºC  At 35 ºC 

16-52-2 T. aestivum  Brazil - South America  22.13 3.3 18.83 0.85 

171B-8-11-22 T. aestivum  USA - North America  23.73 10.57 13.16 0.55 

20102G3-67-12 T. aestivum  USA - North America  25.43 17.27 8.16 0.32 

ABURA T. aestivum  Japan - Asia  25.0 9.85 15.15 0.61 

AEGILOPOIDES - 1 T. monococcum  United Kingdom - Europe  18.1 4.93 13.17 0.73 

AFGHANISTAN 105 T. aestivum  Afghanistan - Asia  22.7 6.7 16.0 0.7 

AFGHANISTAN 20 T. aestivum  Afghanistan - Asia  32.35 13.23 19.12 0.59 

AFGHANISTAN 54 T. aestivum  Afghanistan - Asia  31.05 15.9 15.15 0.49 

AGT KATANA T. aestivum  Australia - Australia  26.3 12.07 14.23 0.54 

AGT SCYTHE T. aestivum  Australia - Australia  12.2 12.1 0.1 0.01 

AGT YOUNG T. aestivum  Australia - Australia  13.07 10.87 2.2 0.17 

AKABOZU T. aestivum  Japan - Asia  22.1 12.53 9.57 0.43 

AKBAR T. aestivum  Bangladesh - Asia  22.33 17.97 4.36 0.2 

ALEPPO 30 T. aestivum  Syria - The Middle East  27.1 16.0 11.1 0.41 

ALEPPO 33 T. aestivum  Syria - The Middle East  28.5 6.33 22.17 0.78 

ANANDA  T. aestivum  Not available 21.67 20.7 0.97 0.04 
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Appendix 3.1 (cont). Seedling length (SL) and damage index (DI) of the 499 tested wheat genotypes at 25 ºC and 35 ºC. 

Name of Genotype       Taxa        Country 
SL (cm) 

SL difference        DI* 
            At 25 ºC         At 35 ºC 

ANNUELLO  T. aestivum  Australia - Australia  18.85 14.27 4.58 0.24 

AQUILEGA T. aestivum  Italy - Europe  28.0 15.97 12.03 0.43 

ARINA T. aestivum  Switzerland - Europe  24.7 5.87 18.83 0.76 

ARISTIDE T. aestivum  France - Europe  21.77 5.6 16.17 0.74 

ARMADILLO 135 Triticosecale. sp. Mexico - North America  25.3 14.65 10.65 0.42 

ARMENIA 3 T. aestivum  Colombia - South America  35.97 27.2 8.77 0.24 

ARMENIA 4 T. aestivum  Colombia - South America  41.9 21.9 20.0 0.48 

ARMENIA 7 T. aestivum  Colombia - South America  40.3 28.97 11.33 0.28 

ARMENIA W94621 T. dicoccon  Armenia - Europe  21.1 7.03 14.07 0.67 

ARRINO T. aestivum  Australia - Australia  20.45 20.57 -0.12 0.01- 

AUS 1022 T. aestivum  Venezuela - South America  26.6 15.03 11.57 0.43 

AUS 10505 T. aestivum  Canada - North America  19.0 8.57 10.43 0.55 

AUS 10535 T. aestivum  Canada - North America  31.2 19.7 11.5 0.37 

AUS 10700 T. Timopheevii   Japan - Asia  31.9 3.9 28.0 0.88 

AUS 10702 T. Timopheevii   Japan - Asia  16.73 11.57 5.16 0.31 

AUS 10781 T. aestivum  Argentina - South America  23.1 8.97 14.13 0.61 

AUS 12007 T. aestivum  Kenya - Africa 22.6 10.77 11.83 0.52 
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Appendix 3.1 (cont). Seedling length (SL) and damage index (DI) of the 499 tested wheat genotypes at 25 ºC and 35 ºC. 

Name of Genotype       Taxa           Country 
SL (cm) 

SL difference        DI* 
            At 25 ºC          At 35 ºC 

AUS 12042 T. aestivum  Argentina - South America  16.9 8.33 8.57 0.51 

AUS 12044 T. aestivum  Argentina - South America  19.43 7.37 12.06 0.62 

AUS 12351 T. aestivum  Argentina - South America  20.73 15.37 5.36 0.26 

AUS 12353 T. aestivum  Argentina - South America  17.2 11.2 6.0 0.35 

AUS 12583 T. aestivum  Colombia - South America  29.35 17.57 11.78 0.4 

AUS 12584 T. aestivum  Colombia - South America  24.8 12.67 12.13 0.49 

AUS 12593 T. aestivum  Mexico - North America  21.8 12.23 9.57 0.44 

AUS 12603 T. aestivum  USA - North America  22.83 10.6 12.23 0.54 

AUS 12632 T. aestivum  USA - North America   21.07 11.6 9.47 0.45 

AUS 12638 T. aestivum  Kenya - Africa  20.75 8.4 12.35 0.6 

AUS 12671 T. aestivum  Mexico - North America  27.3 10.9 16.4 0.6 

AUS 137 T. aestivum  Mexico - North America  26.47 9.9 16.57 0.63 

AUS 15726 T. aestivum  Romania - Europe  20.03 11.3 8.73 0.44 

AUS 15727 T. aestivum  Romania - Europe  23.53 14.1 9.43 0.4 

AUS 15728 T. aestivum  Romania - Europe  20.63 15.3 5.33 0.26 

AUS 15729 T. aestivum  Romania - Europe  21.6 17.43 4.17 0.2 
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Appendix 3.1 (cont). Seedling length (SL) and damage index (DI) of the 499 tested wheat genotypes at 25 ºC and 35 ºC. 

Name of Genotype       Taxa        Country 
SL (cm) 

SL difference        DI* 
           At 25 ºC          At 35 ºC 

AUS 15730 T. aestivum  Romania - Europe  29.37 21.35 8.02 0.27 

AUS 15731 T. aestivum  Romania - Europe  26.57 21.25 5.32 0.2 

AUS 16356 Triticosecale. Sp. Romania - Europe  27.83 17.4 10.43 0.37 

AUS 17513 T. aestivum  Morocco - Africa  22.25 16.2 6.05 0.27 

AUS 20400 T. aestivum  Argentina – South America  25.1 10.5 14.6 0.58 

AUS 20721 T. aestivum  Ecuador - South America  22.47 11.07 11.4 0.51 

AUS 20839 Triticosecale. Sp. South Africa – Africa  29.7 17.2 12.5 0.42 

AUS 20929 T. aestivum  Ecuador - South America  21.9 5.3 16.6 0.76 

AUS 6082 T. aestivum  Mexico – North America  22.65 9.77 12.88 0.57 

AUS 6105 T. aestivum  Mexico – North America  20.57 11.65 8.92 0.43 

AUS 6106 T. aestivum  Mexico – North America  23.1 14.7 8.4 0.36 

AUS 6621 T. aestivum  Argentina – South America  17.63 6.7 10.93 0.62 

AUS 6622 T. aestivum  Argentina – South America  16.43 10.6 5.83 0.35 

AUS 7061 T. aestivum  Argentina – South America  26.37 10.2 16.17 0.61 

AUS 7062 T. aestivum  Argentina – South America  21.1 8.57 12.53 0.59 

AUS 7383 T. aestivum  China – Asia  16.0 5.33 10.67 0.67 

AUS 7386 T. aestivum  China - Asia  22.23 13.25 8.98 0.4 
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Appendix 3.1 (cont). Seedling length (SL) and damage index (DI) of the 499 tested wheat genotypes at 25 ºC and 35 ºC. 

Name of Genotype      Taxa         Country 
SL (cm) 

SL difference        DI* 
            At 25 ºC          At 35 ºC 

AXE T. aestivum  Australia - Australia  17.6 5.5 12.1 0.69 

AZERBAIJAN PERSIA W73332 T. aestivum  Iran - The Middle East   31.13 10.57 20.56 0.66 

AZERBAIJAN W1355 T. aestivum  Azerbaijan -Europe  30.5 19.03 11.47 0.38 

AZERBAIJAN W73314 T. aestivum  Not avalable 25.6 10.67 14.93 0.58 

AZERBAIJAN W73337 T. aestivum  Azerbaijan - Europe  28.1 10.75 17.35 0.62 

AZERBAJDZANSKAJA 1 T. aestivum  Azerbaijan - Europe  29.95 19.25 10.7 0.36 

BAJIO F67 T. aestivum  Mexico - North America  19.57 8.57 11.0 0.56 

BARHAM T. aestivum  Australia - Australia  16.85 10.1 6.75 0.4 

BARKAT T. aestivum  Not avalable 23.75 16.73 7.02 0.3 

BARKEE T. aestivum  Israel - The Middle East   28.0 16.9 11.1 0.4 

BEIJING 8 T. aestivum  China - Asia  25.33 14.75 10.58 0.42 

BEIJING 837 T. aestivum  China - Asia  22.73 8.7 14.03 0.62 

BELGRADE 1-1 T. aestivum  Yugoslavia - Europe  20.0 8.67 11.33 0.57 

BELGRADE 1-2 T. aestivum  Yugoslavia - Europe  29.0 14.0 15.0 0.52 

BELGRADE 10 T. aestivum  Yugoslavia - Europe  35.1 21.67 13.43 0.38 

BELGRADE 3 T. aestivum  Yugoslavia - Europe  30.27 14.13 16.14 0.53 
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Appendix 3.1 (cont). Seedling length (SL) and damage index (DI) of the 499 tested wheat genotypes at 25 ºC and 35 ºC. 

Name of Genotype       Taxa         Country 
SL (cm) 

SL difference       DI* 
            At 25 ºC          At 35 ºC 

BELGRADE 4-1 T. aestivum  Yugoslavia - Europe  32.4 6.83 25.57 0.79 

BELGRADE 4-2 T. aestivum  Yugoslavia - Europe  20.43 3.8 16.63 0.81 

BELGRADE 6 T. aestivum  Yugoslavia - Europe  30.2 19.53 10.67 0.35 

BELGRADE 7 T. aestivum  Yugoslavia - Europe  27.3 15.53 11.77 0.43 

BELGRADE 8 T. durum Yugoslavia - Europe  27.17 17.43 9.74 0.36 

BELGRADE 9 T. durum Yugoslavia - Europe  20.97 7.8 13.17 0.63 

BEVEDERE T. durum Italy - Europe  24.5 2.6 21.9 0.89 

BINNU T. aestivum  Australia - Australia  26.1 12.4 13.7 0.52 

BLADE T. aestivum  Australia - Australia  19.77 5.9 13.87 0.7 

BLANCO SIN BARBILLAS  T. aestivum  Mexico - North America  27.15 2.93 24.22 0.89 

BLUEBOY T. aestivum  USA - North America  28.23 21.3 6.93 0.25 

BLUEBRID 4 T. aestivum  Mexico - North America  24.57 10.5 14.07 0.57 

BOLAC T. aestivum  Australia - Australia  19.43 6.87 12.56 0.65 

BRAEWOOD T. aestivum  Australia - Australia  22.45 5.53 16.92 0.75 

BRAZIL 32 T. aestivum  Brazil - South America  28.67 3.37 25.3 0.88 

BRKULJA-4 T. aestivum  Yugoslavia - Europe  23.3 10.13 13.17 0.57 

BULLARING T. aestivum  Australia - Australia  15.83 15.8 0.03 0 

BUMPER T. aestivum  Australia - Australia  25.13 4.35 20.78 0.83 
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Appendix 3.1 (cont). Seedling length (SL) and damage index (DI) of the 499 tested wheat genotypes at 25 ºC and 35 ºC.  

Name of Genotype        Taxa         Country 
SL (cm) 

SL difference       DI* 
            At 25 ºC          At 35 ºC 

BURMA 8 T. aestivum  Myanmar - Asia  37.6 21.47 16.13 0.43 

CADOUX T. aestivum  Australia - Australia  22.97 6.17 16.8 0.73 

CAID EIEUZE 250 T. durum Morocco - Africa  26.1 5.7 20.4 0.78 

CALIDAD  T. aestivum  Mexico - North America  18.37 11.0 7.37 0.4 

CALIFORNIAN CLUB T. aestivum  USA - North America  30.47 6.23 24.24 0.8 

CALINGIRI T. aestivum  Australia - Australia  15.0 13.3 1.7 0.11 

CAMM T. aestivum  Australia - Australia  23.35 10.03 13.32 0.57 

CANARY 2 T. aestivum  Spain - Europe  25.7 21.95 3.75 0.15 

CANARY 4 T. aestivum  Spain - Europe  26.27 18.97 7.3 0.28 

CANUCK T. aestivum  Canada - North America  28.33 18.43 9.9 0.35 

CARINYA T. aestivum  Australia - Australia  14.75 8.45 6.3 0.43 

CASCADES T. aestivum  Australia - Australia  25.8 3.53 22.27 0.86 

CENTURY  T. aestivum  USA - North America  22.9 11.33 11.57 0.51 

CHANGLI T. aestivum  China - Asia  19.2 17.4 1.8 0.09 

CHAPARRAL T. aestivum  USA - North America  19.9 11.43 8.47 0.43 

CHARA T. aestivum  Australia - Australia  16.15 9.27 6.88 0.43 

CHIHUAHUENA  T. aestivum  Mexico - North America  22.2 2.8 19.4 0.87 
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Appendix 3.1 (cont). Seedling length (SL) and damage index (DI) of the 499 tested wheat genotypes at 25 ºC and 35 ºC. 

Name of Genotype       Taxa         Country 
SL (cm) 

SL difference      DI* 
            At 25 ºC          At 35 ºC 

CHILIAN T. aestivum  Chile- South America  36.4 10.17 26.23 0.72 

CHINA 1 T. hybrid  China - Asia  29.4 10.47 18.93 0.64 

CHINA 2 T. aestivum  China - Asia  27.6 13.67 13.93 0.5 

CHINA 8610 T. aestivum  China - Asia  19.53 8.15 11.38 0.58 

ChINESE SPRING T. aestivum  China - Asia  22.73 18.13 4.6 0.2 

CHINESE+AEGILOPS 

UMBELLULATA  

T. Sp.  USA - North America  26.4 8.63 17.77 0.67 

COLOTANA T. aestivum  Brazil - South America  23.13 10.67 12.46 0.54 

COLOTANA 266-51 T. aestivum  Brazil - South America  24.17 11.77 12.4 0.51 

COLOTANA 296-52 T. aestivum  Brazil - South America  27.35 11.33 16.02 0.59 

COMPAIR T. aestivum  United Kingdom - Europe  18.23 11.77 6.46 0.35 

CORNELL 595 T. aestivum  USA - North America  23.33 9.97 13.36 0.57 

CORNELL 82A 1-2-4-7 T. aestivum  USA - North America  28.2 8.9 19.3 0.68 

CORRELL T. aestivum  Australia - Australia  14.65 7.23 7.42 0.51 

DAMASCUS 4 T. aestivum  Syria - The Middle East  28.5 23.0 5.5 0.19 

DAMASCUS 7 T. aestivum  Syria - The Middle East  30.03 13.7 16.33 0.54 

DATATINE T. aestivum  Australia - Australia  22.83 15.4 7.43 0.33 
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Appendix 3.1 (cont). Seedling length (SL) and damage index (DI) of the 499 tested wheat genotypes at 25 ºC and 35 ºC. 

Name of Genotype       Taxa         Country 
SL (cm) 

SL difference      DI* 
            At 25 ºC          At 35 ºC 

DEFIANCE T. aestivum  USA - North America  21.9 8.33 13.57 0.62 

DERRIMUT T. aestivum  Australia - Australia  17.07 7.15 9.92 0.58 

DIAMANTE INTA T. aestivum  Argentina - South America  22.1 8.6 13.5 0.61 

DRUZHBA (FRIENDSHIP) T. aestivum  Bulgaria - Europe  17.57 5.77 11.8 0.67 

DRYSDALE T. aestivum  Australia - Australia  21.13 13.2 7.93 0.38 

DUHAMELIANUM MAZZ T. spelta Romania - Europe  36.73 29.9 6.83 0.19 

DYNASTY T. aestivum  USA - North America  23.83 11.8 12.03 0.5 

EGA 2248 T. aestivum  Australia - Australia  20.57 8.43 12.14 0.59 

EGA BONNIE ROCK T. aestivum  Australia - Australia  21.7 5.0 16.7 0.77 

EGA BOUNTY T. aestivum  Australia - Australia  23.57 8.8 14.77 0.63 

EGA BURKE T. aestivum  Australia - Australia  21.73 8.85 12.88 0.59 

EGA EAGLE ROCK T. aestivum  Australia - Australia  21.5 14.83 6.67 0.31 

EGA JITARNING T. aestivum  Australia - Australia  22.1 11.5 10.6 0.48 

EGA WEDGETAIL T. aestivum  Australia - Australia  19.83 4.5 15.33 0.77 

EGA WENTWORTH T. aestivum  Australia - Australia  16.4 4.23 12.17 0.74 

ELIA T. aestivum  Italy - Europe  25.27 18.7 6.57 0.26 

ELLISON T. aestivum  Australia - Australia  19.07 2.13 16.94 0.89 
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Appendix 3.1 (cont). Seedling length (SL) and damage index (DI) of the 499 tested wheat genotypes at 25 ºC and 35 ºC. 

Name of Genotype      Taxa        Country 
SL (cm) 

SL difference        DI* 
            At 25 ºC          At 35 ºC 

ENDURE T. aestivum  Australia - Australia  14.47 5.77 8.7 0.6 

ERECHIM T. aestivum  Brazil - South America  24.8 16.9 7.9 0.32 

ESPADA T. aestivum  Australia - Australia  18.73 4.97 13.76 0.73 

EUNPAMIL T. aestivum  Korea Asia  23.7 9.53 14.17 0.6 

EXCELSIOR T. aestivum  Tunisia - Africa 28.33 21.1 7.23 0.26 

FANG T. aestivum  Australia - Australia  13.37 5.6 7.77 0.58 

FANG 60 T. aestivum  Thailand - Asia  27.23 10.67 16.56 0.61 

FERTILITY RESTORED T. aestivum  Spain - Europe  21.7 7.9 13.8 0.64 

FLAMINIO T. aestivum  Italy - Europe  30.35 17.97 12.38 0.41 

FLEISCHMANN 481 T. aestivum  Hungary - Europe  22.97 17.63 5.34 0.23 

FLORIDA 301 T. aestivum  USA - North America  24.53 10.15 14.38 0.59 

FORLANI T. aestivum  Italy - Europe  25.77 12.53 13.24 0.51 

FRAME T. aestivum  Australia - Australia  23.37 12.27 11.1 0.47 

FUNDULEA 130 T. aestivum  Romania - Europe  25.97 12.2 13.77 0.53 

FUNDULEA 133 T. aestivum  Romania - Europe  24.4 20.2 4.2 0.17 

FUNDULEA 2498 T. aestivum  Romania - Europe  26.6 21.0 5.6 0.21 

FUNDULEA 262 T. aestivum  Romania - Europe  19.67 11.53 8.14 0.41 
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Appendix 3.1 (cont). Seedling length (SL) and damage index (DI) of the 499 tested wheat genotypes at 25 ºC and 35 ºC. 

Name of Genotype       Taxa       Country 
SL (cm) 

SL difference        DI* 
            At 25 ºC          At 35 ºC 

FUNDULEA 29 K T. aestivum  Romania - Europe  24.0 11.53 12.47 0.52 

FUNDULEA 30 T. aestivum  Romania - Europe  25.4 19.07 6.33 0.25 

FUNDULEA 338 T. aestivum  Romania - Europe  23.57 18.0 5.57 0.24 

FUNDULEA 4 T. hybrid  Romania - Europe  21.1 17.45 3.65 0.17 

FUNDULEA 483 T. aestivum  Romania - Europe  22.63 18.07 4.56 0.2 

FUNDULEA 490 T. aestivum  Romania - Europe  23.63 18.55 5.08 0.21 

FUNELLO T. aestivum  Italy - Europe  22.47 9.7 12.77 0.57 

FUNO T. aestivum  Italy - Europe  26.1 6.97 19.13 0.73 

FUNONE T. aestivum  Italy - Europe  25.36 4.57 20.79 0.82 

FUNOTTO T. aestivum  Italy - Europe  24.4 16.37 8.03 0.33 

G 3027 T. turgidum  ssp dicoccoides Israel - The Middle East   28.1 16.9 11.2 0.4 

G1790 T. urartu Turkey - Europe  21.33 13.3 8.03 0.38 

G1810 T. urartu Turkey - Europe  26.37 10.7 15.67 0.6 

G2511 T. monococcum ssp boeoticum Iran - The Middle East   25.77 3.9 21.87 0.85 

G2847 T. monococcum ssp boeoticum Iraq - The Middle East   29.5 3.43 26.07 0.88 

G3100 T. turgidum  ssp dicoccoides Lebanon - The Middle East   29.15 2.17 26.98 0.93 

G3211 T. turgidum  ssp dicoccoides Syria - The Middle East  25.93 0.43 25.5 0.98 
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Appendix 3.1 (cont). Seedling length (SL) and damage index (DI) of the 499 tested wheat genotypes at 25 ºC and 35 ºC. 

Name of Genotype     Taxa         Country 
SL (cm) 

SL difference       DI* 
            At 25 ºC          At 35 ºC 

G3246 T. urartu Lebanon - The Middle East   19.1 5.2 13.9 0.73 

GAIL T. aestivum  South Africa - Africa  33.63 5.53 28.1 0.84 

GALA T. aestivum  Colombia - South America  23.4 18.5 4.9 0.21 

GALAXY H45 T. aestivum  Australia - Australia  25.0 11.4 13.6 0.54 

GBA RUBY T. aestivum  Australia - Australia  20.73 15.6 5.13 0.25 

GBA SAPPHIRE T. aestivum  Australia - Australia  22.07 14.2 7.87 0.36 

GEORGIA W57143 T. aestivum  USA - North America  20.1 11.15 8.95 0.45 

GIBRID 115 T. aestivum  Czech republic - Europe  26.4 12.63 13.77 0.52 

GILAT 182 T. aestivum  Israel - The Middle East   25.97 10.1 15.87 0.61 

GIRUA T. aestivum  Brazil - South America  21.7 14.27 7.43 0.34 

GIZA 150 T. aestivum  Egypt - Africa 29.3 5.5 23.8 0.81 

GLADIUS T. aestivum  Australia - Australia  20.03 8.45 11.58 0.58 

GP 313 T. aestivum  USA - North America  27.43 12.6 14.83 0.54 

GUARDIAN T. aestivum  United Kingdom - Europe  14.97 8.45 6.52 0.44 

GWEBI T. aestivum  Zimbabwe - Africa  17.9 9.9 8.0 0.47 

H 46 T. aestivum  Australia - Australia  17.77 8.2 9.57 0.54 

H 790 T. aestivum  Afghanistan - Asia  24.9 13.67 11.23 0.45 
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Appendix 3.1 (cont). Seedling length (SL) and damage index (DI) of the 499 tested wheat genotypes at 25 ºC and 35 ºC. 

Name of Genotype     Taxa       Country 
SL (cm) 

SL difference       DI* 
           At 25 ºC          At 35 ºC 

H11 T. aestivum  Afghanistan - Asia  26.0 25.9 0.1 0 

H1302 T. aestivum  Afghanistan - Asia  24.5 17.57 6.93 0.28 

H1363 T. aestivum  Afghanistan - Asia  31.8 21.07 10.73 0.34 

H1396 T. aestivum  Afghanistan - Asia  23.5 18.67 4.83 0.21 

H339 T. aestivum  Afghanistan - Asia  26.2 18.23 7.97 0.3 

H342 T. aestivum  Afghanistan - Asia  37.0 17.7 19.3 0.52 

H344 T. aestivum  Afghanistan - Asia  24.7 14.13 10.57 0.43 

H760 T. aestivum  Afghanistan - Asia  19.1 17.67 1.43 0.07 

HALBERD T. aestivum  Australia - Australia  20.97 8.3 12.67 0.6 

HARD BAART T. aestivum  USA - North America  26.85 11.0 15.85 0.59 

HARD FEDERATION 31 T. aestivum  USA - North America  24.27 16.1 8.17 0.34 

HELIDUR T. durum Austria - Europe  26.35 9.2 17.15 0.65 

HENRY T. aestivum  USA - North America  31.6 8.1 23.5 0.74 

HIBRID-013 T. aestivum  Yugoslavia - Europe  27.15 11.25 15.9 0.59 

HIBRIDO NATURAL ROD 37 T. durum Portugal - Europe  19.57 7.1 12.47 0.64 

HILONCHE KAGATE T. aestivum  Nepal - Asia  25.6 10.83 14.77 0.58 

HUELQUEN T. aestivum  Chile - South America  20.2 6.5 13.7 0.68 
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Appendix 3.1 (cont). Seedling length (SL) and damage index (DI) of the 499 tested wheat genotypes at 25 ºC and 35 ºC. 

Name of Genotype       Taxa       Country 
SL (cm) 

SL difference        DI* 
            At 25 ºC          At 35 ºC 

HYBRIDE 38 T. aestivum  India - Asia  26.57 11.4 15.17 0.57 

IDAED 59 T. aestivum  USA - North America  27.3 7.6 19.7 0.72 

IG 107127 T. aestivum  Iran - The Middle East   26.7 13.27 13.43 0.5 

IG 107128 T. aestivum  Iran - The Middle East   27.1 10.94 16.16 0.6 

IG 107129 T. aestivum  Iran - The Middle East   30.4 11.97 18.43 0.6 

IG 107131 T. aestivum  Iran - The Middle East   34.1 10.47 23.63 0.69 

IG 120690 T. aestivum  Turkmenistan - Asia  32.45 23.87 8.58 0.26 

IG 120691 T. aestivum  Turkmenistan - Asia  38.15 21.2 16.95 0.44 

IG 120702 T. aestivum  Uzbekistan - Asia  29.73 14.0 15.73 0.53 

IG 120703 T. aestivum  Uzbekistan - Asia  33.95 28.6 5.35 0.16 

IG 120708 T. aestivum  Uzbekistan - Asia  25.4 21.6 3.8 0.15 

IG 123900 T. aestivum  Uzbekistan - Asia  27.23 21.4 5.83 0.21 

IG 126482 T. aestivum  Turkmenistan - Asia  34.1 16.5 17.6 0.52 

IG 127741 T. aestivum  Azerbaijan - Europe  26.23 9.4 16.83 0.64 

IG 131322 T. aestivum  Kazakhstan - Asia 26.7 12.67 14.03 0.53 

IG 131672 T. aestivum  Tajikistan - Asia 26.1 10.87 15.23 0.58 

IG 131772 T. aestivum  Tajikistan - Asia 37.8 13.87 23.93 0.63 
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Appendix 3.1 (cont). Seedling length (SL) and damage index (DI) of the 499 tested wheat genotypes at 25 ºC and 35 ºC. 

Name of Genotype     Taxa        Country 
SL (cm) 

SL difference        DI* 
            At 25 ºC          At 35 ºC 

IG 131773 T. aestivum  Tajikistan - Asia 29.5 18.0 11.5 0.39 

IG 40866 T. aestivum  Syria - The Middle East  22.47 13.67 8.8 0.39 

IG 41603 T. aestivum  Pakistan - Asia  30.63 17.73 12.9 0.42 

IG 43595 T. aestivum  Algeria - Africa  21.8 6.23 15.57 0.71 

IG 44198 T. aestivum  Jordan - The Middle East   29.37 16.1 13.27 0.45 

IG 44210 T. aestivum  Uzbekistan - Asia  33.15 22.6 10.55 0.32 

IG 44212 T. aestivum  Tajikistan - Asia 34.4 23.5 10.9 0.32 

IG 44518 T. aestivum  Armenia - Europe  28.97 10.5 18.47 0.64 

IG 44519 T. aestivum  Armenia - Europe  30.27 9.2 21.07 0.7 

IG 44520 T. aestivum  Armenia - Europe  33.33 10.13 23.2 0.7 

ILL. NO 1-112 T. aestivum  USA - North America  30.05 10.3 19.75 0.66 

ILLINI CHIEF T. aestivum  USA - North America  25.26 13.17 12.09 0.48 

ILMA (GK) T. aestivum  Hungary - Europe  25.3 10.17 15.13 0.6 

IMBABURA T. aestivum  Ecuador - South America  21.63 14.5 7.13 0.33 

INDIA 107 T. aestivum  India - Asia 31.73 21.77 9.96 0.31 

INDIA 113 T. aestivum  Bhutan - Asia  31.27 10.9 20.37 0.65 

INDIA 117 T. aestivum  India - Asia  27.75 17.87 9.88 0.36 
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Appendix 3.1 (cont). Seedling length (SL) and damage index (DI) of the 499 tested wheat genotypes at 25 ºC and 35 ºC. 

Name of Genotype      Taxa     Country 
SL (cm) 

SL difference       DI* 
            At 25 ºC          At 35 ºC 

INDIA 118 T. aestivum  India - Asia  30.2 20.4 9.8 0.32 

INDIA 120 T. aestivum  India - Asia  30.9 22.33 8.57 0.28 

INDIA 133 T. aestivum  India - Asia  30.7 20.87 9.83 0.32 

INDIA 168 T. aestivum  India - Asia  29.6 13.07 16.53 0.56 

INDIA 209 T. aestivum  Pakistan - Asia  20.9 17.05 3.85 0.18 

INDIA 210 T. aestivum  India - Asia  28.3 18.53 9.77 0.35 

INDIA 214 T. aestivum  India - Asia  23.45 16.27 7.18 0.3 

INDIA 227 T. aestivum  India - Asia 25.67 25.73 -0.06 0 

INDIA 267 T. aestivum  India - Asia  28.53 19.17 9.36 0.33 

INDIA 323 T. aestivum  India - Asia  32.4 18.37 14.03 0.43 

INDIA 323 T. aestivum  Pakistan - Asia  18.33 13.27 5.06 0.28 

INDIA 332 T. aestivum  India - Asia  27.2 24.3 2.9 0.11 

INDIA 344 T. aestivum  India - Asia 34.75 22.6 12.15 0.35 

INDIA 36 T. aestivum  India - Asia  19.83 4.77 15.06 0.76 

INDIA 37 T. aestivum  India - Asia  24.33 19.17 5.16 0.21 

INDIA 4 T. aestivum  India - Asia  16.77 12.97 3.8 0.23 

INDIA 46 T. aestivum  India - Asia  22.25 13.63 8.62 0.39 
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Appendix 3.1 (cont). Seedling length (SL) and damage index (DI) of the 499 tested wheat genotypes at 25 ºC and 35 ºC. 

Name of Genotype      Taxa     Country 
SL (cm) 

SL difference        DI* 
            At 25 ºC          At 35 ºC 

INDIA 58 T. aestivum  India - Asia  20.83 5.23 15.6 0.75 

INDIA 73 T. aestivum  India - Asia  22.67 18.7 3.97 0.18 

INDIAN 17 T. aestivum  India - Asia  14.87 5.53 9.34 0.63 

INDIAN NP 4 T. aestivum  India - Asia  19.3 12.0 7.3 0.38 

INDIANA VILOSA  T. aestivum  USA - North America  19.3 15.35 3.95 0.2 

IRAQ 1 T. aestivum  Iraq - The Middle East  25.7 19.83 5.87 0.23 

IRAQ 21 T. aestivum  Iraq - The Middle East  17.67 6.23 11.44 0.65 

IRAQ 23 T. aestivum  Iraq - The Middle East  26.53 9.97 16.56 0.62 

IRAQ 27 T. aestivum  Iraq - The Middle East  28.03 12.83 15.2 0.54 

IRAQ 29 T. aestivum  Iraq - The Middle East  28.75 8.87 19.88 0.69 

IRAQ 31-1 T. aestivum  Iraq - The Middle East  28.0 10.07 17.93 0.64 

IRAQ 31-2 T. aestivum  Iraq - The Middle East  23.73 14.75 8.98 0.38 

IRAQ 32 T. aestivum  Iraq - The Middle East  26.8 12.77 14.03 0.52 

IRAQ 38 T. aestivum  Iraq - The Middle East  26.2 13.9 12.3 0.47 

IRAQ 45 T. aestivum  Iraq - The Middle East  26.43 13.5 12.93 0.49 

IRAQ 51 T. aestivum  Iraq - The Middle East  28.45 10.0 18.45 0.65 

IRAQ 56 T. aestivum  Iraq - The Middle East  26.6 12.13 14.47 0.54 
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Appendix 3.1 (cont). Seedling length (SL) and damage index (DI) of the 499 tested wheat genotypes at 25 ºC and 35 ºC. 

Name of Genotype     Taxa        Country 
SL (cm) 

SL difference       DI* 
            At 25 ºC          At 35 ºC 

IRAQ 8 T. durum Iraq - The Middle East  27.8 7.0 20.8 0.75 

ISRAEL A T. aestivum  Israel - The Middle East   25.8 4.05 21.75 0.84 

ISRAEL L224 T. aestivum  Israel - The Middle East   17.07 9.05 8.02 0.47 

ISRAEL M69 T. aestivum  Israel - The Middle East   18.27 6.8 11.47 0.63 

ISRAEL TB 52-1 T. aestivum  Israel - The Middle East   14.37 8.07 6.3 0.44 

IUMILLO  T. durum Italy - Europe  17.87 10.4 7.47 0.42 

JANDAROI T. durum Australia - Australia  15.83 1.83 14.0 0.88 

JANZ T. aestivum  Australia - Australia  19.4 6.77 12.63 0.65 

JIMAI 20 T. aestivum  China - Asia  29.1 19.6 9.5 0.33 

JUBILEINAYA 50 T. aestivum  Hungary - Europe  33.3 13.27 20.03 0.6 

JUPATECO 73 T. aestivum  Mexico - North America  16.43 6.93 9.5 0.58 

KAFUE T. aestivum  Zimbabwe - Africa  20.73 16.2 4.53 0.22 

KANCHAN T. aestivum  Bangladesh -  Asia  22.1 10.75 11.35 0.51 

KANRED T. aestivum  USA - North America  25.45 7.17 18.28 0.72 

KEISER T. aestivum  USA - North America  25.7 11.3 14.4 0.56 

KENTANA 52 T. aestivum  Mexico - North America  19.77 15.7 4.07 0.21 

KENYA 1877 T. aestivum  Kenya - Africa  25.8 14.47 11.33 0.44 
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Appendix 3.1 (cont). Seedling length (SL) and damage index (DI) of the 499 tested wheat genotypes at 25 ºC and 35 ºC. 

Name of Genotype         Taxa       Country 
SL (cm) 

SL difference        DI* 
            At 25 ºC         At 35 ºC 

KENYA 1880 T. aestivum  Kenya - Africa 17.6 11.13 6.47 0.37 

KENYA BONGO T. aestivum  Kenya - Africa 26.97 18.73 8.24 0.31 

KENYA PLUME T. aestivum  Kenya - Africa 28.17 11.77 16.4 0.58 

KING ROCK T. aestivum  Australia - Australia  18.5 9.0 9.5 0.51 

KIRAC 66 (USA) T. aestivum  Turkey - Europe  30.9 10.75 20.15 0.65 

KLEIN 38 M.A. T. aestivum  Argentina - South America  18.7 11.87 6.83 0.36 

KLEIN ATLAS T. aestivum  Argentina - South America  25.35 6.85 18.5 0.73 

KLEIN COMETA T. aestivum  Argentina - South America  22.57 12.97 9.6 0.43 

KLEIN ORGULLO T. aestivum  Argentina - South America  25.63 17.07 8.56 0.33 

KLEIN RENDIDOR  T. aestivum  Argentina - South America  28.15 20.83 7.32 0.26 

KOMAR T. aestivum  USA - North America  22.87 9.6 13.27 0.58 

KONASU 26 T. aestivum  China - Asia  17.53 7.8 9.73 0.56 

KU8567 T. timopheevii  ssp araraticum Iraq - The Middle East  24.4 7.03 17.37 0.71 

KU8725 T. timopheevii  ssp araraticum Iraq - The Middle East   21.7 14.97 6.73 0.31 

KU8935 T. turgidum  ssp dicoccoides Turkey - Europe  28.53 23.15 5.38 0.19 

KUKRI T. aestivum  Australia - Australia  20.6 8.1 12.5 0.61 

LA FLORIDA  T. aestivum  Mexico - North America  15.37 9.43 5.94 0.39 
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Appendix 3.1 (cont). Seedling length (SL) and damage index (DI) of the 499 tested wheat genotypes at 25 ºC and 35 ºC. 

Name of Genotype      Taxa         Country 
SL (cm) 

SL difference        DI* 
          At 25 ºC          At 35 ºC 

LASTA T. aestivum  Yugoslavia - Europe  28.7 10.45 18.25 0.64 

LAURIA T. durum Italy - Europe  25.73 15.95 9.78 0.38 

LEE T. aestivum  USA - North America  21.43 13.6 7.83 0.37 

LEONE T. aestivum  Italy - Europe  26.43 19.97 6.46 0.24 

LEONES INTA T. aestivum  Argentina - South America  19.37 17.6 1.77 0.1 

LERMA ROJO 64 T. aestivum  Mexico - North America  14.57 14.05 0.52 0.04 

LINCOLN T. aestivum  USA - North America   17.2 4.03 13.17 0.77 

LITTLE JOSS T. aestivum  United Kingdom - Europe  19.0 9.93 9.07 0.48 

LONGREACH BEAUFORT T. aestivum  Australia - Australia  22.7 3.6 19.1 0.84 

LONGREACH BULLET T. aestivum  Australia - Australia  16.3 3.35 12.95 0.79 

LONGREACH CATALINA T. aestivum  Australia - Australia  21.27 6.13 15.14 0.71 

LONGREACH SCOUT T. aestivum  Australia - Australia  25.17 10.47 14.7 0.58 

LOVRIN 10 T. aestivum  Romania - Europe  25.53 18.57 6.96 0.27 

LOVRIN 18 T. aestivum  Romania - Europe  29.5 16.6 12.9 0.44 

MACE T. aestivum  USA - North America  23.25 10.73 12.52 0.54 

MACHETE T. aestivum  Australia - Australia  18.82 16.77 2.05 0.11 

MAGENTA T. aestivum  Australia - Australia  18.4 13.75 4.65 0.25 
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Appendix 3.1 (cont). Seedling length (SL) and damage index (DI) of the 499 tested wheat genotypes at 25 ºC and 35 ºC. 

Name of Genotype       Taxa         Country 
SL (cm) 

SL difference       DI* 
            At 25 ºC          At 35 ºC 

MALIHUE-INIA T. aestivum  Chile - South America  26.5 10.8 15.7 0.59 

MARAVILLA T. aestivum  Mexico - North America  24.13 4.57 19.56 0.81 

MARQUILLO T. aestivum  USA - North America  28.9 8.83 20.07 0.69 

MARQUIS T. aestivum  Canada - North America  26.6 15.83 10.77 0.4 

MENTANA T. aestivum  Italy - Europe  20.6 4.6 16.0 0.78 

MILAM T. aestivum  USA - North America  22.1 11.67 10.43 0.47 

MILAN T. aestivum  Mexico - North America  24.77 6.3 18.47 0.75 

MILJENKA T. aestivum  Yugoslavia - Europe  20.2 18.1 2.1 0.1 

MITRE T. aestivum  Australia - Australia  18.0 17.03 0.97 0.05 

MONOCOCCUM-1 T. monococcum  Turkey - Europe  22.1 12.13 9.97 0.45 

MOROCCO 426 T. aestivum  Moracco - Africa  9.9 2.43 7.47 0.75 

NACAZORI  T. aestivum  Mexico - North America  23.15 14.23 8.92 0.39 

NAINARI 60 T. aestivum  Mexico - North America  16.93 8.17 8.76 0.52 

NANKING 345A T. aestivum  China - Asia  18.1 8.33 9.77 0.54 

NATIONAL 166  T. aestivum  China - Asia  28.3 9.3 19.0 0.67 

NAVARRE 18 T. aestivum  Spain - Europe  27.4 16.53 10.87 0.4 

NAVID T. aestivum  Iran - The Middle East   30.35 20.67 9.68 0.31 
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Appendix 3.1 (cont). Seedling length (SL) and damage index (DI) of the 499 tested wheat genotypes at 25 ºC and 35 ºC. 

Name of Genotype     Taxa     Country 
SL (cm) 

SL difference       DI* 
            At 25 ºC          At 35 ºC 

NOBEOKA BOZU T. aestivum  Japan - Asia  21.0 20.35 0.65 0.03 

NOBRE T. aestivum  Brazil - South America  16.8 16.5 0.3 0.02 

NORIN 10 T. aestivum  Japan - Asia  23.15 13.0 10.15 0.44 

NORIN 8 T. aestivum  Japan - Asia  20.2 12.77 7.43 0.37 

NOROESTE T. aestivum  Mexico - North America  11.2 10.17 1.03 0.09 

NOVOSADSKA 1446  T. aestivum  Hungary - Europe  23.5 24.15 -0.65 -0.03 

NOVOSADSKA JARA  T. aestivum  Yugoslavia - Europe  25.75 14.07 11.68 0.45 

NW4A T. aestivum  Nepal - Asia  24.63 6.53 18.1 0.73 

NYU BAY T. aestivum  Japan - Asia  18.43 15.63 2.8 0.15 

OMMID T. aestivum  Iran - The Middle East   30.5 18.5 12.0 0.39 

OPATA T. aestivum  Mexico - North America  26.97 17.0 9.97 0.37 

ORSO T. aestivum  Italy - Europe  22.3 9.0 13.3 0.6 

P H DORSETT 3889 T. aestivum  China - Asia  21.4 14.33 7.07 0.33 

P H DORSETT 7514 T. aestivum  China - Asia  13.1 9.2 3.9 0.3 

P H DORSETT 8162 T. aestivum  China - Asia  21.8 7.43 14.37 0.66 

PAKISTAN W 20B T. aestivum  Pakistan - Asia  17.35 20.53 -3.18 -0.18 

PALESTINE 3 T. aestivum  Palestine - The Middle East   30.0 12.0 18.0 0.6 

 



 

 
155 

Appendix 3.1 (cont). Seedling length (SL) and damage index (DI) of the 499 tested wheat genotypes at 25 ºC and 35 ºC. 

Name of Genotype      Taxa        Country 
SL (cm) 

SL difference        DI* 
            At 25 ºC          At 35 ºC 

PATO T. aestivum  Argentina - South America  24.35 15.33 9.02 0.37 

PEL 13737-68 T. aestivum  Brazil - South America  15.97 11.7 4.27 0.27 

PEQUENO T. aestivum  Venezuela - South America  23.6 11.43 12.17 0.52 

PEREGRINE T. aestivum  Canada - North America  28.6 11.9 16.7 0.58 

PERENJORI T. aestivum  Australia - Australia  16.87 18.35 -1.48 -0.09 

PERSIA 11 T. aestivum  Iran - The Middle East   25.7 20.67 5.03 0.2 

PERSIA 123 T. aestivum  Iran - The Middle East   28.0 10.5 17.5 0.63 

PERSIA 18 T. aestivum  Iran - The Middle East   17.7 15.95 1.75 0.1 

PERSIA 21 T. aestivum  Iran - The Middle East   29.13 17.03 12.1 0.42 

PERSIA 22 T. aestivum  Iran - The Middle East   30.7 18.3 12.4 0.4 

PERSIA 3 T. aestivum  Iran - The Middle East   29.8 19.0 10.8 0.36 

PERSIA 4 T. aestivum  Iran - The Middle East   27.8 21.4 6.4 0.23 

PERSIA 52 T. aestivum  Iran - The Middle East   25.7 14.83 10.87 0.42 

PERSIA 53 T. aestivum  Iran - The Middle East   24.6 16.3 8.3 0.34 

PERSIA 6 T. aestivum  Iran - The Middle East   26.0 21.2 4.8 0.18 

PERSIA 7 T. aestivum  Iran - The Middle East   24.47 15.9 8.57 0.35 

PHILIPPINES 1 T. aestivum  Philippines - Asia  16.37 6.27 10.1 0.62 
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Appendix 3.1 (cont). Seedling length (SL) and damage index (DI) of the 499 tested wheat genotypes at 25 ºC and 35 ºC. 

Name of Genotype       Taxa       Country 
SL (cm) 

SL difference        DI* 
            At 25 ºC          At 35 ºC 

PHILIPPINES 7 T. aestivum  Philippines - Asia  25.2 10.45 14.75 0.59 

PI 94365 T. aestivum  Armenia - Europe  34.3 22.2 12.1 0.35 

PILCRAW T. aestivum  USA - North America  28.0 21.23 6.77 0.24 

PILOT T. aestivum  USA - North America  20.27 10.47 9.8 0.48 

PING YUAN NO. 50 T. aestivum  China - Asia  21.43 18.65 2.78 0.13 

PONCA T. aestivum  USA - North America  31.03 7.4 23.63 0.76 

PONCHEAU T. aestivum  France - Europe  26.1 9.73 16.37 0.63 

PORTUGAL 3 T. durum Portugal - Europe  20.1 2.73 17.37 0.86 

POTAM 70 T. aestivum  Mexico - North America  16.15 12.83 3.32 0.21 

PRESTON-1 T. aestivum  Canada - North America  27.47 2.93 24.54 0.89 

PRESTON-2 T. aestivum  Australia - Australia  24.2 8.47 15.73 0.65 

PROGRESS T. aestivum  USA - North America  24.7 7.07 17.63 0.71 

PUEBLA  T. aestivum  Mexico - North America  20.1 11.47 8.63 0.43 

PUGSLEY T. aestivum  Australia - Australia  23.65 5.5 18.15 0.77 

PUNJAB 8A T. aestivum  India  - Asia  13.93 5.53 8.4 0.6 

QUILAMAPU 25-77 T. aestivum  Chile - South America  24.53 6.3 18.23 0.74 

RAGENI 15 T. aestivum  Pakistan - Asia  27.03 21.8 5.23 0.19 
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Appendix 3.1 (cont). Seedling length (SL) and damage index (DI) of the 499 tested wheat genotypes at 25 ºC and 35 ºC. 

Name of Genotype       Taxa        Country 
SL (cm) 

SL difference       DI* 
           At 25 ºC          At 35 ºC 

RASHID T. aestivum  Iran - The Middle East   18.3 4.53 13.77 0.75 

RED BOBS T. aestivum  Canada - North America  28.1 7.87 20.23 0.72 

RED GENEALOGICAL T. aestivum  Japan - Asia  27.1 6.87 20.23 0.75 

REDHART T. aestivum  USA - North America  16.73 4.2 12.53 0.75 

RELIANCE T. aestivum  USA - North America  24.25 8.1 16.15 0.67 

RESCUE T. aestivum  Canada - North America  27.93 11.47 16.46 0.59 

RIDDLEY T. aestivum  India - Asia  32.7 16.27 16.43 0.5 

RILEY 67 T. aestivum  USA - North America  23.56 15.65 7.91 0.33 

RITCHIE  T. aestivum  United Kingdom - Europe  26.77 13.33 13.44 0.5 

RL6019 T. aestivum  Canada - North America  20.23 6.53 13.7 0.68 

ROJO BARBON T. aestivum  Mexico - North America  13.67 8.27 5.4 0.4 

RURAL 61 T. aestivum  Portugal - Europe  22.0 8.8 13.2 0.6 

SADOVO 1 T. aestivum  Bulgaria - Europe  23.77 7.8 15.97 0.67 

SAFIDAC-AWC 2 T. aestivum  Afghanistan - Asia  31.05 13.7 17.35 0.59 

SAKHA 8 T. aestivum  Egypt - Africa 21.7 12.87 8.83 0.41 

SANTA ELENA  T. aestivum  Italy - Europe  21.3 8.57 12.73 0.6 

SAPPORO T. aestivum  Japan - Asia  31.7 7.4 24.3 0.77 
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Appendix 3.1 (cont). Seedling length (SL) and damage index (DI) of the 499 tested wheat genotypes at 25 ºC and 35 ºC. 

Name of Genotype      Taxa      Country 
SL (cm) 

SL difference       DI* 
           At 25 ºC          At 35 ºC 

SAPPORO HARU KOMUGI ICHIGO T. aestivum  Japan - Asia  25.17 18.5 6.67 0.26 

SENTINEL T. aestivum  USA - North America   24.4 3.9 20.5 0.84 

SEVILLE 19 T. aestivum  Spain - Europe  29.47 13.2 16.27 0.55 

SEVILLE 27 T. aestivum  Spain - Europe  26.17 10.67 15.5 0.59 

SHINCHUNAGA T. aestivum  Japan - Asia  28.37 21.3 7.07 0.25 

SHIRASAYA 1 T. aestivum  Japan - Asia  16.8 8.7 8.1 0.48 

SLEIPNER T. aestivum  Sweden - Europe  21.4 15.5 5.9 0.28 

SOMMESVELT T. aestivum  Sweden - Europe  24.5 19.77 4.73 0.19 

SONORA  T. aestivum  Mexico - North America  26.0 17.7 8.3 0.32 

SOUTH AFRICA 4362 T. aestivum  South Africa - Africa  18.8 8.5 10.3 0.55 

SOUTH AFRICA 4445 T. aestivum  South Africa - Africa  19.15 12.5 6.65 0.35 

SOUTH AFRICA 5399/1 T. aestivum  South Africa - Africa  21.8 9.67 12.13 0.56 

SOUTH AFRICA 5399/2 T. aestivum  South Africa - Africa  17.63 9.83 7.8 0.44 

SPEAR T. aestivum  Australia - Australia  23.85 5.77 18.08 0.76 

SPELTA -1 T. spelta HUNGARY - Europe 29.6 10.33 19.27 0.65 

SPELTA-2 T. spelta Switzerland - Europe  26.27 21.93 4.34 0.17 

SPILLMAN T. aestivum  USA - North America  21.8 8.0 13.8 0.63 
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Appendix 3.1 (cont). Seedling length (SL) and damage index (DI) of the 499 tested wheat genotypes at 25 ºC and 35 ºC. 

Name of Genotype     Taxa        Country 
SL (cm) 

SL difference        DI* 
            At 25 ºC          At 35 ºC 

SPOETNIK T. aestivum  South Africa – Africa  22.0 5.27 16.73 0.76 

SST 16 T. aestivum  South Africa – Africa  17.33 22.15 -4.82 -0.28 

SST 3 T. aestivum  South Africa – Africa  23.5 19.9 3.6 0.15 

SST 6 T. aestivum  South Africa – Africa  16.33 15.4 0.93 0.06 

STARING T. aestivum  Netherlands – Europe  25.87 19.4 6.47 0.25 

STILETTO T. aestivum  Australia – Australia  23.65 2.0 21.65 0.92 

SUNZELL T. aestivum  Australia – Australia  20.37 17.5 2.87 0.14 

SWM 12174 T. aestivum  Mexico – North America  24.47 9.63 14.84 0.61 

SYNTHETIC WHEAT T. aestivum  Mexico – North America  28.97 1.9 27.07 0.93 

SYRIA 3053 T. aestivum  Syria – The Middle East  32.13 22.07 10.06 0.31 

TAFOGIN T. aestivum  China – Asia  18.15 8.67 9.48 0.52 

TAICHUNG 23 T. aestivum  Japan – Asia  20.9 7.37 13.53 0.65 

TAICHUNG 31 T. aestivum  Japan – Asia  24.2 18.5 5.7 0.24 

TAINAN NO 4 T. aestivum  Taiwan  - Asia  17.67 6.73 10.94 0.62 

TAMMARIN ROCK T. aestivum  Australia – Australia  25.0 6.83 18.17 0.73 

TEVERE T. aestivum  Italy – Europe  18.83 19.67 -0.84 -0.04 

THAOUDAR-1 T. monococcum  Not avalable 13.85 10.6 3.25 0.23 
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Appendix 3.1 (cont). Seedling length (SL) and damage index (DI) of the 499 tested wheat genotypes at 25 ºC and 35 ºC. 

Name of Genotype      Taxa         Country 
SL (cm) 

SL difference       DI* 
            At 25 ºC          At 35 ºC 

THAOUDAR-2 T. monococcum  United Kingdom - Europe  7.8 2.27 5.53 0.71 

THATCHER T. aestivum  USA - North America  22.2 4.7 17.5 0.79 

TINCURRIN T. aestivum  Australia - Australia  22.4 3.9 18.5 0.83 

TIRIAWA DIRILTO  T. aestivum  Not avalable 24.6 12.6 12.0 0.49 

TOKAI 66 T. aestivum  Japan - Asia  23.97 16.7 7.27 0.3 

TRITICUM VULGRADE/AEGILOPS 

OVATA 

T. sp.  Kenya - Africa 19.93 11.27 8.66 0.43 

TUNIS 18 T. aestivum  Tunisia - Africa  32.73 21.47 11.26 0.34 

TURKEY T. aestivum  Turkey - Europe  27.75 14.07 13.68 0.49 

TURKEY 1558 T. aestivum  Turkey - Europe  23.6 8.03 15.57 0.66 

VALLADOLID 1 T. aestivum  Spain - Europe  27.9 12.63 15.27 0.55 

VERMILLION T. aestivum  USA - North America  27.5 5.5 22.0 0.8 

VILLA GLORI T. aestivum  Italy - Europe  17.13 8.27 8.86 0.52 

VILMORIN 23 T. aestivum  France - Europe  18.07 10.87 7.2 0.4 

VILMORIN 27 T. aestivum  France - Europe  16.33 9.85 6.48 0.4 

VIR 38467 T. sp.  Turkmenistan - Asia  29.87 18.4 11.47 0.38 

VIRGILIO T. aestivum  Italy - Europe  24.43 11.33 13.1 0.54 
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Appendix 3.1 (cont). Seedling length (SL) and damage index (DI) of the 499 tested wheat genotypes at 25 ºC and 35 ºC. 

Name of Genotype     Taxa        Country 
SL (cm) 

SL difference        DI* 
           At 25 ºC          At 35 ºC 

VULPINUM ALEF T. spelta Czech Republic - Europe  28.5 12.7 15.8 0.55 

W1 T. aestivum  Pakistan - Asia  25.45 9.87 15.58 0.61 

W156 T. aestivum  India - Asia  15.97 16.0 -0.03 0 

W157 T. aestivum  India - Asia  23.5 12.9 10.6 0.45 

W19 T. aestivum  Pakistan - Asia  18.25 16.4 1.85 0.1 

W220 T. aestivum  India - Asia  23.2 7.13 16.07 0.69 

W22C T. aestivum  Pakistan - Asia  30.75 19.0 11.75 0.38 

W48B T. aestivum  Pakistan - Asia  27.43 20.9 6.53 0.24 

W96 T. aestivum  Pakistan - Asia  26.43 19.1 7.33 0.28 

WAAGAN T. aestivum  Australia - Australia  28.4 12.35 16.05 0.57 

WB95 3390 (IRAN) T. aestivum  Iran - The Middle East   34.5 11.2 23.3 0.68 

WESTONIA  T. aestivum  Australia - Australia  19.45 15.2 4.25 0.22 

WIS 245 T. aestivum  USA - North America  21.5 4.9 16.6 0.77 

WOLLAROI T. aestivum  Australia - Australia  32.07 17.5 14.57 0.45 

WUWEI BAIZAMAI T. aestivum  China - Asia  28.6 22.6 6.0 0.21 

WYALKATCHEM T. aestivum  Australia - Australia  24.2 5.75 18.45 0.76 

XIN YANG WANG SHUI BAI T. aestivum  China - Asia  19.03 8.57 10.46 0.55 
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Appendix 3.1 (cont). Seedling length (SL) and damage index (DI) of the 499 tested wheat genotypes at 25 ºC and 35 ºC. 

Name of Genotype       Taxa        Country 
SL (cm) 

SL difference        DI* 
            At 25 ºC          At 35 ºC 

YANDANOOKA T. aestivum  Australia - Australia  18.37 6.97 11.4 0.62 

YAQUI 50 T. aestivum  Mexico - North America  29.2 11.07 18.13 0.62 

YEKTAY 406 T. aestivum  Turkey - Europe  23.0 5.53 17.47 0.76 

YENDA T. aestivum  Australia - Australia  15.37 4.37 11.0 0.72 

YITPI  T. aestivum  Australia - Australia  24.37 3.35 21.02 0.86 

YUGOSLAVIA U 12 T. aestivum  Yougslavia - Europe 23.87 12.73 11.14 0.47 

YUGOSLAVIA U 20 T. aestivum  Yougslavia - Europe 21.7 19.53 2.17 0.1 

ZHANGYE QING-GUANGTOU  T. durum China - Asia  18.47 4.2 14.27 0.77 

ZIDANE 89 T. aestivum  Syria - The Middle East  25.05 10.6 14.45 0.58 

ZIPPY T. aestivum  Australia - Australia  28.13 11.0 17.13 0.61 

* Damage index was calculated based on seedling length differences under the two temperature conditions, divided by seedling length at 25 ºC. 
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Appendix 5.1. Heat tolerance index (HTI) of the recombinant inbred 

lines (RILs) that have been used for QTL mapping. 

RILs Heat tolerance index (%)* 
1 11.99 
2 6.64 
3 14.05 
4 18.37 
5 12.33 
6 13.46 
8 10.90 
9 2.99 

10 3.00 
11 3.25 
12 11.40 
15 3.60 
16 13.24 
17 9.34 
18 2.68 
20 4.44 
33 12.95 
34 3.58 
35 4.11 
36 12.00 
21 14.97 
28 14.95 
31 4.68 
32 7.06 
30 10.73 
37 12.83 
38 2.04 
39 10.60 
40 5.44 
41 4.29 
43 2.83 
45 17.31 
46 2.59 
47 7.87 
48 4.97 
50 27.54 
51 14.65 
52 4.08 
54 3.64 
56 16.00 
57 10.66 
60 5.42 
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Appendix 5.1 (cont). Heat tolerance index (HTI) of the recombinant inbred lines (RILs) 

that have been used for QTL mapping. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

* Heat tolerance index was calculated as the percentage of seedling length under stress to seedling length 

under normal conditions 

RILs Heat tolerance index (%)* 
62 4.09 
63 7.71 
65 3.00 
66 3.17 
67 4.37 
68 0.59 
69 7.10 
71 3.03 
72 12.58 
73 10.69 
75 9.35 
78 0.53 
79 7.22 
80 0.35 
81 0.38 
82 3.22 
84 6.73 
85 3.30 
88 11.38 
90 3.57 
95 5.51 
98 17.47 
99 11.02 

100 15.82 
101 20.98 
103 14.48 
104 6.28 
105 3.83 
106 7.19 
107 15.29 
110 4.12 
111 12.42 
113 15.07 
114 17.20 




