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Abstract 

 

Heat stress is a significant abiotic stress limiting crop production in many regions globally, 

including in the Mediterranean-type environments of southern Australia. Various approaches 

have been used to understand the negative impacts of heat stress conditions on plant function 

and crop productivity, with several loci identified with proposed benefits for adaptation to 

heat stress conditions. However, there has been little uptake of targeted selection for heat 

stress traits or loci by breeding programs.  

This study used a combination of controlled environment evaluation targeting heat stress 

conditions during grain filling (three consecutive days of 36°C with a wind speed of 40 km h-1 

starting 10 days post anthesis), and evaluation over multiple representative field 

environments. Field environments were targeted to achieve a range of heat stress conditions 

during the sensitive anthesis and grain filling developmental stages and were conducted 

within the South Australian cereal producing region, with temperature co-variates used to 

quantify the level of stress in each environment. A series of experiments evaluated relevant 

Australian varieties and advanced breeding lines to evaluate the level of adaptation to heat 

stress conditions currently available in adapted germplasm. This allowed the impacts of heat 

stress on grain yield, and the role of heat stress during anthesis and grain filling on variety 

performance to be evaluated. In a second component of the study, seven doubled haploid 

mapping populations were evaluated to identify QTL for adaptation to heat stress conditions. 

The QTL analysis was conducted to identify performance (QTL with stable performance 

regardless of heat stress treatment, or across a range of stress conditions in the field), and to 

identify responsiveness (QTL with a favourable response to heat stress treatments in a 

controlled environment, or a favourable response to increasingly stressful conditions 
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experienced in the field), with numerous QTL identified in both controlled environment and 

field conditions.  

The QTL identified provides opportunities for breeders to target improved adaptation to heat 

stress conditions through two mechanisms: performance QTL for stable and elite adaptation 

across all environments, and responsiveness for specific adaptation allowing selection of a 

favourable response to stressed conditions. This study proposes that assessing adaptation to 

heat stress conditions as the combination of performance and responsiveness is an improved 

definition and framework to assess tolerance to heat stress conditions, and is of greater 

relevance to breeders’ selection objectives. 
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Achieving this is crucial not only to ensure profitable agricultural production in Australia but to 

increase the food supply for a growing global population and sectors of the world’s population 

which are currently undernourished (FAO 2013). 

1.2 Production Constraints in Southern Australia  

Several factors limit agricultural production in southern Australia. These include drought 

stress, heat stress, frost, hostile soil conditions, and plant diseases. The southern Australian 

environment is classed as a Mediterranean-type environment, characterized by hot dry 

summers and cool wet winters. Winter crops are sown into moist soil from late autumn to 

early winter to utilise winter rainfall, with crops harvested in early summer (Castri, Mooney et 

al. 1973, French and Schultz 1984). Variable rainfall and temperature throughout the growing 

season can restrict crop productivity, stressing plants, particularly leading up to, during, and 

post-anthesis. Such variability in Australia’s climate is related to the El Niño, La Niña, Southern 

Annular Mode, and the Indian Ocean Dipole climate phenomena (Montazerolghaem, Vervoort 

et al. 2016). There is also evidence to suggest that climate variability could be increasing, 

associated with atmospheric carbon dioxide levels and other greenhouse gases (Easterling, 

Evans et al. 2000, Murphy and Timbal 2008, Fierro and Leslie 2013), which may further 

exacerbate the frequency and severity of abiotic stress conditions experienced by crops. 

1.2.1 Heat stress 

Heat stress occurs when plants experience temperatures above optimum for plant function 

resulting in reduced growth or physical damage. During anthesis the optimal temperature for 

plant function is 21ᵒC, with a maximum temperature of 31ᵒC, beyond which plant function 

virtually stops with limited ability for plant function to recover. During grain filling the optimal 

temperature is 20.7ᵒC with a maximum of 35.4ᵒC (Porter, Nguyen et al. 1995). Heat stress and 

its effects on plants is a complex interaction between the intensity, duration, and rate of 

temperature increase (Wahid, Gelani et al. 2007). Wheat is affected differently at different 
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stages of growth. The reproductive tissues are the most sensitive to heat stress, including at 

the early stages of pollen development during the young microspore stage (Saini, Westgate et 

al. 2000, Dolferus, Ji et al. 2011). During anthesis heat stress can lead to reduced fertility 

(pollen viability), and induced sterility (floret abortion), resulting in reduced grain number 

(Barnabas, Jager et al. 2008). Heat stress during grain filling can lead to reduced grain size as a 

result of faster plant maturation (Wardlaw 1994, Wollenweber, Porter et al. 2003), 

accelerated senescence, and reduced plant photosynthetic capacity  (Tewolde, Fernandez et 

al. 2006). In Australian farming systems crops are more frequently exposed to temperature 

stress during the anthesis and grain filling stages of crop development (Alexander, Hayman et 

al. 2010). These plant responses are largely a function of more localised and specific responses 

to heat stress within the plant tissue, such as enzyme denaturation, altered membrane 

fluidity, and creation of reactive oxygen intermediates (Wollenweber, Porter et al. 2003, 

Wahid, Gelani et al. 2007). 

Plants have several mechanisms which limit the damage caused by heat stress and induce 

thermotolerance to reduce the potential risk of additional damage under further heat stress 

conditions. An example is the accumulation of heat shock proteins as discussed by Kotak, 

Larkindale et al. (2007). These heat shock proteins aid in protecting proteins, particularly those 

important for respiration and photosynthesis, and other cell structures against heat-related 

damage, and repair minor damage after the stress has occurred. Various plant hormones, 

particularly ethylene and abscisic acid, have also been reported as having a role in plant 

responses to heat stress. Plants with increased levels of abscisic acid display improved heat 

stress tolerance through regulation of sink size during stress, in a similar fashion to drought 

and cold stress (Wahid, Gelani et al. 2007, Dolferus, Ji et al. 2011).  

Various studies have observed the negative impact of heat stress events on grain yield (Gibson 

and Paulsen 1999, Tewolde, Fernandez et al. 2006, Kuchel, Williams et al. 2007, Bennett, 
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Izanloo et al. 2012, Gourdji, Mathews et al. 2012, Guan, Lu et al. 2018, Li, Mao et al. 2019, Liu, 

Sukumaran et al. 2019, Tadesse, Suleiman et al. 2019, Thistlethwaite, Tan et al. 2020). Gibson 

and Paulsen (1999), identified a three to five percent reduction in yield for every one degree 

increase in temperature over 15ᵒC under controlled environment conditions. Bennett, Izanloo 

et al. (2012) identified a reduction of 187 kg ha-1 for every one degree increase in average 

temperature during anthesis and grain filling. This shows that heat stress does have 

considerable negative effects on agricultural production and is an area of crop adaptation that 

needs to be investigated. However, given the complexity of this trait, it has been difficult to 

investigate. Nonetheless, due to the potential losses that can be incurred as a result of this 

stress, it is one of the most important abiotic stress limitations to overcome in order to 

improve yield potential in southern Australia. 

1.2.2 Drought stress 

Like heat stress, drought stress (moisture depravation) during the growing season is an issue 

for large areas of land used for agricultural production throughout the world. There are 

similarities in how drought and heat affect plants, and often the two stresses coincide in the 

growing environment (Machado and Paulsen 2001, Shah and Paulsen 2003, Toreti, Cronie et 

al. 2019). It has also been suggested that heat and drought stress interact, by altering plant 

water status and reducing water use efficiency (Machado and Paulsen 2001, Shah and Paulsen 

2003), and in combination contribute to larger crop losses (Liu, Able et al. 2019). In Australia, 

drought is a common problem, particularly terminal drought, when regular rainfall stops late 

in the season exposing plants to water stress during grain filling (Richards, Rebetzke et al. 

2010). This stress is often severe, causing reductions in plant growth, and potentially large 

reductions in grain yield (Hsiao and Acevedo 1974, Debaeke and Aboudrare 2004, Rajala, 

Hakala et al. 2009). 
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There is considerable variation in plant performance under drought conditions present in 

several plant species, indicating the potential to improve crop performance under drought 

conditions (Richards 2006). Large improvements in adaptation to drought-prone environments 

in Australia have been achieved through the development of crops with appropriate 

phenology. It was noted very early in Australia by Farrer (1898) that long-season varieties from 

elsewhere in the world were not suited to many wheat-growing regions in Australia. Farrer 

sourced lines from India and South Africa to use in crossing, producing the variety Federation 

in 1901 (Macindoe and Walken Brown 1968, Eagles, Cane et al. 2009). Since then, correctly 

matched phenology has been identified as a key adaptation trait (Reynolds and Tuberosa 

2008, Eagles, Cane et al. 2009, Richards, Rebetzke et al. 2010, Flohr, Hunt et al. 2017).  

During drought stress plants can become desiccated to the point of being irreversibly 

damaged, whereby normal function is not resumed upon rewatering (Hsiao and Acevedo 

1974). There are numerous functions affected, which create a complex response within plants. 

These include adverse effects on cell growth, cell wall synthesis, protein synthesis, abscisic 

acid accumulation, stomata control, and respiration (Hsiao and Acevedo 1974). Several 

physiological traits have been investigated to potentially improve drought performance 

relating to plant water use, water use efficiency, and harvest index (Reynolds and Tuberosa 

2008). These traits have the potential to contribute to improved drought performance. 

However, an in-depth understanding of how traits affect performance, their interactions with 

the environment, and how trait value can change with different environments; needs to be 

better understood (Richards, Rebetzke et al. 2010). Some physiological traits that may provide 

drought stress tolerance include transpiration efficiency (measured by carbon isotope 

discrimination), canopy temperature, reduced tillering, glaucousness, high early vigour, 

carbohydrate storage and immobilisation, green leaf area maintenance, root vigour and 

structure, and the presence or absence of awns (Blum, Shpiler et al. 1989, Richards 2000, 

Richards, Rebetzke et al. 2002, Richards, Rebetzke et al. 2010). All of these traits remain areas 
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of current research. However, carbon isotope discrimination, conferring improved efficiency of 

CO2 fixed for every unit of water transpired during transpiration (Rebetzke, Condon et al. 

2002), has resulted in a commercial variety, Drysdale, with improved drought adaptation.  

1.2.3 Hostile soils 

Numerous soil constraints act to reduce production across the Australian wheat belt. These 

include salinity, sodicity, soil acidity, and nutrient toxicities such as boron and aluminium 

toxicity as well as nutrient deficiencies including zinc and manganese. Some of these stresses, 

such as aluminium toxicity in acid soils has been shown to increase the severity of drought 

(Yang, Rao et al. 2013), and the presence of the aluminium tolerance gene TaALTMT1-V, may 

confer improved performance under spring heat stress conditions (Eagles, Cane et al. 2014). 

Saline soils cover up to 60% of the cropping area of Australia, with sodium chloride being the 

most common salt contributing to reduced yield potential. Salinity reduces plant growth 

through osmotic changes within cells and tissues, and direct toxicity (Rengasamy 2002). If 

sodium levels are high enough, soil structure and porosity are adversely affected, which in 

turn reduces plant available water, decreasing transpiration, decreasing root turgor, and 

reducing cell membrane pressure. This leads to stressed leaves and ultimately reduced grain 

yield (Rengasamy 2002, Munns, James et al. 2006). 

Boron is an essential micronutrient for plant function and is often deficient in agricultural soils 

internationally (Gupta, Jame et al. 1985). However, widespread areas of southern Australia 

have soil boron levels that are toxic (Cartwright, Zarcinas et al. 1986). Toxicity symptoms 

include reduced shoot vigour, root growth inhibition, leaf yellowing, and mottling, resulting in 

reduced plant biomass and grain yield (Cartwright, Zarcinas et al. 1984, Gupta, Jame et al. 

1985, Cartwright, Zarcinas et al. 1986).  
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1.2.4 Other stresses affecting production 

In addition to heat and drought stress and the numerous stresses involved with hostile soils, 

there is a myriad of other stresses adversely affecting crop production. These stresses may 

interact with one another as well as with abiotic stresses such as heat stress, increasing plant 

susceptibility, and the extent to which plant function and production is affected (Reynolds and 

Tuberosa 2008, Richards, Rebetzke et al. 2010). Understanding their role in plant health needs 

to be considered as a confounding effect when investigating abiotic stresses. 

Frost stress can adversely affect all stages of crop growth. In Australia frost is common during 

spring when frost forms under clear night skies where radiation from the crop exceeds 

incoming radiation, causing temperatures to decline, and damage to plants below -2°C 

(Marcellos and Single 1975, Reinheimer, Barr et al. 2004). These conditions hinder male and 

female gametophyte development, adversely affect anthesis, fertilisation, and grain 

formation, and can lead to floret abortion and damaged grains (Thakur, Kumar et al. 2010). 

Various options to improve tolerance have been proposed including tolerance genes (Sutka 

2001, Reinheimer, Barr et al. 2004) and manipulating metabolite accumulation (Galiba 1994, 

Sutka 2001, Thakur, Kumar et al. 2010). However, in farming systems in Australia, producers 

endeavour to use the correct combination of crop planting time and phenology such that 

anthesis occurs in the optimal risk window to minimise exposure to frost conditions in spring 

and temperature stress conditions as the season progresses (Bassu, Asseng et al. 2009, Zheng, 

Chenu et al. 2012, Flohr, Hunt et al. 2017). 

Cereal cyst nematode (Heteroda avenae) lives in, and produces cysts on, the roots of cereals, 

infecting up to two million hectares of Victoria and South Australia (Brown 1984). Lighter soils 

are more commonly affected, with symptoms including leaf yellowing and crop patchiness 

resulting in stunted growth and reduced grain yield (Brown 1984, Vanstone, Hollaway et al. 

2008). Cereal cyst nematode is normally managed through crop rotation with break crops and 
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through resistance genes including the Cre1, Cre3, Cre5, and Cre8 genes (Ogbonnaya, 

Subrahmanyam et al. 2001, Safari, Gororo et al. 2005, Vanstone, Hollaway et al. 2008). 

Three species of rust, a fungal pathogen, are prevalent in Australia, stem rust (Puccinia 

graminis), leaf rust (Puccinia recondita), and stripe rust (Puccinia striiformis). Stipe rust is the 

most significant of the three rusts to the Australian wheat crop, with estimated losses in the 

order of $127 million per annum. However, is estimated to be much higher at $994 million per 

annum if management options were not utilised (Murray and Brennan 2009). Yellow leaf spot 

(Pyrenophora tritici-repentis) is another fungal pathogen affecting all regions of the Australian 

wheat belt (Murray and Brennan 2009), producing necrotic lesions on leaves adversely 

affecting photosynthesis and grain yield.  

Soil-borne fungal pathogens contribute considerable losses to crop production. Three notable 

examples include rhizoctonia root rot or bare patch (Rhizoctonia solani), crown rot (Fusarium 

pseudograminearum), and Take-all (Gaeumannomyces graminis var. tritici). Rhizoctonia is 

estimated to cause an average two percent reduction in grain yield across southern Australia 

annually. Symptoms include bare patches or patches of severely stunted plants with reduced 

tillering. Crown rot is estimated to cause an average yield reduction of 1.8% across southern 

Australia annually (Murray and Brennan 2009), with typical symptoms including brown 

colouring of stems near the crown and white coloured heads after heading. Both of these 

diseases need to be considered when investigating abiotic stresses, as their root-trimming 

effects reduce plant water availability and produce plant phenotypes much like drought and 

heat stress. 

1.3 Improving Adaptation and Production Through Genetic Variation and Breeding 
Methodologies 

Breeding programs aim to improve the yield (productivity) and quality (value) of crops through 

repeated cycles of cross hybridisation and selection to exploit variation within available 
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germplasm. Various breeding methodologies can be employed to achieve this. Some are more 

effective for qualitative traits and others have advantages when targeting quantitative traits 

such as abiotic stresses, or a target population of environments with high levels of genotype 

by environment interactions.  

1.3.1 Variation for adaptation within Australian and International germplasm 

There is extensive genetic variation for tolerance to many production-limiting factors within 

Australian germplasm. Fleury, Jefferies et al. (2010) described elite drought tolerant lines 

including RAC875, Excalibur, and Gladius, while Esten Mason, Mondal et al. (2011) described 

the heat stress tolerant line Halberd. In addition to the variation that we are currently aware 

of, the potential exists to identify sources of tolerance from sources that have had reduced 

influences from domestication, with more than six million agricultural crop and close relative 

accessions being stored worldwide (Hammer, Arrowsmith et al. 2003, Glaszmann, Kilian et al. 

2010). Through the focused identification of germplasm strategy (FIGS), germplasm originating 

from areas that often experience the conditions of interest can be targeted to identify novel 

sources of tolerance (El Bouhssini, Street et al. 2011). Additionally, pre-domestication sources 

of genetic diversity have been investigated as options for additional sources of novel genetics 

for adaptation, including heat stress, through the use of synthetic hexaploid wheat. Synthetic 

hexaploid wheat is created by recreating the natural hybridisation events of approximately 

8000 years ago that combined tetraploid Triticum turgidum ssp. durum L. and diploid Aegilops 

tauschii (Cossani and Reynolds 2015, Bhatta, Morgounov et al. 2018). Similarly, close relatives 

of domesticated hexaploid wheat have been investigated as potential sources of exotic 

adaptation to stress conditions including heat stress. For example, Emmer wheat (Triticum 

dicoccon Schrank) has been identified by Ullah, Bramley et al. (2018) as a potential source of 

novel adaptation to heat stress conditions. These sources of variation can then be exploited 

through breeding programs to improve crop adaptation. 
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1.3.2 Genotype by Environment interactions (GxE) 

The selection of superior varieties best occurs in target environments where the varieties will 

be grown (Richards, Rebetzke et al. 2010). However, the target population of environments 

may consist of sub-sets of highly heterogeneous environments. Variation may be both spatial 

and temporal (Finlay and Wilkinson 1963, Basford and Cooper 1998). Given environmental 

variation, it can be difficult to gain a true representation of how a variety will perform without 

testing the variety over a range of environments and seasons. This interaction between 

genotype performance, the location, and the season is referred to as a genotype by 

environment interaction (GxE). The environment component is a complex interaction of soil 

properties, climate, disease profiles (Reynolds and Tuberosa 2008), and crop management 

practices (Reynolds and Tuberosa 2008, Passioura, Angus et al. 2010).  

An understanding of the stability of a variety’s performance across a range of environments is 

important in understanding how adapted a variety is. Finlay and Wilkinson (1963) discussed 

how the performance ranking of varieties can change based on their adaptation profile and 

yield stability under favourable and unfavourable environments. There are four basic 

adaptation profiles, with a continuum between each. These are; well adapted to all 

environments, specifically adapted to favourable environments, specifically adapted to 

unfavourable, and poorly adapted to all environments. In Australia, stressful conditions are 

common and therefore adaptation to unfavourable environments is desirable in a variety. In 

the same way a variety can have a GxE interaction for grain yield, so too can genes or QTL 

(Quantitative Trait Locus). Tura, Edwards et al. (2020), and Bonneau, Taylor et al. (2013) 

identified the expression of QTL for grain yield and other performance traits, changing across 

their sample environments. Further, instances have been identified where QTL expression was 

found to interact with various environmental co-variates sampled (including temperature), 

more deeply explaining components of the environment influencing gene or QTL expression 
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(Baenziger, Budak et al. 2004, Malosetti, Voltas et al. 2004, Kuchel, Williams et al. 2007). 

Understanding the interaction of heat stress tolerance traits with the environment will be 

crucial to understanding plant adaptation to heat stress conditions and being able to 

effectively select for improved adaptation within a breeding program. 

1.3.3 Breeding methodologies  

Various breeding methodologies have been used by breeding programs, with each offering 

certain advantages and disadvantages when selecting for adaptation to heat stress conditions 

and other abiotic stress conditions. The pedigree method has been the basis of many 

programs, including that of CIMMYT (International Maize and Wheat Improvement Center) 

when it was in its infancy (Ginkel, Trethowan et al. 1998). This method (Figure 2) involves 

having F1 seed grown as a bulk, with single head or plant selections occurring within the F2 

generation and subsequent generations until families become homozygous, at which point 

larger scale yield plot evaluation can occur to select preferred progeny (Allard 1960, Ginkel, 

Trethowan et al. 1998, Gupta 2009). During the generations of single plant parentage, culled 

siblings can be bulked to allow yield testing of families to improve selections of the next 

generation. Advantages of the pedigree system include the ability to take advantage of 

maximum heterozygosity in the F2 generation, information from previous generations can be 

used to aid in selections, and is effective for simply inherited traits (Gupta 2009). However, 

drawbacks include that selection for complex traits such as yield and broad adaptation cannot 

occur within early generations (Allard 1960, Ginkel, Trethowan et al. 1998). 
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An alternative to the pedigree method is the selected bulk method. This method (Figure 2) 

involves each generation being harvested as a bulk from the F2 through to the F4. Following 

this, single plant selections are made and planted in rows or hill plots, the progeny of which 

are first yield tested in the F6  (Allard 1960, Kuckuck, Kobabe et al. 1985, Gupta 2009). 

Advantages of this method include simplicity and reduced cost, record keeping, and breeder 

input in early generations. However, disadvantages include limited selection opportunities 

(except for traits able to be assessed on single plants), particularly that of yield and quality, up 

until the F6 generation (Gupta 2009). This subsequently means that the method takes longer 

than the pedigree method as extensive yield, quality screening and assessment of broad 

adaptation occurs at a later generation.  

In a bid to overcome the drawbacks of both the pedigree and bulk breeding methods various 

combinations of the two have been implemented. One such example is F2 Progeny selection, 

as has been used by the University of Adelaide breeding programs (Hollamby and Bayraktar 

1996). Progenies of F2 lines are selected based on characteristics of the parent lines and bulked 

in the F3 generation before yield testing in the F4 generation (Figure 2). Yield testing in earlier 

generations relative to pedigree and bulk breeding methods is an advantage when breeding 

for diverse environments, prone to various and variable stresses such as heat and drought 

stress. A reselection in the F5 generation, such as what occurs in the Roseworthy wheat 

breeding program (Haydn Kuchel, pers. comm.), allows line uniformity to be ensured, 

overcoming any lack of homozygosity resulting from an F2 selection.  

1.3.4 Trait-based breeding 

Specific physiological traits are often suggested as being important for improving varietal 

performance for grain yield and performance under stressful conditions, such as heat stress. 

These generally aim to improve the yield potential, through improved water use, increased 

plant productivity through increased biomass production with a maintained harvest index, and 
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increased radiation capture and use (Reynolds, Bonnett et al. 2011). This has been discussed in 

relation to improving adaptation to drought conditions through traits such as carbon isotope 

discrimination; resulting in the wheat variety Drysdale (Rebetzke, Condon et al. 2002, Richards 

2002), stem water-soluble carbohydrate accumulation (Richards, Rebetzke et al. 2010), early 

vigour (Rebetzke and Richards 1999), extended crop duration (Richards 2000, Richards 2006, 

Hunt, Lilley et al. 2019), and increased coleoptile length (Condon, Richards et al. 2004, 

Richards, Rebetzke et al. 2010).  

Traits identified as important and given priority for selection within a breeding program, are 

often incorporated into an adapted background using backcrossing and selection tools such as 

physical assays or marker-assisted selection (Richards 1996). An example of this is the 

incorporation of boron tolerance into wheat in southern Australia. Superior, tolerant lines 

(Halberd) were identified using a physical assay, crossed to elite broadly adapted germplasm 

(Schomburgk), progeny tested for tolerance, and backcrossed to the recurrent parent, 

resulting in the commercial release of the BT-Schomburgk variety and conferred an 8.5% 

increase in yield over the recurrent parent (Rathjen, Moody et al. 1995). 

1.3.5 Adaptation-based breeding 

A different philosophy from targeting specific traits is to prioritise the selection of grain yield 

while ensuring high levels of genetic variability in the parent germplasm pool, including 

potential novel traits of interest (Hollamby 1973, Hollamby and Bayraktar 1996). When this 

occurs over a wide range of environments it should ensure wide adaptation of varieties. Along 

with this, adequate levels of quality and agronomic traits such as disease resistance need to be 

maintained to meet producer and end-user requirements (Hollamby and Bayraktar 1996). This 

is of relevance to abiotic stresses, as selecting for yield under such conditions, will confer 

improved adaptation to these conditions, if there is sufficient genetic variability available in 

the parent germplasm pool. 
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1.4 Tools to Aid in Breeding and Selection for Improved Abiotic Stress Adaptation 

In addition to the breeding methodologies previously discussed, there are numerous tools that 

breeders can implement at various stages of the breeding program to aid in selection.  

1.4.1 Recurrent and early generation selection 

Recurrent selection is a cyclical breeding strategy that enables the concentration of favourable 

alleles scattered among multiple individuals to be combined over multiple generations of 

crossing and favourable trait selection while maintaining genetic variability within a breeding 

population. In essence, this results in favourable selections being crossed in all possible 

combinations before selection occurs again in the subsequent self-pollinated generation 

(Allard 1960). This method was first successfully employed by Sprague and Brimhall (1950) 

who used the recurrent selection technique in maize to increase the oil content of the grain 

thereby improving an important grain quality component. A two to six-fold increase in 

breeding efficiency for grain oil content was shown when compared to traditional breeding 

techniques.  

Recurrent selection has also been successfully used in wheat; examples include Loffler, Busch 

et al. (1983), who used recurrent selection techniques to increase grain protein content by 

2.5% over two cycles of selection. Avey, Ohm et al. (1982) used recurrent selection techniques 

to select for early maturing plant types, successfully reducing the duration to heading, with 

the greatest gains in the first cycle of selection. Similarly, Wiersma, Busch et al. (2001) showed 

that the grain weight of wheat could be increased on average by 4.5% per cycle.  

Early generation selection, with selection in successive generations of a segregating 

population, is an alternative to the traditional recurrent selection, where selection is 

performed over multiple generations within a segregating population. This method is distinct 

from recurrent selection techniques, as selected lines are not inter-crossed between 

generations where selection takes place. This method was used to select for higher levels of 



Chapter 1. Introduction and Literature Review 

16 
 

grain dormancy as a way of reducing pre-harvest sprouting in wheat (Hickey, Dieters et al. 

2010). Levels of grain dormancy were successfully increased with selection occurring over the 

F2 and F3 generations and population shift assessed in the F4. However, the maximum level of 

dormancy achieved was only equal to that of the dormant parent, with the accumulation of all 

dormancy alleles from the dormant parent being the maximum level of dormancy possible. If 

the parents used to create the segregating populations combine different genes controlling a 

trait, they can undergo transgressive segregation, and it may be possible to achieve trait levels 

in excess of either of the two parents. 

Drawbacks of recurrent selection include the time and resources required to facilitate the 

inter-crossing of all lines, particularly in wheat which is a self-pollinated crop. Also, selection is 

usually targeted at one key trait of interest, potentially leaving other traits to decline. This was 

discussed by Wiersma, Busch et al. (2001), where traits including grain number per spike and 

tiller number declined in response to selection for grain weight. As a result, this method of 

recurrent selection is of limited use except for producing parent material to incorporate into a 

breeding population as a donor parent for traits of interest (Loffler, Busch et al. 1983). 

Recurrent selection or early generation selection has the potential to be used in the selection 

of material adapted to abiotic stresses such as heat stress. Heat stress is a complex trait, with 

many sub-traits influencing tolerance. However, if a controlled environment assay that 

exposes plants to a consistent stress representative of field conditions, is employed as a 

selection tool to select for improved heat stress performance; it may be possible to generate 

elite parental material for a breeding program. 

1.4.2 Genetic tools  

Genetic markers are identifiable and variable (polymorphism) sequences of DNA that may be 

linked to genes responsible for traits of interest. Numerous markers have been identified for 
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traits across many crop species. However, progress in wheat has been slower due to the size 

and complexity of the wheat genome and the smaller number of polymorphisms identifiable 

(Langridge, Lagudah et al. 2001, Xu 2010). 

Traditional breeding techniques can be assisted and accelerated through a greater 

understanding of the underlying genetics and the use of genetic markers in selection for 

superior plant types and traits (Reynolds, Bonnett et al. 2011). The use of genetic markers as 

an aid in selection is known as marker-assisted selection (MAS) and has been applied in 

numerous instances, but primarily for simple qualitative traits controlled by a single gene 

(Eagles, Bariana et al. 2001, Francia, Tacconi et al. 2005, Xu 2010). However, many 

agronomically important traits are quantitative, controlled by a combination of numerous 

minor genes. Regions containing genes contributing to these traits are mapped using 

quantitative trait locus (QTL) analysis (Collard, Jahufer et al. 2005, Francia, Tacconi et al. 2005). 

Yield and traits related to abiotic stresses (such as heat stress) are often quantitative traits, 

with numerous sub-traits and genes contributing to overall performance and adaptation. QTL 

are identified using populations derived from parents contrasting for the trait of interest. This 

allows for an association between genotype and phenotype to be identified for that particular 

trait (Collard, Jahufer et al. 2005). Using marker information, a linkage map is developed to 

indicate the relative distance between markers. This in combination with phenotype data for 

various traits, is used for QTL analysis (Eckermann, Verbyla et al. 2001).  

Before marker selection of QTL can be implemented within a breeding program validation 

needs to occur (Yun, Gyenis et al. 2006) to ensure markers are sufficiently linked to traits, 

representative of germplasm pools in which it would be used, and all GxE interactions are 

understood (Eckermann, Verbyla et al. 2001, Narasimhamoorthy, Gill et al. 2006, Kuchel, 

Williams et al. 2007). Numerous QTL identified have failed to be implemented as a result of 

not meeting these criteria (Eagles, Bariana et al. 2001, Sharp, Johnston et al. 2001). However, 
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examples of the successful application of single-gene markers exist including Kuchel et al. 

(2007) who successfully used markers in wheat to select for two rust genes Lr34/Yr18 and 

Lr46/Yr29, height regulating genes, and grain protein genes Glu-D1 and Glu-A3. Potential 

benefits include time savings, reduced reliance on field trials, reduced reliance on variable 

phenotypic evaluation, gene pyramiding, and increased selection accuracy for traits with low 

heritability (Collard, Jahufer et al. 2005, Kuchel, Fox et al. 2007). 

Genetic modification (GM) is another genetic tool available to breeders, allowing 

opportunities to source genetic diversity beyond the scope of the species of interest (Nelson 

2001, Tester and Langridge 2010). The most notable examples of GM application to date 

include insect resistance, chemical resistance, improved crop quality, and bio-fortification. 

Commercial crops containing novel genes introduced through GM are used extensively, 

particularly in the Americas, where Bt corn and cotton, as well as Roundup-Ready soybean, 

corn, and canola, are common (Nelson 2001, James 2010). Alternatively, GM has been used 

for the bio-fortification of crops, including β-carotene bio-fortified rice (or Golden rice as it is 

otherwise known), to help alleviate vitamin A deficiency in rice-dependent diets (Paine, 

Shipton et al. 2005). More recently, the HaHB4 gene identified in sunflower has been 

transformed through GM technology into wheat and soybean, with the potential to improve 

crop performance in drought conditions. Evaluation of this trait continues to further 

understand what role it may have during drought and what environmental conditions it may 

confer an advantage (González, Rigalli et al. 2020). In the future, there may be additional GM 

traits identified which may allow for new novel sources of abiotic stress tolerance to be 

sourced from other species to improve adaptation.  

1.4.3 Genomic selection 

Genomic selection (GS) or whole genome selection is a relatively new genetic tool being 

explored by breeders to aid in selection and breeding, particularly for quantitative traits; grain 
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yield, and potentially abiotic stresses such as heat and drought tolerance. Two phases are 

involved with GS, firstly generating breeding values for markers within a training population, 

then using those estimated values to select between related individuals with no, or limited 

phenotype data, based on their marker profiles (Reynolds, Bonnett et al. 2011, Zhao, Gowda 

et al. 2012). Genomic selection allows all genetic effects, regardless of size to be included in 

the genetic estimates, resulting in greater efficiency of selection (Meuwissen, Hayes et al. 

2001) compared to marker selection for single genes or QTL. Early research into the 

application of GS in plant breeding occurred in bi-parental populations or similar, to simulate 

the application of GS within a breeding population (Reynolds, Bonnett et al. 2011). However, 

breeding populations are much more complex, consisting of individuals with complex 

interactions of relatedness that have been built up over many cycles of crossing (Zhao, Gowda 

et al. 2012). More recently, studies like that of Norman, Taylor et al. (2017) have used subsets 

of breeding programs to validate on a larger and more representative scale, showing that GS 

techniques can be effective. The effective inclusion of GxE in selection models remains a 

current area of research.  

There are similarities between QTL analysis and GS. The same genotype and phenotype 

information is required. The difference for GS is that estimates of genetic effect are calculated 

for the whole genome, rather than just QTL, and these are referred to as genomic estimated 

breeding values (GEBVs) (Tester and Langridge 2010, Reynolds, Bonnett et al. 2011, Nakaya 

and Isobe 2012). Various models have been proposed to generate the GEBVs including least 

square analysis, random regression best linear unbiased prediction (RR-BLUP) analysis, and 

Bayesian shrinkage (Bayes) methods (Meuwissen, Hayes et al. 2001, Heslot, Yang et al. 2012, 

Zhao, Gowda et al. 2012, Habier, Fernando et al. 2013). Accuracy of selections using GEBVs has 

been shown to increase with higher marker density and increased training population size, 

particularly with low heritability traits (Nakaya and Isobe 2012, Zhao, Gowda et al. 2012, 

Norman, Taylor et al. 2018). Genomic selection methodology has been tested in wheat for 
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grain yield and related traits (Crossa, de Los Campos et al. 2010) with improved selection 

accuracy over MAS (28%) and phenotypic selection (14%) (Heffner, Jannink et al. 2011). 

1.5 Previous Research Targeting Adaptation to Heat Stress Conditions 

1.5.1 Previous methodologies used to evaluate heat stress adaptation 

Various methods have been developed to study plant response to high-temperature growing 

environments and terminal temperature stress conditions. This includes using controlled 

environment assays, where all growing conditions are managed to allow for consistency and 

repeatability across experiments. In contrast to field conditions where variability in conditions 

within a season may mean that plants with a different time to anthesis may experience 

different stress levels, with further variation between seasons additionally impacting on 

repeatability. Controlled environment methods were used by Stone and Nicolas (1995), who 

screened heat stress responses in wheat using controlled environments with maximum 

temperatures of 40°C, 10 and 30 days after anthesis for three consecutive days, with irrigation 

to ensure no drought stress. This study showed susceptible lines reduced grain mass under 

heat stress conditions. Similarly, Esten Mason, Mondal et al. (2011) used 38°C, 10 days after 

anthesis for three consecutive days (nine hours a day), detecting differences in grain number 

and grain size under the stress conditions. However, despite the advantages of improved 

repeatability of controlled environment experiments, care needs to be taken in managing and 

interpreting the results of such studies as other confounding factors may be introduced. These 

include damage caused by the manual handling of plants when imposing stress treatments, 

CO2 depletion if using recirculated air when, and keeping all growth and management the 

same for control and stressed plants throughout experiment cycles).  

In a similar fashion to the controlled environment assays discussed, Australian Grain 

Technologies developed a controlled environment assay to target post-anthesis heat stress (D 

Bennett pers. comm.). Compared to previous studies similar developmental timing (10 days 
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post anthesis), temperature duration (three consecutive days for eight hours), and 

temperature (36 °C Day temperature) are used, with plant water status managed to remove 

drought effects. The point of difference with this assay is the optional addition of 40 km hr-1 

winds and a lower humidity level than can be achieved in conventional growth rooms. The 

conditions created intend to target conditions representative of the heat stress conditions 

experienced during anthesis to early grain filling in southern Australia (Alexander, Hayman et 

al. 2010, Talukder, McDonald et al. 2013).  

Although controlled environment conditions do offer advantages to consistency and 

repeatability of experimental conditions, evaluation under field conditions ensures relevance 

to ‘real-world’ growing conditions experienced by plants. A common method used to evaluate 

performance under terminal heat stress conditions is to use delayed-sowing (Reynolds, Pierre 

et al. 2007, Pinto, Reynolds et al. 2010, Bennett, Reynolds et al. 2012, Esten Mason, Hays et al. 

2013, Sadras, Vadez et al. 2015, Pinto, Lopes et al. 2016). Delaying sowing time, delays plant 

development shifting the more sensitive reproductive and grain-filling stages later in the 

growing season to coincide with a higher incidence of heat stress. However, this also alters 

plant exposure to several other environmental conditions including longer photoperiod and 

altered plant available water (Sadras, Vadez et al. 2015), creating unrepresentative growing 

conditions. Care, therefore, needs to be taken when considering results from studies using 

delayed sowing and relevance to agronomically recommended sowing dates.  

Increased consistency, repeatability, and relevance of field-based studies can be achieved by 

using agronomically recommended sowing dates and then imposing heat stress conditions at 

relevant developmental stages using plot-based heat chambers within field experiments 

(Alexander, Hayman et al. 2010, Talukder, McDonald et al. 2013, Thistlethwaite, Tan et al. 

2020). However, the advantages are somewhat offset by the physical encumbrance of 

manhandling heat chambers in the field. This restricts the methodology to smaller more 
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detailed studies with a reduced number of lines evaluated, rather than large breeding 

populations.  

It is well understood that there is a relatively high amount of GxE in environments such as 

Australia, making field studies conducted over a range of environments and seasons more 

important, and this is no different when examining adaptation to abiotic stresses such as heat 

stress. However, it can be difficult to attribute differential adaptation to stress conditions 

when there are numerous factors present across the target population of environments. 

Kuchel, Williams et al. (2007) were able to attribute variable QTL effects in different 

environments to changing environmental conditions across each environment, including to 

changing temperature conditions. Similarly, Malosetti, Voltas et al. (2004), and Baenziger, 

Budak et al. (2004) were able to use environmental co-variates to explain GxE and QTL by 

environment interactions. 

1.5.2 Defining heat stress adaptation 

Identifying the superior genotype that has improved performance under stress conditions is an 

important part of abiotic stress studies, to ensure the desired outcomes are achieved for 

improved adaptation. This is often defined as tolerance, resistance, or susceptibility. To 

achieve this several methods have been developed to define and measure differences in 

performance under stress conditions. Fischer and Maurer (1978) defined a susceptibility index 

comparing the performance of varieties under both water-limited and non-stressed growing 

conditions when evaluating adaptation to drought conditions. This method has been applied in 

heat stress studies by Esten Mason, Mondal et al. (2010), and Esten Mason, Hays et al. (2013). 

Later, Rosielle and Hamblin (1981) compared the mean performance of varieties under 

stressed and non-stressed environments, and this was applied in a heat study evaluating the 

impact of heat stress resulting from delayed sowing by Bennett, Reynolds et al. (2012).  
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However, these different methods or selection indices offer varying levels of effectiveness and 

potential unintended implications as studies by Sio-Se Mardeh, Ahmadi et al. (2006), and 

Mohammadi, Armion et al. (2010) have shown. Mohammadi, Armion et al. (2010) 

demonstrated that a susceptibility index, as defined by Fischer and Maurer (1978), favoured 

lines that have a low penalty in performance under stress conditions relative to unstressed 

conditions, but inadvertently also favoured lines that have an inherently low performance 

ability. This is an unfavourable combination not suitable for breeders to use in a selection 

program aiming to improve overall performance and adaptation to stressful growing 

conditions.  

Lemerle, Smith et al. (2006) further defined tolerance as a positive deviation from the 

response expected under stress conditions relative to non-stressed conditions, after noting 

the frequent high correlation of performance under both stress and non-stressed conditions. 

This method, applied by Dolferus, Thavamanikumar et al. (2019), identifies tolerance in terms 

of responsiveness of a variety or gene to changing stress conditions separate from the overall 

performance. This is comparable to Blum (2005), who recognised that there needs to be 

concurrent and independent selection for yield potential and abiotic stress resistance to 

maximise the value of breeding efforts.  

1.5.3 Understating the genetics of heat stress adaptation 

Numerous studies have focused on the underlying genetic drivers of adaptation to heat stress 

conditions, identifying numerous QTL for a range of performance traits in wheat grown under 

heat stress conditions, as summarised in Tables 1 and 2. These studies have used the various 

controlled environment and field-based methods discussed previously. QTL for grain yield 

achieved in high-temperature conditions in the field has been identified by (Pinto, Reynolds et 

al. 2010, Bennett, Reynolds et al. 2012, Bonneau, Taylor et al. 2013, Esten Mason, Hays et al. 

2013, Pinto, Lopes et al. 2016, Bhusal, Sarial et al. 2017, Tahmasebi, Heidari et al. 2017, Guan, 
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Lu et al. 2018, Hassan, Solouki et al. 2018, El Hassouni, Belkadi et al. 2019, Liu, Sukumaran et 

al. 2019, Tadesse, Suleiman et al. 2019). Additionally, in field conditions QTL have been 

identified for grain size (Pinto, Reynolds et al. 2010, Bennett, Reynolds et al. 2012, Paliwal, 

Röder et al. 2012, Pinto, Lopes et al. 2016, Bhusal, Sarial et al. 2017, Tahmasebi, Heidari et al. 

2017, Guan, Lu et al. 2018, El Hassouni, Belkadi et al. 2019, Li, Mao et al. 2019, Liu, Sukumaran 

et al. 2019, Tadesse, Suleiman et al. 2019), grain number (Pinto, Reynolds et al. 2010, Pinto, 

Lopes et al. 2016, Bhusal, Sarial et al. 2017, Tahmasebi, Heidari et al. 2017, Guan, Lu et al. 

2018, El Hassouni, Belkadi et al. 2019, Liu, Sukumaran et al. 2019, Tadesse, Suleiman et al. 

2019), grain fill duration (Paliwal, Röder et al. 2012, Pinto, Lopes et al. 2016, Bhusal, Sarial et 

al. 2017), as well as for leaf senescence and stay-green phenotype (Pinto, Reynolds et al. 2010, 

Pinto, Lopes et al. 2016) (Table 1 and Table 2). Under controlled environment conditions QTL 

for grain number and grain size have been identified by Esten Mason, Mondal et al. (2010), 

Esten Mason, Mondal et al. (2011), Mohammadi, Zali et al. (2008), and Shirdelmoghanloo 

(2014), as well as for leaf senescence and stay green (Vijayalakshmi, Fritz et al. 2010, 

Shirdelmoghanloo 2014, Talukder, Babar et al. 2014) and grain fill duration (Shirdelmoghanloo 

2014) (Table 1 and Table 2). 

While several studies have identified QTL associated with performance under heat stress 

conditions, there are no known reports of routine use of these loci as a selection tool within a 

breeding program. This may be due to the complex nature of these traits and likely GxE 

interactions. Such GxE interactions were noted by Bonneau, Taylor et al. (2013) who looked to 

understand the interactions of heat and drought on QTL performance across multiple field 

environments. A better understanding of how these QTL interact with other environmental 

drivers of performance, or other adverse impacts on variety performance may improve 

adoption within breeding programs. 
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Table 1. Previous studies that have identified QTL for grain yield, grain size, grain number, 
grain fill rate, harvest index, senescence rate, and maturation rate where an interaction with 
heat stress has been identified or has been identified under heat stress conditions. Studies 
that have previously identified QTL related to heat stress adaptation are organised by 
chromosome (CH) and trait. 

CH Grain yield Grain size Grain number Grain fill rate Harvest index Senescence 
rate 

Maturation 
rate 

1A 

El Hassouni, 
Belkadi et al. 
(2019) 

Esten Mason, 
Mondal et al. 
(2010) 

Liu, Sukumaran et 
al. (2019) 

 
El Hassouni, 
Belkadi et al. 
(2019) 

  

Hassan, Solouki et 
al. (2018) 

Pinto, Lopes et al. 
(2016) 

El Hassouni, 
Belkadi et al. 
(2019) 

    

 Liu, Sukumaran et 
al. (2019)      

 
Tadesse, Suleiman 
et al. (2019)      

1B 

Pinto, Reynolds et 
al. (2010) 

Mohammadi, Zali 
et al. (2008) 

Pinto, Reynolds et 
al. (2010) 

Pinto, Lopes 
et al. (2016) 

El Hassouni, 
Belkadi et al. 
(2019) 

Pinto, Lopes 
et al. (2016) 

 

Pinto, Lopes et al. 
(2016) 

Esten Mason, 
Mondal et al. 
(2011) 

Pinto, Lopes et al. 
(2016) 

    

Hassan, Solouki et 
al. (2018) 

Tahmasebi, Heidari 
et al. (2017) 

Tahmasebi, Heidari 
et al. (2017)     

Tahmasebi, Heidari 
et al. (2017) 

Tadesse, Suleiman 
et al. (2019) 

El Hassouni, 
Belkadi et al. 
(2019) 

    

 
Li, Mao et al. 
(2019)      

1D Tahmasebi, Heidari 
et al. (2017) 

Li, Mao et al. 
(2019) 

     

2A
  

Bhusal, Sarial et al. 
(2017) 

Esten Mason, 
Mondal et al. 
(2010) 

Bhusal, Sarial et al. 
(2017) 

 
El Hassouni, 
Belkadi et al. 
(2019) 

Vijayalaksh
mi, Fritz et 
al. (2010) 

Bhusal, 
Sarial et al. 
(2017) 

El Hassouni, 
Belkadi et al. 
(2019) 

Bhusal, Sarial et al. 
(2017) 

Liu, Sukumaran et 
al. (2019) 

  Pinto, Lopes 
et al. (2016)  

 Tahmasebi, Heidari 
et al. (2017) 

El Hassouni, 
Belkadi et al. 
(2019) 

    

 Guan, Lu et al. 
(2018)      

 Liu, Sukumaran et 
al. (2019)      

2B 

Hassan, Solouki et 
al. (2018) 

Paliwal, Röder et 
al. (2012) 

Esten Mason, 
Mondal et al. 
(2010) 

Paliwal, 
Röder et al. 
(2012) 

 Pinto, Lopes 
et al. (2016)  

 Pinto, Lopes et al. 
(2016) 

Liu, Sukumaran et 
al. (2019) 

Pinto, Lopes 
et al. (2016) 

   

  
Tadesse, Suleiman 
et al. (2019)     

  Tahmasebi, Heidari 
et al. (2017)     

  Guan, Lu et al. 
(2018)     

2D
  

Esten Mason, Hays 
et al. (2013) 

Esten Mason, 
Mondal et al. 
(2011) 

 Pinto, Lopes 
et al. (2016) 

 Pinto, Lopes 
et al. (2016)  

Hassan, Solouki et 
al. (2018) 

Pinto, Lopes et al. 
(2016) 

     

 Guan, Lu et al. 
(2018)      

3A 

Bennett, Reynolds 
et al. (2012) 

Bennett, Reynolds 
et al. (2012) 

Liu, Sukumaran et 
al. (2019) 

 
El Hassouni, 
Belkadi et al. 
(2019) 

Vijayalakshmi, Fritz et al. 
(2010) 

Hassan, Solouki et 
al. (2018) 

Tadesse, Suleiman 
et al. (2019) 

El Hassouni, 
Belkadi et al. 
(2019) 
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CH Grain yield Grain size Grain number Grain fill rate Harvest index Senescence 
rate 

Maturation 
rate 

3B
  

Pinto, Reynolds et 
al. (2010) 

Pinto, Reynolds et 
al. (2010) 

Esten Mason, 
Mondal et al. 
(2010) 

Shirdelmogha
nloo (2014) 

Shirdelmoghanl
oo (2014) Shirdelmoghanloo (2014) 

Esten Mason, Hays 
et al. (2013) 

Esten Mason, 
Mondal et al. 
(2011) 

Pinto, Reynolds et 
al. (2010) 

Pinto, Lopes 
et al. (2016) 

El Hassouni, 
Belkadi et al. 
(2019) 

  

Bennett, Reynolds 
et al. (2012) 

Shirdelmoghanloo 
(2014)  

Pinto, Lopes et al. 
(2016) 

    

Bonneau, Taylor et 
al. (2013) 

Shirdelmoghanloo, 
Taylor et al. (2016)  

El Hassouni, 
Belkadi et al. 
(2019) 

    

Pinto, Lopes et al. 
(2016) 

Pinto, Lopes et al. 
(2016) 

     

Tahmasebi, Heidari 
et al. (2017) 

Tahmasebi, Heidari 
et al. (2017)      

Tadesse, Suleiman 
et al. (2019) 

Tadesse, Suleiman 
et al. (2019) 

     

3D
  

Esten Mason, Hays 
et al. (2013) 

Liu, Sukumaran et 
al. (2019) 

     

Bennett, Reynolds 
et al. (2012) 

      

Liu, Sukumaran et 
al. (2019) 

      

4A
  

Pinto, Reynolds et 
al. (2010) 

Esten Mason, 
Mondal et al. 
(2011) 

Pinto, Reynolds et 
al. (2010) 

Shirdelmogha
nloo (2014) 

   

Pinto, Lopes et al. 
(2016) 

Pinto, Reynolds et 
al. (2010) 

Pinto, Lopes et al. 
(2016) 

Pinto, Lopes 
et al. (2016) 

   

Tadesse, Suleiman 
et al. (2019) 

Tadesse, Suleiman 
et al. (2019) 

Guan, Lu et al. 
(2018)     

Tahmasebi, Heidari 
et al. (2017) 

Guan, Lu et al. 
(2018)      

 Tahmasebi, Heidari 
et al. (2017)      

4B
  

Pinto, Lopes et al. 
(2016) 

Pinto, Reynolds et 
al. (2010) 

Pinto, Lopes et al. 
(2016) 

Pinto, Lopes 
et al. (2016) 

 Shirdelmoghanloo (2014) 

 Pinto, Lopes et al. 
(2016) 

Tadesse, Suleiman 
et al. (2019) 

  Vijayalakshmi, Fritz et al. 
(2010) 

 Guan, Lu et al. 
(2018)     

4D Bennett, Reynolds 
et al. (2012) 

Li, Mao et al. 
(2019) 

     

  Tahmasebi, Heidari 
et al. (2017) 

     

5A
  

Esten Mason, Hays 
et al. (2013) 

Esten Mason, 
Mondal et al. 
(2011) 

Guan, Lu et al. 
(2018) 

Shirdelmogha
nloo (2014) 

  Shirdelmogh
anloo (2014) 

Tadesse, Suleiman 
et al. (2019) 

Ali, Ibrahim et al. 
(2013) 

Tahmasebi, Heidari 
et al. (2017) 

    

El Hassouni, 
Belkadi et al. 
(2019) 

Tadesse, Suleiman 
et al. (2019) 

El Hassouni, 
Belkadi et al. 
(2019) 

    

 
Guan, Lu et al. 
(2018)      

 Li, Mao et al. 
(2019)      

5B 

Bennett, Reynolds 
et al. (2012) 

Mohammadi, Zali 
et al. (2008) 

Esten Mason, 
Mondal et al. 
(2011) 

    

El Hassouni, 
Belkadi et al. 
(2019) 

Esten Mason, 
Mondal et al. 
(2011) 

Pinto, Reynolds et 
al. (2010) 

    

 Pinto, Lopes et al. 
(2016) 

El Hassouni, 
Belkadi et al. 
(2019) 

    

 
Tadesse, Suleiman 
et al. (2019) 

Tahmasebi, Heidari 
et al. (2017)     

5D Esten Mason, Hays 
et al. (2013) 

Li, Mao et al. 
(2019) 
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CH Grain yield Grain size Grain number Grain fill rate Harvest index Senescence 
rate 

Maturation 
rate 

6A 

 Tadesse, Suleiman 
et al. (2019) 

   Vijayalakshmi, Fritz et al. 
(2010) 

 Guan, Lu et al. 
(2018)     

 Tahmasebi, Heidari 
et al. (2017) 

    

6B 

Pinto, Lopes et al. 
(2016) 

Shirdelmoghanloo, 
Taylor et al. (2016) 

Pinto, Reynolds et 
al. (2010) 

Pinto, Lopes 
et al. (2016) 

El Hassouni, 
Belkadi et al. 
(2019) 

Vijayalakshmi, Fritz et al. 
(2010) 

El Hassouni, 
Belkadi et al. 
(2019) 

Shirdelmoghanloo 
(2014) 

Pinto, Lopes et al. 
(2016) 

    

 Pinto, Lopes et al. 
(2016) 

Li, Mao et al. 
(2019)     

 
Li, Mao et al. 
(2019) 

Tahmasebi, Heidari 
et al. (2017)     

 
El Hassouni, 
Belkadi et al. 
(2019) 

     

 Tadesse, Suleiman 
et al. (2019)      

6D
  

(Liu, Sukumaran et 
al. 2019) 

Esten Mason, 
Mondal et al. 
(2011) 

 Pinto, Lopes 
et al. (2016) 

  
(Liu, 
Sukumaran 
et al. 2019) 

Tahmasebi, Heidari 
et al. (2017) 

Pinto, Lopes et al. 
(2016) 

     

 Li, Mao et al. 
(2019)      

 Tahmasebi, Heidari 
et al. (2017)      

 Tadesse, Suleiman 
et al. (2019) 

     

7A
  

Bennett, Reynolds 
et al. (2012) 

Bennett, Reynolds 
et al. (2012) 

Guan, Lu et al. 
(2018)   Vijayalakshmi, Fritz et al. 

(2010) 

Vijayalakshmi, Fritz 
et al. (2010) 

Esten Mason, 
Mondal et al. 
(2011) 

El Hassouni, 
Belkadi et al. 
(2019) 

    

Pinto, Lopes et al. 
(2016) 

Pinto, Lopes et al. 
(2016) 

     

Liu et al. (2019a Li, Mao et al. 
(2019)      

Hassan, Solouki et 
al. (2018) 

Tadesse, Suleiman 
et al. (2019)      

 Guan, Lu et al. 
(2018) 

     

7B
  

Paliwal, Röder et 
al. (2012) 

Esten Mason, 
Mondal et al. 
(2011) 

Liu et al. (2019a   Vijayalakshmi, Fritz et al. 
(2010) 

 Mohammadi, Zali 
et al. (2008) 

   Shirdelmoghanloo (2014) 

 Paliwal, Röder et 
al. (2012) 

     

 Tadesse, Suleiman 
et al. (2019)      

 Li, Mao et al. 
(2019)      

7D
  

Esten Mason, Hays 
et al. (2013) 

Paliwal, Röder et 
al. (2012) 

Tahmasebi, Heidari 
et al. (2017) 

Pinto, Lopes 
et al. (2016) 

 
Vijayalaksh
mi, Fritz et 
al. (2010) 

Paliwal, 
Röder et al. 
(2012) 

Tahmasebi, Heidari 
et al. (2017) 

Tahmasebi, Heidari 
et al. (2017) 

     

 Pinto, Lopes et al. 
(2016) 

    
Liu, 
Sukumaran 
et al. (2019) 

 Tadesse, Suleiman 
et al. (2019)      
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Table 2. Previous studies that have identified QTL for leaf chlorophyll content, canopy 
temperature, stay green, photosystem II efficiency (Fv/Mv), normalized difference vegetation 
index (NDVI) and membrane damage where an interaction with heat stress has been identified 
or has been identified under heat stress conditions. Studies that have previously identified QTL 
related to heat stress adaptation are organised by chromosome (CH) and trait. 

CH leaf chlorophyll 
content (SPAD) 

Canopy 
temperature  

Stay green Fv/Mv NDVI Membrane damage 

1A Shirdelmoghanloo 
(2014)  Pinto, Lopes et al. 

(2016)    

       

1B  

Ali, Ibrahim et al. 
(2013) 

Pinto, Reynolds et 
al. (2010) 

Pinto, Lopes et al. 
(2016)  

Pinto, Reynolds et 
al. (2010)  

Talukder, Babar et 
al. (2014) 

Pinto, Lopes et al. 
(2016)   

Pinto, Lopes et al. 
(2016)  

Tahmasebi, Heidari 
et al. (2017)      

Pinto, Reynolds et 
al. (2010) 

     

Pinto, Lopes et al. 
(2016) 

     

1D  

Talukder, Babar et 
al. (2014) 

Pinto, Lopes et al. 
(2016)  Sharma, Torp et 

al. (2017) 
Pinto, Lopes et al. 
(2016) 

Talukder, Babar et 
al. (2014) 

   Hassan, Solouki et 
al. (2018) 

  

2A  
  Vijayalakshmi, 

Fritz et al. (2010)  Pinto, Lopes et al. 
(2016)  

  
Pinto, Lopes et al. 
(2016)    

2B  

Pinto, Lopes et al. 
(2016) 

Ali, Ibrahim et al. 
(2013) 

Pinto, Lopes et al. 
(2016) 

Hassan, Solouki et 
al. (2018) 

Pinto, Reynolds et 
al. (2010) 

Talukder, Babar et 
al. (2014) 

Hassan, Solouki et 
al. (2018) 

Pinto, Reynolds et 
al. (2010) 

  
Pinto, Lopes et al. 
(2016) 

Hassan, Solouki et 
al. (2018) 

Maulana, Ayalew 
et al. (2018) 

Pinto, Lopes et al. 
(2016) 

    

 Liu, Sukumaran et 
al. (2019)     

2D Pinto, Lopes et al. 
(2016)  Pinto, Lopes et al. 

(2016)    

 
Maulana, Ayalew 
et al. (2018)      

 Tahmasebi, Heidari 
et al. (2017) 

     

3A     Pinto, Lopes et al. 
(2016)  

3B 

Shirdelmoghanloo 
(2014) 

Pinto, Reynolds et 
al. (2010)  Sharma, Torp et 

al. (2017) 
Pinto, Lopes et al. 
(2016) 

Hassan, Solouki et 
al. (2018) 

Pinto, Lopes et al. 
(2016) 

Pinto, Lopes et al. 
(2016) 

 Hassan, Solouki et 
al. (2018)   

Tahmasebi, Heidari 
et al. (2017) 

Bennett, Reynolds 
et al. (2012) 

    

3D  
    Liu, Sukumaran et 

al. (2019)  

      

4A  

Shirdelmoghanloo 
(2014) 

Pinto, Reynolds et 
al. (2010) 

Vijayalakshmi, 
Fritz et al. (2010)  Pinto, Reynolds et 

al. (2010)  

Maulana, Ayalew 
et al. (2018) 

Pinto, Lopes et al. 
(2016) 

Pinto, Lopes et al. 
(2016)  Pinto, Lopes et al. 

(2016)  

4B  

Shirdelmoghanloo 
(2014)  

Pinto, Lopes et al. 
(2016)  

Pinto, Lopes et al. 
(2016) 

Hassan, Solouki et 
al. (2018) 

Maulana, Ayalew 
et al. (2018)      

Pinto, Lopes et al. 
(2016)      

4D     
Pinto, Lopes et al. 
(2016)  

5A  
 Pinto, Reynolds et 

al. (2010) 
Vijayalakshmi, 
Fritz et al. (2010) 

 Liu, Sukumaran et 
al. (2019) 

 

      

5B 
Maulana, Ayalew 
et al. (2018) 

Bennett, Reynolds 
et al. (2012) 

Pinto, Lopes et al. 
(2016)  

Pinto, Lopes et al. 
(2016)  
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CH leaf chlorophyll 
content (SPAD) 

Canopy 
temperature  Stay green Fv/Mv NDVI Membrane damage 

5D 

 Pinto, Lopes et al. 
(2016) 

Vijayalakshmi, 
Fritz et al. (2010)  Liu, Sukumaran et 

al. (2019)  

 Liu, Sukumaran et 
al. (2019)     

6A  

Talukder, Babar et 
al. (2014) 

Liu, Sukumaran et 
al. (2019) 

Vijayalakshmi, 
Fritz et al. (2010) 

Hassan, Solouki et 
al. (2018) 

Pinto, Lopes et al. 
(2016) 

 

Pinto, Lopes et al. 
(2016)      

6B Shirdelmoghanloo 
(2014)  Pinto, Lopes et al. 

(2016) 
Vijayalakshmi, 
Fritz et al. (2010) 

 Talukder, Babar et 
al. (2014) 

    
Hassan, Solouki et 
al. (2018)   

6D  Liu, Sukumaran et 
al. (2019)   Liu, Sukumaran et 

al. (2019)  

7A 

Talukder, Babar et 
al. (2014) 

Pinto, Reynolds et 
al. (2010) 

Pinto, Lopes et al. 
(2016)  Pinto, Lopes et al. 

(2016) 
Talukder, Babar et 
al. (2014) 

Vijayalakshmi, Fritz 
et al. (2010)     Hassan, Solouki et 

al. (2018) 
Hassan, Solouki et 
al. (2018)      

7B  Paliwal, Röder et 
al. (2012) 

Vijayalakshmi, 
Fritz et al. (2010)  Pinto, Reynolds et 

al. (2010)  

7D  

Vijayalakshmi, Fritz 
et al. (2010) 

Pinto, Lopes et al. 
(2016) 

Vijayalakshmi, 
Fritz et al. (2010)  Pinto, Lopes et al. 

(2016)  

Tahmasebi, Heidari 
et al. (2017)  Pinto, Lopes et al. 

(2016)  Liu, Sukumaran et 
al. (2019)  

 
1.6 Rationale for the Current Study to Improve the Adaptation of Wheat to the Heat 
Stress Conditions of the Southern Australian Environment 

Heat stress is a key abiotic stress in the Mediterranean-type environments of southern 

Australian environment, accounting for considerable production losses within farming 

systems. Substantial research needs to be conducted to understand how plants respond to 

heat stress to understand what traits and genetics are responsible for improved adaptation to 

heat stress conditions. In addition to heat stress, many other factors limit production, and 

these, although research topics in their own right, need to be considered as confounding 

factors when investigating heat stress responses in plants. 

The aims of the study are two-fold. Firstly, to achieve a greater understanding of how heat 

stress affects wheat production across the southern Australian grain belt, to better understand 

the genetic variation for adaptation to heat stress conditions currently available in Australian 

commercial germplasm. Secondly, achieve a greater understanding of the underlying genetics 

associated with tolerance to heat stress and identify QTL and markers associated with 

improved adaptation to heat stress conditions. To achieve this, numerous bi-parental doubled 

haploid populations based on diverse background parents (Mace, Gladius, and Scout), 
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representing key family groups within Australia wheat germplasm, along with other parents of 

interest, will be screened for adaptation to heat stress conditions in multiple representative 

field environments, and in a controlled environment heat stress facility. At the completion of 

this study, wheat breeders should have improved knowledge regarding the physiological and 

genetic basis of heat stress tolerance and the tools they need to manipulate it. 
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Chapter 2. A Field and Controlled Environment Evaluation of 

Wheat (Triticum aestivum) Adaptation to Heat Stress 

 

The manuscript as published in Field Crops Research 229 (2018), doi:10.1016/j.fcr.2018.09.013 

 

2.1. Contextual Statement 

Heat stress has previously been found to be a key limitation of crop production in the 

Mediterranean-type environments of southern Australia. Various methods have been used to 

characterise adaptation to such stress conditions, including controlled environment assays due 

to their reliability and repeatability. However, there is limited knowledge on the relevance of 

such assays to real-world growing conditions in farmers’ fields. Delayed sowing to expose 

sensitive growth stages to the higher incidence of high temperatures later in the growing 

season is a method that has been used to screen for adaptation to heat stress conditions in 

field conditions. However, the relevance of such methods is questioned due to the altered 

photoperiod and plant water availability compared to that of an optimum sowing time. This 

manuscript investigated if adaptation to heat stress conditions could be measured in relevant 

growing conditions by evaluating variety performance across a range of representative and 

relevant environments contrasting for terminal heat stress conditions, using conventional 

sowing times. Stress conditions were characterised by determining a range of temperature co-

variates for each variety in each environment allowing the role of temperature stress in GxE 

interactions to be evaluated. Additionally, the same varieties were evaluated in controlled 

environment conditions targeting grain filling heat stress to understand the link between the 

controlled environment assay and field adaptation.   
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Chapter 3. Genetic Analysis of Wheat (Triticum aestivum) 

Adaptation to Heat Stress 

 

The manuscript as published in Theoretical and Applied Genetics 134 (2021), 
doi:10.1007/s00122-021-03778-2 

 

3.1. Contextual Statement 

Adaptation to stress conditions, usually termed ‘tolerance’, is poorly defined. Previous 

definitions have not necessarily aligned with breeding objectives to improve crop productivity 

as well as adaptation to stressed conditions. This manuscript presents a new framework to 

assess adaptation to heat stress conditions that have greater relevance to breeders’ selection 

objectives. This framework considers adaptation as the combination of responsiveness 

(positive response to stressed conditions) and performance (stable performance advantage 

across stressed and unstressed treatments). This manuscript presents the genetic analysis of 

seven doubled haploid genetic mapping populations screened in a controlled environment 

assay targeting grain-filling heat stress conditions (as described in Chapter 2). QTL for stable 

performance across the stress and control treatments, as well as QTL with a positive 

responsiveness to stress conditions, are discussed for their potential role in adaptation to 

stress conditions.  
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Chapter 4. A Multi-Environment Framework to Evaluate the 

Adaptation of Wheat (Triticum aestivum) to Heat Stress  

 

The manuscript as published in Theoretical and Applied Genetics 135 (2022), 
doi:10.1007/s00122-021-04024-5 

 

4.1. Contextual Statement  

Evaluation of adaptation to heat stress is best done in representative growing conditions 

rather than in surrogate assays such as a controlled environment assay, as discussed in 

Chapter 2. The multi-environment approach presented in Chapter 2 presents opportunities to 

understand adaptation to stress conditions and the role of stress conditions in GxE 

interactions. This manuscript applies the multi-environment approach to assessing genetic 

mapping populations to identify QTL associated with improved performance in heat stress 

conditions. Presented is the genetic analysis of heat stress adaptation of five doubled haploid 

mapping populations (a subset of the populations included in Chapter 3) evaluated across six 

representative environments (three locations in two consecutive years) in southern Australia. 

Adaptation is examined as the combination of responsiveness to changing stress conditions 

and stable performance across all environments, using the framework presented in Chapter 3, 

allowing identified QTL to be evaluated for their role in heats tress adaptation and specific 

relevance to breeders’ selection objective to be explored.   
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Chapter 5. General Discussion 

 

This study was established in response to a lack of applicable knowledge for breeding 

programs to select for improved adaptation to heat stress conditions, particularly those 

experienced in Mediterranean-type environments of southern Australia. Previous research 

had been targeted at traits conferring tolerance to heat stress conditions or using screening 

methods with relatively low relevance to real-world conditions and therefore low relevance 

for selection within breeding programs. Adaptation to heat stress conditions is complex with 

many, mostly quantitative, traits involved. This is further complicated by interactions with the 

timing of stress relative to plant developmental stage and additional GxE with other climatic 

and environmental factors. For breeders to routinely select for improved adaptation to heat 

stress conditions, they need strategies that can be employed within their breeding programs 

that provide representative and relevant data on adaptation to stress conditions and can be 

combined with their routine screening programs. Therefore, the key objectives of this study 

were to: 

1. Investigate the role of heat stress in the adaptation of wheat to the southern 

Australian environment and identify the level of genetic diversity in adaptation to heat 

stress conditions currently available to breeders. 

2. Investigate options for breeders to evaluate adaptation to heat stress conditions in 

relevant growing environments, using field-based and controlled environment assays, 

with consideration of overall adaptation and the ability to consider in conjunction with 

other breeding objectives. 



Chapter 5. General Discussion 

90 
 

3. Identify QTL that confer improved adaptation to heat stress conditions experienced in 

the Mediterranean-type environments of southern Australia and examine their 

relevance to breeders’ selection objectives. 

5.1. Overview of Study Outcomes 

The key findings from the original research publications contained within this study are as 

follows: 

 In environments prone to heat stress conditions, heat stress is a key driver of GxE 

interactions, of equal, or even greater contribution, than growing season rainfall. 

 There is genetic diversity for adaptation to heat stress conditions experienced during 

both anthesis and grain filling already present within relevant commercial wheat 

varieties. 

 Additional sources of genetic diversity are likely available from alternative and exotic 

sources that may offer additional value to breeders and the development of varieties 

adapted to heat stress conditions. 

 Controlled environment assays, developed for high throughput and repeatable 

screening of germplasm for traits conferring adaptation to heat stress conditions, do 

show some relevance to field conditions, but may be of limited value and results 

should be used with caution. 

 Adaptation to heat stress should be assessed as the combination of overall 

performance and responsiveness, as previous definitions of tolerance do not 

accurately reflect what is required for improved adaptation to heat stress conditions. 

Using this definition, a variety with high performance will be superior across a range of 

temperature conditions, and a variety with a positive response will perform more 

favourably in high-temperature stress conditions. 
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 Assessing adaptation to heat stress conditions using this performance and 

responsiveness framework is possible in the field using multiple representative field 

environments and temperature co-variates to determine variety performance and 

responsiveness. Such a system will therefore be compatible with best-practice 

breeding and variety evaluation trials. 

 Various options exist within this adaptation framework for breeders and their 

selection objectives. The ideal combination would appear to be a high performance 

value and a positive response to heat stress. However, this combination may be 

relatively rare, and therefore a difficult selection target for breeders. 

 Alternative selection targets for breeders include selection for performance in the 

absence of responsiveness as a lower-risk target and to achieve broad adaptation 

across a range of environments. Alternatively, responsiveness could be targeted to 

achieve specific adaptation to high temperature conditions. 

 Grain yield QTL identified in multiple field conditions were identified that display elite 

performance and responsiveness to stressed environments (high temperature and 

drought), as well as QTL for performance in the absence of responsiveness and 

responsiveness in the absence of performance. 

5.2. Improved Prospects for Breeders and the Selection of Improved Adaptation to 
Heat Stress Conditions 

Previous definitions of tolerance to heat stress conditions used to identify improved 

adaptation to heat stress conditions have been problematic and potentially misleading. As 

demonstrated by Mohammadi, Armion et al. (2010), favouring lines with a low performance 

penalty under stress conditions inadvertently favours lines with low inherent performance 

ability. This is an unfavourable combination for breeders looking to improve overall 

performance as well as improving adaptation to stressed growing conditions. The ability to 

select for stable and high performance across a range of environments is crucial for breeders 
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selecting for adaptation to stressed environments. As a result, an updated definition of 

assessing adaptation to heat stress conditions was developed in this study (Telfer, Edwards et 

al. 2021) and is shown in Figure 3. The proposed framework which assesses overall adaptation 

as the combination of performance and responsiveness offers an improved definition for 

assessing adaptation to heat stress conditions over previous definitions, and a definition that 

is of greater relevance to breeders' selection objectives. Additionally, the proposed definition 

allows the identification of specific adaptation to stressed conditions, but also allows the 

performance value to be assessed to avoid the situation described by Mohammadi, Armion et 

al. (2010). 

 

Figure 3. A framework to assess overall adaptation to heat stress conditions as the 

combination of performance and responsiveness (Telfer, Edwards et al. 2021). 
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The proposed framework to assess adaptation to heat stress conditions as the combination of 

performance and responsiveness was applied in this study in QTL mapping population studies 

conducted in both controlled environment conditions in Chapter 3 (Telfer, Edwards et al. 

2021), and in field conditions across multiple representative conditions in Chapter 4 (Telfer, 

Edwards et al. 2022). There were QTL identified in field conditions for responsiveness and 

performance for a range of temperature co-variates determined for both the anthesis and 

grain fill periods as well as growing season rainfall. Comparisons can be drawn with the 

seminal work of Finlay and Wilkinson (1963). Performance, as defined in this study, is 

somewhat analogous to general adaptation as defined by Finlay and Wilkinson (1963), which 

can also be described as broad adaptation. The principles of Finlay and Wilkinson (1963) have 

long influenced breeders in Australia who generally evaluate their breeding material over a 

range of environments, looking to identify varieties with a certain level of broad adaptation, or 

stable and elite performance across a range of environments (Hollamby and Bayraktar 1996). 

This approach is likely to select for high performance in heat stress conditions if the target 

population of environments includes a sufficient range of heat stress conditions. This is 

demonstrated by a number of the varieties evaluated in Chapter 2 of this study (Telfer, 

Edwards et al. 2018), exhibiting high levels of adaptation to heat stress conditions. A number 

of the varieties evaluated originate from breeding programs situated in southern Australia that 

evaluate their breeding material in heat-stress-prone environments. This demonstrates that 

long held methodologies of selecting for broad adaptation have also been successful in 

selecting for improved adaptation to heat stress in environments such as Australia, and the 

value of continuing such methodologies. However, Chapter 4 (Telfer, Edwards et al. 2022) in 

this study demonstrated that using co-variates measured in each environment allows both 

performance and responsiveness to be quantified from the same dataset allowing for the 

targeted selection of improved adaptation to heat stress conditions and foreseeably improved 

rates of genetic gain. 
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Responsiveness, as defined by the heat stress adaptation framework in Figure 3, offers 

opportunities to select for specific adaptation to heat stress conditions. In variety evaluation 

trials responsiveness may be determined by analysing the performance data to determine the 

mean response across all varieties in the study to increasing stress, then determining the same 

for each variety to identify a positive or negative deviation from the mean. A positive deviation 

infers a positive response to increasing stress. 

Historically, this may have been achieved by breeders observing and selecting varieties that do 

particularly well in stressed environments. Similar may also be achieved by using a heat stress 

nursery or identifying environments within those used for routine screening that has 

experienced temperature stress conditions and using relative variety performance as an 

indicator for specific adaptation to temperature stress conditions. An example of this is 

delayed sowing nurseries like those routinely used by the CIMMYT wheat breeding program to 

evaluate adaptation to heat stress conditions (Juliana, Singh et al. 2020). However, the 

relevance of screening in such an environment needs to be carefully considered as the 

representativeness to the target population of environments may be limited. Alternatively, a 

controlled environment assay could be used for targeted adaptation to heat stress conditions, 

as demonstrated by Telfer, Edwards et al. (2018). The results from controlled environment 

assays can have relevance to field conditions, however, caution is needed to ensure the 

representativeness of the assay to minimise confounding factors that could influence the 

results (stress caused by manual handling of plants, and CO2 depletion from recirculated air 

were potential limitation of the assay used in the current study). In Chapter 4, this study was 

able to demonstrate that responsiveness could be identified and quantified in multi-

environment variety evaluation trials that use best practice sowing times. 

In the past, there have been ways that breeders can select for improved adaptation to heat 

stress conditions. However, as demonstrated in this study, the inclusion of temperature co-
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variates within multi-environment trial analyses and considering adaptation as the 

combination of performance and responsiveness in a quantified manner, offer opportunities 

for breeders to value-add pre-existing screening programs to characterise and accelerate 

genetic gain for adaptation to heat stress conditions. 

5.3. QTL Conferring Adaptation to Heat Stress Conditions and Inclusion in Breeding 
Germplasm 

There have been numerous studies looking to identify QTL conferring an advantage for 

adaptation to heat stress conditions in the last couple of decades (Mohammadi, Zali et al. 

2008, Pinto, Reynolds et al. 2010, Vijayalakshmi, Fritz et al. 2010, Bennett, Reynolds et al. 

2012, Paliwal, Röder et al. 2012, Ali, Ibrahim et al. 2013, Mason, Hays et al. 2013, 

Shirdelmoghanloo 2014, Pinto, Lopes et al. 2016, Sharma, Singh et al. 2016, Bhusal, Sarial et al. 

2017, Tahmasebi, Heidari et al. 2017, Guan, Lu et al. 2018, Hassan, Solouki et al. 2018, El 

Hassouni, Belkadi et al. 2019, Liu, Sukumaran et al. 2019, Tadesse, Suleiman et al. 2019). There 

appears, however, to be very little targeted selection for these QTL by breeding programs. 

Most of the genetic studies to date have identified genetic loci conferring an advantage in heat 

stress conditions induced within controlled environment assays, in the field using delayed 

sowing, or in the field using heat chambers or covers to aid in inducing high-temperature 

conditions. The reduced relevance of the assays compared to real-world conditions 

experienced in the field may be contributing to a reduced relevance of the loci identified or 

reduced knowledge of the loci in relevant growing conditions, therefore resulting in reduced 

uptake by breeders to use as a selection tool. 

The relevance of the QTL identified in the current study, to local breeding programs, should be 

comparatively high due to the representativeness of the testing environments used. The 

environments used in the study were sampled from the wheat-producing areas of southern 

Australia, while achieving a range in temperature and water stress conditions, with 

experiments grown using regional best practice agronomy. This makes the dataset used for 
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QTL analysis of high relevance, and therefore the loci identified are also likely to have greater 

relevance to breeders selecting for adaptation to heat stress conditions in those 

environments. 

Many of the QTL identified in this study occur in chromosome locations described in previous 

heat stress research using different methodologies. Examples include studies conducted by 

Bennett, Reynolds et al. (2012), Pinto, Reynolds et al. (2010), Pinto, Lopes et al. (2016), and 

Esten Mason, Hays et al. (2013) who conducted studies using delayed sowing methods to 

induce high-temperature stress. This suggests that some of the loci identified in delayed 

sowing conditions are relevant to conditions in southern Australia. However, several studies 

investigating GxE interactions and adaptation, without a specific target of heat stress or abiotic 

stress, also identified QTL in similar regions to those identified in this study, namely Tura, 

Edwards et al. (2020), Yu, Mao et al. (2018), and Tsilo, Hareland et al. (2010). This suggests 

that studies investigating general adaptation may achieve similar outcomes but will not be 

able to attribute the adaptation advantage to heat stress adaptation per se. This reaffirms that 

selection for broad adaptation in environments that include heat stress conditions does select 

for improved adaptation to heat stress. It also serves to demonstrate that the methods used in 

this study could be used as a validation tool for a wider range of environments, to 

demonstrate the relevance of loci identified using other methods and quantify their effect on 

adaptation to local heat stress conditions. 

5.4. Opportunities for Further Research 

Numerous QTL for performance and responsiveness were identified in this study. Although 

found to be relevant for the germplasm included, and for the environments sampled, these 

results should be evaluated further over a wider range of environments and seasons to better 

understand the range of responsiveness and the limits of adaptation. Evaluation at different 

latitudes, across a larger range of grain yield environments, including environments that rely 

on stored soil moisture, would allow for a greater understanding of the role and the limits of 
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the QTL identified. As mentioned in Chapter 4 (Telfer, Edwards et al. 2022), there are several 

QTL that offers opportunities for further evaluation to understand their role more deeply in 

adaptation and their underlying effects on crop physiology. Key QTL of interest identified 

included three grain yield QTL identified on chromosomes 2A and 7A for performance that 

were independent of responsiveness, therefore offering broad adaptation regardless of the 

level of stress experienced. A further two QTL were identified on chromosomes 2B and 5B that 

combined grain yield performance with positive responsiveness, reducing screenings and 

increasing test weight in heat and drought stress conditions. Finally, a QTL was identified for 

responsiveness on chromosome 5A, not associated with performance QTL, that combined a 

positive response in grain yield to increasing temperature and drought stress during grain fill. 

These QTL represent targets for development into diagnostic markers for use as selection tools 

by breeders. However, to improve the confidence in the value of these QTL, further validation 

across more environments and in breeding populations relevant to those environments would 

be required, followed by the development of diagnostic markers for selection.  

The populations used are a good representation of varieties adapted to southern cereal-

growing regions of Australia. Although the parents of the populations used may be largely 

outclassed as varieties by current commercial varieties, they represent genetic backgrounds or 

are direct parents of current elite commercial varieties grown in the targeted region. However, 

a wider selection of genetic diversity, both adapted and exotic, including from synthetic 

sources and from gene banks held throughout the world should be explored as there is likely 

further genetic diversity that can be identified that may add further value to wheat growing in 

the future. Additionally, these principles can be applied to other cereal-growing regions in 

Australia, and internationally, to identify QTL for improved adaptation that may have specific 

relevance to those geographic areas. Differences in latitude, rainfall, root and foliar diseases or 

pests, and many other factors, may change the role and relative importance of QTL in those 

environments. 
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The focus of this study was grain yield, yield-determining traits, and physical grain quality traits 

of commercial value. These remain the key traits of interest to breeders and growers as they 

represent key components of crop profitability. However, there is scope to apply the principles 

used in this study to investigate impacts on end-use quality, principally these are baking and 

noodle quality for wheat. This would help develop our understanding of the impact of variable 

and high-temperature conditions on upstream customers, which in turn may offer additional 

value to growers through a higher price achieved for higher quality and higher-value products. 

A key limiting factor in evaluating adaptation to heat stress in relevant conditions across 

multiple environments is the resource-intensive nature of evaluating large populations in 

multiple environments. This remains a limitation, but the proposed framework (Figure 3) 

allows for breeding and variety evaluation trials to be value-added to specifically include 

adaptation to heat stress conditions. A second limitation of evaluating adaptation to heat 

stress conditions across multiple relevant environments is being able to effectively interpret or 

separate the impact of heat stress conditions on adaptation due to other confounding factors. 

These include factors such as variable maturity resulting in variable stress exposure amongst 

the genotypes included, and other co-occurring stresses such as nutritional deficiencies, 

disease, and other abiotic stresses such as drought stress. The framework presented in this 

study greatly diminishes this limitation of field studies and allows adaptation to heat stress 

conditions to be evaluated across multiple representative environments, maximising the value 

of the data to breeders. 

5.5. Performance and Responsiveness as Breeder Selection Objectives 

Considering adaptation to heat stress conditions as the combination of performance and 

responsiveness as proposed in this study (Telfer, Edwards et al. 2021, Telfer, Edwards et al. 

2022), provides a range of opportunities for breeders and their selection objectives. As 

described in Chapter 4 (Telfer, Edwards et al. 2022), selecting for performance in the absence 

of responsiveness presents as a strategy for breeders to select for broad adaptation with elite 



Chapter 5. General Discussion 

99 
 

performance across a range of environmental conditions, both stressed and unstressed. 

Although this has been happening historically to an extent by selecting for stable performance 

across the breeders’ target population of environments, targeted selection of performance as 

defined in Figure 3 presents an opportunity to do this more directly and without inadvertently 

selecting for adaptation to high-yielding and favourable environments to the detriment of 

stressed environments. This does not fit completely with previous definitions of ‘tolerance’ to 

stress conditions but presents a meaningful and tangible way of improving adaptation to 

stressed conditions, while simultaneously improving overall adaptation. Some previous 

definitions of tolerance, such as the susceptibility index, as defined by Fischer and Maurer 

(1978), aimed to select for a low penalty in trait expression under stress conditions. However, 

this may also inadvertently favour genotypes with a low-performance ability as discussed by 

Mohammadi, Armion et al. (2010). This is not what breeders are aiming to select for in new 

varieties, requiring a rethink of definitions used for tolerance and their impact on breeders' 

selection objectives. The definition of performance as defined and demonstrated in this study 

offers an alternative that allows for the selection of elite phenotype expression in both 

stressed and unstressed conditions, a much more favourable outcome for breeders. 

The other component required to assess adaptation to stress conditions as defined in this 

study is responsiveness, which presents opportunities to breeders as a tool for targeting 

specific adaptation. Additional understanding of the extent and limits of the responsiveness 

may be important factors for consideration. In instances where performance and 

responsiveness co-occur it will be important to consider if positive performance attributes are 

genetically linked positively or negatively with responsiveness, with the latter diminishing the 

desired outcome in stressed conditions. This is a situation where it may be important to 

consider multiple phenotypic traits; different traits may exhibit different performance or 

responsiveness characteristics. For example, positive performance for grain yield may be 

linked with negative responsiveness to other economically important traits such as grain size 
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or test weight. This would create a situation that works to have a negative impact under 

increasingly stressful conditions. Alternatively, positive performance could be linked with 

positive responsiveness adding additional value for stress adaptation as demonstrated in this 

study (Telfer, Edwards et al. 2022), with QTL identified on chromosomes 2B and 5B that 

combined positive performance with positive responsiveness to increasingly stressful 

conditions. This would be a very favourable combination for breeders. In isolation, 

responsiveness may still offer value contributing to specific adaptation to stressed conditions 

but will be more limited in situations where an advantage may be evident.  

5.6. Not Just a Framework for Heat Stress, but All Abiotic Stress Conditions 

Heat stress was the primary focus of this study and was used to develop the framework for 

assessing overall adaptation as the combination of performance and responsiveness. 

However, there is a case for using this framework for assessing adaptation to other abiotic 

stresses such as drought stress, plant-available radiation, and frost. This was demonstrated in 

Chapter 4 (Telfer, Edwards et al. 2022) with the inclusion of growing season rainfall as a co-

variate that allowed assessment of adaptation to variable rainfall conditions (drought stress) 

alongside that of heat stress. In doing so, numerous loci were identified that were responsive 

to both environmental stimuli in both positive and negative linkage. Further, this 

demonstrated the value of simultaneously investigating multiple stress conditions known to 

interact and impact on grain yield and the environment. In addition to abiotic stresses, it may 

be possible to apply this framework to other research areas, such as those investigating 

efficiency. For example, nutrient use efficiency to identify performance as well as 

responsiveness to nutrient applications.  

This framework could be applied more generally to adaptation studies with a range of 

environmental co-variates measured to capture a range of factors that may be driving GxE 

interactions. There have been past examples, including that of Tura, Edwards et al. (2020), 
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who have investigated adaptation over a range of environments and identified QTL by 

environment interactions. The inclusion of the principles described in this study offers 

opportunities to further understand the underlying environmental drivers of QTL by 

environment interactions. Finally, the proposed framework will be of relevance to the field 

validation component of studies investigating heat stress and other abiotic stresses conducted 

in potentially non-representative conditions (including controlled environments and delayed 

sowing assays). Genotypes carrying candidate genes, or near-isogenic lines contrasting for 

genes of interest, can be evaluated over a range of representative environments, allowing 

performance and responsiveness to be assessed, leading to an improved assessment of the 

impact on adaptation and validating the relevance of candidate traits or genes for breeders. 

5.7. Further Opportunities to Combine Assessment of Adaptation with Genomic 

Selection in Breeding Programs 

Breeders are increasingly using GS as a routine part of their selection programs. Currently, GS 

methods are limited in their ability to incorporate GxE and it remains a current area of 

development to improve relevance to selection for plant breeding (Tolhurst, Mathews et al. 

2019). The framework developed in this study to assess adaptation as the combination of 

overall performance and responsiveness using environmental or temperature co-variates 

presents an opportunity to be combined with current GS methods. This would allow breeders 

to deliberately target adaptation to heat stress conditions, as well as other abiotic stress or a 

combination of stress factors, within existing GS initiatives. 

5.8. Concluding Remarks 

Heat stress is a key abiotic stress limiting crop production in Mediterranean-type 

environments of southern Australia. However, adaptation to heat stress remains a complex 

selection target for breeders. The timing and magnitude of exposure to stress relative to plant 

development, as well as large variation in severity over seasons and environments, all lead to 
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large GxE. However, this study has provided a framework on how adaptation to heat stress 

conditions, and other abiotic stresses can be evaluated across multiple representative field 

trials that are relevant to the breeder’s selection objectives. This includes the potential 

application in variety evaluation trials and breeding trials, where the use of climatic co-variates 

successfully allowed GxE to be attributed to temperature stress during both anthesis and grain 

filling as well as to growing season rainfall. This provides the opportunity for adaptation to be 

assessed as the combination of performance and responsiveness to better assess adaptation 

to heat and other abiotic stress conditions. In summary, this study presents a new framework 

for assessing adaptation to heat stress conditions, defined by concurrently considering 

performance and responsiveness, thereby greatly increasing relevance for researchers and 

breeders.  
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Appendix A. Chapter 2 Supplementary Material 

 

All material is available online: 

https://ars.els-cdn.com/content/image/1-s2.0-S0378429018314230-mmc1.docx 

 

A.1. Supplementary Table 1  

Genotypes used in the controlled environment and field experiments. 

Genotype Adaptation 
AUS4683 Exotic 
AUS4906 Exotic 
AUS4926 Exotic 
AXE Adapted to southern Australia 
CORRELL Adapted to southern Australia 
EGA GREGORY Adapted to north-eastern Australian 
EMU ROCK Adapted to southern Australia 
GLADIUS Adapted to southern Australia 
H45 Adapted to north-eastern Australian 
HALBERD Adapted to southern Australia 
JANZ Adapted to north-eastern Australian 
KENNEDY Adapted to north-eastern Australian 
KUKRI Adapted to southern Australia 
LIVINGSTON Adapted to north-eastern Australian 
MACE Adapted to southern Australia 
RAC1629 Australian adapted breeders line 
RAC1837 Australian adapted breeders line 
RAC1859 Australian adapted breeders line 
RAC875 Australian adapted breeders line 
SCOUT Adapted to southern Australia 
SUNSTATE Adapted to north-eastern Australian 
SUNTOP Adapted to north-eastern Australian 
WYALKATCHEM Adapted to southern Australia 
YITPI Adapted to southern Australia 
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Appendix B. Chapter 3 Supplementary Material 

 

All material is available online: 

https://static-content.springer.com/esm/art%3A10.1007%2Fs00122-021-03778-
2/MediaObjects/122 2021 3778 MOESM1 ESM.xlsx 

 

B.1. Supplementary Table 1  

Consensus map and individual linkage maps for all populations affixed with RefSeq physical 
positions of QTL identified 

 

B.2. Supplementary Table 2  

Summary of experimental layouts for five heat stress experiments. Information includes the 
DH population, total number of lines, percentage of DH lines that had replicates (two main 
plots), total number of main plots, numbers of rows and columns of pots, sowing dates, and 
seed sources. 

Experiment Population 
Lines 

Evaluated 
% Rep 

DH lines 
Main 
Plots Rows Cols 

Sowing 
Dates 

Seed 
Source 

1 HK 126 100 276 46 12 1 - 

2 RG 158 15 192 24 16 3 - 

3 L2G 147 22 192 24 16 3 - 

4 L1G 136 29 192 24 16 3 - 

5 GSM  1087 11 1248 156 16 6 A, B 

 

B.3. Supplementary Table 3  

Pearson correlation coefficients of trait data used to describe and understand responsiveness 
to heat stress conditions used in the study. Data used to generate correlations uses data from 
all experiments described, including both temperature treatments. 

  
Thousand 

grain weight 
Grain yield 
per spike 

Spikelet number 
per spike 

Grain number 
per spike 

Spikelet 
Fertility 

Thousand grain weight 1         
Grain yield per spike 0.40 1    
Spikelet number per spike -0.02 0.52 1   
Grain number per spike -0.09 0.85 0.62 1  
Spikelet Fertility -0.09 0.81 0.40 0.95 1 
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Appendix C. Chapter 4 Supplementary Material 

 

All material is available online: 

https://static-content.springer.com/esm/art%3A10.1007%2Fs00122-021-04024-
5/MediaObjects/122 2021 4024 MOESM1 ESM.xlsx 

 

C.1. Supplementary Table 1  

Consensus map and individual linkage maps for all populations affixed with RefSeq physical 
positions of QTL identified. 

 

C.2. Supplementary Table 2  

All QTL identified by trait measured, QTL type (responsive or performance; if responsive the 
climatic co-variate to which responsiveness was found), interval position (cM) (consensus map 
position), the effect of each QTL, P-Value, LOD, and physical position (RefSeq). 

 

C.3. Supplementary Table 3  

Genetic correlations between environments for each trait and population. 
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