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Abstract 27 

Adaptation of wheat to heat stress is an important component of adaptation in variable climates such 28 

as the cereal producing areas of Australia. However, in variable climates stress conditions may not be 29 

present in every season or is present at different levels, at different times during the season. Such 30 

conditions complicate plant breeder’s ability to select for adaptation to abiotic stress. This study 31 

presents a framework for the assessment of the genetic basis of adaptation to heat stress conditions 32 

with improved relevance to breeder’s selection objectives. The framework was applied here with the 33 

evaluation of 1225 doubled haploid lines from five populations across six environments (three 34 

environments selected for contrasting temperature stress conditions during anthesis and grain fill 35 

periods, over two consecutive seasons), using regionally best practice planting times to evaluate the 36 

role of heat stress conditions in genotype adaptation. Temperature co-variates were determined for 37 

each genotype, in each environment, for the anthesis and grain fill periods. Genome wide QTL analysis 38 

identified performance QTL for stable effects across all environments, and QTL that illustrated 39 

responsiveness to heat stress conditions across the sampled environments. A total of 199 QTL were 40 

identified, including 60 performance QTL, and 139 responsiveness QTL. Of the identified QTL, 99 41 

occurred iseparate to the 21 anthesis date QTL identified. Assessing adaptation to heat stress 42 

conditions as the combination of performance and responsiveness offers breeders opportunities to 43 

select for grain yield stability across a range of environments, as well as genotypes with higher relative 44 

yield in stress conditions.  45 

  46 



Introduction 47 

Many regions throughout the world experience heat, drought, and frost stress that limit crop 48 

production. In the Mediterranean-type climates of southern Australia heat stress conditions during 49 

the sensitive stage of anthesis and early grain filling are common (Zheng et al. 2012), often co-50 

occurring with other abiotic stresses such as drought and wind (Machado and Paulsen 2001; Shah and 51 

Paulsen 2003). In southern Australia heat stress conditions during anthesis and early grain fill are 52 

typically short periods, of up to a few days in length, with daily maximum temperatures in excess of 53 

35ᵒC accompanied with winds in excess of 40 km h-1 (Alexander et al. 2010; Talukder et al. 2013). The 54 

impacts of such stress events can be significant, with Kuchel et al. (2007a) and Bennett et al. (2012b) 55 

reporting yield loss of up to 187 kg ha-1 for every one-degree increase in average temperature during 56 

anthesis and grain fill in field experiments conducted across southern Australia. This was confirmed 57 

by Telfer et al. (2018), who identified a reduction in grain yield of 161 kg ha-1 for each day with a 58 

maximum temperature in excess of 30ᵒC during grain fill, and a reduction of 302 kg ha-1 for each day 59 

with maximum temperature in excess of 30ᵒC during anthesis. 60 

Stress conditions, like those described, impact negatively on a range of developmental stages and 61 

physiological processes (Wahid et al. 2007). Plant mechanisms that manage antioxidants, heat shock 62 

proteins, maintenance of cell membrane stability, and maintenance of protein stability and function 63 

often underpin a plant's ability to cope with stress (Dolferus et al. 2011; Wahid et al. 2007). In the 64 

field, heat stress results in reduced pollen viability and seed set when it occurs during anthesis 65 

(Dolferus et al. 2011; Saini et al. 1999). Stress during grain filling leads to reduced starch and protein 66 

accumulation (Bhullar and Jenner 1985; Zahedi et al. 2004), accelerated plant development, 67 

premature leaf senescence, and reduced photosynthetic rate and capacity (Stone and Nicolas 1995; 68 

Tewolde et al. 2006), which ultimately reduces grain size (Sharma et al. 2008; Stone and Nicolas 1995; 69 

Talukder et al. 2014a; Wardlaw 1994) and grain yield (Talukder et al. 2014a; Tewolde et al. 2006). 70 



Tolerance to heat stress in wheat has been previously reported. This includes the Australian wheat 71 

varieties; Halberd (Hays et al. 2007) and Gladius (Fleury et al. 2010; Talukder et al. 2014a), as well as 72 

breeding and research line, RAC875 (Bennett et al. 2012a; Izanloo et al. 2008). This was also confirmed 73 

by Telfer et al. (2018) who showed that Halberd expressed tolerance to heat stress during flowering, 74 

and Gladius and RAC875 that expressed tolerance to heat stress experienced during grain filling. 75 

Additionally, Gladius and RAC875 have been reported as drought-tolerant (Bennett et al. 2012a; Fleury 76 

et al. 2010; Izanloo et al. 2008; Shirdelmoghanloo et al. 2016a). 77 

Various methods have been used to evaluate performance under heat stress conditions, using 78 

controlled environments or in-field conditions, including Telfer et al. (2018) who compared a 79 

controlled environment assay and a field assay for the evaluation of adaption to heat stress conditions. 80 

Controlled environment conditions offer many advantages; including ensuring a consistent and 81 

repeatable stress environment and being able to manage a range of confounding factors that may be 82 

present in field conditions. The oftentimes confounding effects of maturity can be managed using 83 

controlled environments, in contrast to field experiments where material that develops at a different 84 

rate may be exposed to different temperature stress conditions making comparisons challenging. 85 

Despite the advantages of controlled environments, validation is required under representative field 86 

conditions. To ensure a high incidence of heat stress conditions, delayed sowing has been a commonly 87 

used methodology to ensure that sensitive developmental stages coincide with heat stress conditions 88 

typically experienced later in the season (Bennett et al. 2012b; Esten Mason et al. 2013; Pinto et al. 89 

2010; Reynolds et al. 2007; Sadras et al. 2015). Unfortunately in this system plants are exposed to 90 

growing conditions that are not representative of agronomic practices employed by grain producers, 91 

such as longer photoperiod and altered plant available water (Sadras et al. 2015). With phenological 92 

development a primary driver of adaptation, and development rate interacting strongly with sowing 93 

date, assessments of heat stress adaptation using sowing date variation are consequently 94 

confounded, precluding clear conclusions being drawn from such studies.  95 



Field evaluation of heat stress adaptation has also been carried out using portable heat chambers in 96 

the field to induce heat stress treatments (Alexander et al. 2010; Talukder et al. 2013; Thistlethwaite 97 

et al. 2020). Such methodology provides the relevance of a field trial, being managed to agronomic 98 

best practice, with the added benefit of controlled environment evaluation through consistent heat 99 

stress treatments and fewer confounding factors arising from variation in phenology. The physical 100 

encumbrance of handling heat chambers in the field, however, largely limits such systems to smaller 101 

exploratory experiments with far fewer genotypes.  102 

Telfer et al. (2018) previously discussed an alternative approach whereby the heat stress tolerance of 103 

wheat germplasm is evaluated across a multi-environment (contrasting for heat stress) study. Such a 104 

system enables the material to be grown in representative growing environments using regional best 105 

practice agronomy and using the natural variation in temperature across the environments to evaluate 106 

genotype response to heat stress. This provides the opportunity to evaluate adaptation to heat stress 107 

conditions in large-scale breeding trials across a range of environments, subsequently enabling the 108 

identification and validation of genetic loci using genetic mapping populations. Kuchel et al. (2007a) 109 

also reported similar results, having evaluated doubled haploid bi-parental material across multiple 110 

representative environments. In that study, variable expression of QTL for grain yield, and associated 111 

traits, were attributable to environmental factors such as temperature and rainfall conditions varying 112 

across the environments sampled. Similarly, Tura et al. (2020) was able to identify QTL-by-113 

environment interactions for grain yield and related traits.  114 

A number of studies have identified QTL for adaptation to heat stress conditions that potentially 115 

confer improved grain yield (Bennett et al. 2012b; Bhusal et al. 2017; Esten Mason et al. 2013; Liu et 116 

al. 2019; Paliwal et al. 2012; Pinto et al. 2016; Pinto et al. 2010; Tadesse et al. 2019; Vijayalakshmi et 117 

al. 2010), grain size (Ali et al. 2013; Bennett et al. 2012b; Bhusal et al. 2017; Esten Mason et al. 2010; 118 

Guan et al. 2018; Liu et al. 2019; Mason et al. 2011; Mohammadi et al. 2008; Paliwal et al. 2012; Pinto 119 

et al. 2016; Pinto et al. 2010; Shirdelmoghanloo 2014; Shirdelmoghanloo et al. 2016b; Tadesse et al. 120 



2019), grain number (Bhusal et al. 2017; Esten Mason et al. 2010; Guan et al. 2018; Liu et al. 2019; 121 

Mason et al. 2011; Pinto et al. 2016; Pinto et al. 2010; Telfer et al. 2021), grain fill rate (Paliwal et al. 122 

2012; Pinto et al. 2016; Shirdelmoghanloo 2014), harvest index (Shirdelmoghanloo 2014), senescence 123 

rate (Pinto et al. 2016; Shirdelmoghanloo 2014; Vijayalakshmi et al. 2010) and maturation rate (Bhusal 124 

et al. 2017; Paliwal et al. 2012; Shirdelmoghanloo 2014). QTL for physiological traits potentially related 125 

to heat stress tolerance have also been identified, including leaf chlorophyll content (Ali et al. 2013; 126 

Liu et al. 2019; Pinto et al. 2016; Pinto et al. 2010; Shirdelmoghanloo 2014; Talukder et al. 2014b; 127 

Vijayalakshmi et al. 2010), canopy temperature (Ali et al. 2013; Bennett et al. 2012b; Liu et al. 2019; 128 

Paliwal et al. 2012; Pinto et al. 2016; Pinto et al. 2010), photosystem II efficiency (Fv/Mv) (Sharma et 129 

al. 2017; Vijayalakshmi et al. 2010), NDVI (Liu et al. 2019; Pinto et al. 2016; Pinto et al. 2010) and 130 

membrane damage (Talukder et al. 2014b). These studies have primarily been undertaken using 131 

delayed sowing systems in the field (Bennett et al. 2012b; Bhusal et al. 2017; Esten Mason et al. 2013; 132 

Liu et al. 2019; Paliwal et al. 2012; Pinto et al. 2016; Pinto et al. 2010) or in controlled environment 133 

assays (Mason et al. 2011; Mohammadi et al. 2008; Shirdelmoghanloo 2014; Talukder et al. 2014b; 134 

Telfer et al. 2021; Vijayalakshmi et al. 2010). 135 

As discussed by Lemerle et al. (2006), tolerance has previously been defined as the difference in trait 136 

expression between an unstressed control and a stressed treatment. Usually there is a strong 137 

correlation between trait expression in both stressed and unstressed conditions, making this a 138 

potentially misleading definition. Lemerle et al. (2006) and Dolferus et al. (2019) further defined 139 

tolerance as a positive deviation from the expected response between the stressed and unstressed 140 

treatments. As discussed by Telfer et al. (2021), this deviation from the expected response under 141 

stress conditions is more accurately interpreted as responsiveness to stress conditions, and should be 142 

considered as an independent factor in adaptation in combination with performance value across all 143 

conditions.  144 



This study builds on the research carried out by Telfer et al. (2021), by applying a framework for the 145 

evaluation of the genetic basis of adaptation to heat stress conditions in representative field 146 

conditions, and considers adaptation as the combination of performance and responsiveness. Telfer 147 

et al. (2021) identified QTL for performance and heat stress responsiveness in controlled environment 148 

conditions. This study uses the same populations to explore adaptation to heat stress conditions in 149 

representative field conditions. Here, QTL are discussed in relation to their role in adaptation to heat 150 

stress conditions as experienced in Mediterranean-type environments of southern Australia, and their 151 

relevance to breeding objectives. 152 

  153 



Methods and Materials 154 

Germplasm and genotyping 155 

Eight doubled haploid populations were used to evaluate adaptation to heat stress conditions in 156 

Mediterranean-type environments of southern Australia, and to identify QTL for grain yield and 157 

related traits across multiple representative environments. The populations used are described by 158 

Telfer et al. (2021) and are summarised in Table 1. In brief, these were developed to encompass 159 

historical germplasm pools representative of the Australian breeding germplasm pool, as well as to 160 

evaluate potential novel sources of heat stress tolerance identified in a heat stress FIGS set as 161 

mentioned by Telfer et al. (2021). All lines evaluated in this study from each population were 162 

genotyped using a custom AxiomTM Affymetrix array containing 18,101 SNP markers as described by 163 

Norman et al. (2017). Further, the linkage maps used for QTL analysis (Supplementary Table 1) were 164 

created through the R statistical environment (R Core Team 2018) using a combination of the R/qtl 165 

(Broman and Sen 2009; Broman and Wu 2015) and R/ASMap (Taylor and Butler 2017) package 166 

(Norman et al. 2017), resulting in excess of 5000 polymorphic markers for each population (exact 167 

numbers shown in Table 1). To prepare the linkage maps for analysis the functionality of the WGAIM 168 

R package (Taylor and Verbyla 2011) was used to numerically encode the alleles (AA = 1, BB = -1), 169 

impute missing values using the rules of Martínez and Curnow (1994) and generate unique interval 170 

markers using Verbyla et al. (2007).  171 

Experimental design and plot management 172 

The methodology described by Telfer et al. (2018) to evaluate adaptation to heat stress conditions 173 

under representative field conditions across multiple environments was used as the basis for this 174 

study. Genetic material was evaluated at three cereal producing environments in South Australia; 175 

Angas Valley, Roseworthy, and Winulta, across two seasons in 2015 and 2016 (the details of each 176 

experiment are shown in Table 2). These environments were targeted to achieve a range in heat stress 177 

conditions, with Winulta having a maritime climate with relatively mild conditions during anthesis and 178 



grain filling compared to the inland site of Angas Valley which typically has warmer conditions. 179 

Roseworthy historically is intermediate in anthesis and grain fill conditions as is demonstrated by the 180 

temperature conditions during anthesis and grain filling in Table 2.  181 

Populations were assigned to separate experiments except for the MG, SM, and SG populations, which 182 

due to common parentage across the populations, were grouped and referred to as the GSM 183 

populations. Fewer lines were evaluated in 2016 compared to 2015. For 2016, entries are a subset of 184 

the 2015 entries selected to remove extreme maturity types as identified in the 2015 season. Lines 185 

with other extreme adverse phenotypes such as plant height were also removed. No direct selection 186 

occurred for grain yield and physical quality grain attributes which were the focus of this study. Field 187 

plots within experiments were sown in a grid format, and the experiment details are shown in Table 188 

2. The experimental design used the principles of partially replicated design as discussed by (Cullis et 189 

al. 2006), with each doubled haploid line in each population present in each environment and each 190 

doubled haploid line replicated in one of the three environments of that year. Consequently, doubled 191 

haploid lines were replicated on average 1.33 times at each environment, with check varieties 192 

(doubled-haploid parents and locally adapted varieties) fully replicated in each environment (Table 2).   193 

Within each experiment, plots were sown 1.32 m wide by 5 m long, with plots reduced to a length of 194 

3.2 m before anthesis using herbicide. Each experiment was sown to achieve 200 seeds m-2. Field 195 

experiments were managed using regional best practice agronomy, encompassing sowing and harvest 196 

times, crop nutrition, and pest (weed, insect, and fungal) management.  197 

Phenotyping  198 

At Roseworthy, in each year of the study, each plot was assessed to determine spike emergence date 199 

(50% of spikes fully emerged from the flag leaf sheath) of each plot. Along with temperature data 200 

collected at each environment (explained in further detail later), a degree-day model (Sadras and 201 

Monzon 2006) was used to estimate the anthesis date of each line in each environment, using daily 202 



mean temperature >0ᵒC. Relative maturity observations were also made at each location in each year 203 

of the study to confirm the accuracy of the modelled anthesis date as described by Telfer et al. (2018). 204 

All experiments were harvested and weighed after reaching physiological maturity, to determine grain 205 

yield (kg ha-1). The grain was further evaluated for screenings percentage assessed by determining the 206 

weight of matter that passes through a 2 mm slotted sieve and test weight (TWT, kg hl-1) assessed by 207 

weighing a 500 mL sample.  208 

Climatic co-variates to describe crop stress conditions 209 

Temperature data was collected in each environment for the duration of the growing season using a 210 

single factory-calibrated temperature logger (TinyTagTM Talk2), logging on half-hourly intervals. The 211 

temperature logger was situated immediately adjacent to the block of experiments all situated 212 

adjacent to each other in each location, at 1 m in height to replicate approximate crop height at 213 

anthesis and grain fill.  214 

Temperature observations were used to calculate climatic co-variates to describe the temperature 215 

conditions experienced by each line in each environment during the key developmental periods, 216 

anthesis (300 °Cd before anthesis to 100 °Cd post-anthesis), and grain filling (100 °Cd to 600 °Cd post 217 

anthesis). Climatic co-variates calculated for each line in each environment included average 218 

maximum temperature (°C), number of days >30°C, and number of days >35°C, during both anthesis 219 

and grain filling (Dreccer et al. 2008; Telfer et al. 2018). Growing season rainfall (mm for May to 220 

October rainfall), was also recorded in each environment. In the 2015 season this was taken from the 221 

nearest Australian Bureau of Meteorology (BOM) weather station; Angas Valley sourced from Cambrai 222 

BOM station (No. 024513), Roseworthy sourced from Roseworthy BOM station (No. 023021) and 223 

Winulta sourced from Ardrossan BOM station (No. 022021)). In the 2016 season, this was measured 224 

on-site using a factory-calibrated DavisR Vantage Vue Weather Station situated adjacent to the 225 

experiments logging on 15-minute intervals from before planting until harvest. The mean climatic co-226 

variate observed across all lines in each experiment is shown in Table 2. 227 



Statistical methods - Baseline model 228 

For each of the populations, assume a set of 𝑟 progeny varieties were sown in 𝑡 environments and let 229 𝒚 = (𝒚1𝑇 … 𝒚𝑡𝑇)𝑇 be a vector of observed responses such as grain yield, screenings or TWT. The 230 

response was then analysed using a baseline multi-environment linear mixed model (ME-LMM) of the 231 

form 232 

𝒚 = 𝑿𝝉 + 𝒁𝒖 + 𝒁𝑔𝒖𝑔 + 𝒆                                                                (1) 233 

where 𝑿𝝉 was a fixed component containing a vector of fixed effects for estimating experiment means 234 

as well as an overall mean for the population, parents, and controls specific to each environment. 𝒁𝒖 235 

was a random component consisting of effects 𝒖 that were conformably partitioned to account for 236 

environment specific variation such as aspects of the experimental designs including blocks or 237 

replicates, and also variation due to potential extraneous non-linear trends potentially existing across 238 

the Row or Column of the experiment. To further improve the flexibility of the ME-LMM to model 239 

local spatial variability, the residuals were partitioned to 𝒆 = (𝒆1𝑇 … 𝒆𝑡𝑇)𝑇 where the residuals within 240 

the 𝑗th environment were assumed to be distributed 𝒆𝑗 ~ 𝑁(𝟎, 𝜎𝑗2𝑹𝑗) with 𝑹𝑗 parameterized as a 241 

separable auto-regressive structure of order one in the Row and Column direction. The important 242 

focus of this ME-LMM is the random genotype by environment interaction term 𝒁𝑔𝒖𝑔, with effects 243 𝒖𝑔 of length 𝑟 × 𝑡 and indicator matrix 𝒁𝑔 that maps the genotypes to the plots within each 244 

experiment. These effects were assumed to be distributed 𝒖𝑔 ~ 𝑁(𝟎, 𝚫 ⊗ 𝑰𝑟) where 𝚫 is a 𝑡 × 𝑡 245 

covariance matrix consisting of environment-specific variances on its diagonal to capture genetic 246 

variation of the progeny lines within each environment and covariances on its off diagonals to model 247 

the genetic relatedness of the progeny between each pair of environments. When 𝑡 was moderately 248 

large the estimation of 𝚫 became problematic and we sought the use of a parsimonious approximation 249 

by defining the genotype by environment effects to have a Factor Analytic (FAk) model (Smith et al. 250 

2001; Smith et al. 2005) with variance 𝚲𝚲𝑇 + 𝚿 ≈ 𝚫 where 𝚲 is 𝑡 × 𝑘 matrix of environment loadings 251 



and 𝚿 is a diagonal matrix containing environment specific variances. The number of factors 𝑘 used 252 

in the FA model depended on the number of environments the population progeny was sown.     253 

Statistical methods - QTL analysis 254 

For a given population, let 𝑴 be an 𝑟 × 𝑝 matrix of unique interval markers. For each trait from this 255 

population, a QTL analysis was conducted using a whole genome scanning approach with two separate 256 

runs. In the first run the focus was to obtain overall performance QTL across environments. Let 𝒎𝑖𝑗  257 

be the 𝑗th interval marker in the 𝑖th chromosome then the performance QTL model was an extension 258 

of the ME-LMM defined in (1) where the total genetic effects were partitioned as     259 

   𝒖𝑔 = 𝒎𝑖𝑗𝑎𝑖𝑗 + 𝒖𝑎 + 𝒖𝑝                                                                 (2) 260 

In this extended genetic model 𝑎𝑖𝑗  represents the main or overall performance effect of the interval 261 

marker 𝒎𝑖𝑗  across the 𝑡 environments. We used the strategy of Rincent et al. (2014) for improving 262 

the power of detecting significant marker or marker by climatic interaction effects by including 263 

additional genomic and residual genetic terms in (2). Specifically, we include 𝒖𝑎, a vector of random 264 

marker based additive genotype by environment effects that are assumed to be distributed 𝒖𝑎  ~ 𝑁(𝟎,265 𝚫𝑎 ⊗ 𝑮−𝑖) where  𝑮−𝑖 =  𝑴−𝑖𝑴−𝑖𝑇  is an 𝑟 × 𝑟 genomic relationship matrix with the interval markers 266 

from the 𝑖th chromosome removed and 𝚫𝑎 is an 𝑡 × 𝑡 additive genetic covariance matrix. We also 267 

include 𝒖𝑝, a vector of random polygenic residual genotype by environment effects that are assumed 268 

to be distributed 𝒖𝑝 ~ 𝑁(𝟎, 𝚫𝑝 ⊗ 𝑰𝑟) where 𝚫𝑝 is a 𝑡 × 𝑡 residual genetic covariance matrix. Similar 269 

to the previous sections, where necessary, the marker based additive and residual genotype by 270 

environment effects were both parsimoniously approximated by a Factor Analytic model.   271 

In the second run, the focus was on detecting QTL displaying significant responsiveness across the 272 

numerical range of the climatic covariate. If 𝒄 is the climatic covariate then the climate covariate QTL 273 

model used an extended ME-LMM with 𝒄𝒎𝑖𝑗𝑏𝑖𝑗 replacing the first term on the right-hand side of (2)  274 



In this new term 𝑏𝑖𝑗 represents the interval marker by climatic covariate interaction effect or 275 

responsiveness effect of the interval marker across environments.  276 

The two QTL models were then used to scan the complete 𝑝 interval markers across the 21 277 

chromosomes of the wheat genome and Wald statistics were calculated for each performance and 278 

responsiveness effect. Initial effect significance was determined using the thresholding technique of 279 

Li and Ji (2005) outlined for QTL ME-LMMs in Bonneau et al. (2013). Interval marker effects above the 280 

significance threshold were omitted from further analysis if they were within a window of 30 cM 281 

adjacent to an interval marker effect with greater significance. The remaining set of 𝑛𝑠 significant 282 

interval markers were then considered linked to putative QTL and additively included in a final QTL 283 

model where, for the significant performance QTL for example, was   284 

𝒖𝑔 = ∑ 𝒎𝑠𝑎𝑠 +𝒏𝒔𝒔=𝟏  𝒖𝑎∗ + 𝒖𝑝                                                               (3) 285 

where 𝒖𝑎∗  ~ 𝑁(𝟎, 𝚫𝑎 ⊗ 𝑮−𝑠) and 𝑮−𝑠 =  𝑴−𝑠𝑴−𝑠𝑇  is the genomic relationship matrix with interval 286 

markers excluded if they were within a 30 cM window of the interval markers in the final model. The 287 

significant performance and responsiveness QTL were then summarized with their chromosome, 288 

genetic distance, LOD score, and additive effect size. To aid in the interpretation of the size of the 289 

additive effect for responsiveness, a normalisation was conducted that multiplied each additive effect 290 

by the numerical range of the covariate over the environments. The normalised additive effect size 291 

was also provided. For each of the QTL, a linked marker was used to identify the RefSeq physical 292 

position (Alaux et al. 2018), with the base pair position at the start of the candidate marker sequence. 293 

Analysis to identify QTL for anthesis data was only conducted using the described methodology to 294 

identify performance QTL, as this data was only collected in the experiments collected at Roseworthy 295 

in each year of the study.  296 

Statistical methods - Computations  297 



Baseline ME-LMMs were fitted using the flexible linear mixed modelling software package ASReml-R 298 

(Butler et al. 2018) available in the R statistical computing environment and downloadable through 299 

VSNi website from https://www.vsni.co.uk/software/asreml. The ASReml-R package contains a suite 300 

of functionality for fitting and diagnosing complex linear mixed models and uses the REML algorithm 301 

of Patterson and Thompson (1971) to estimate model parameters. Diagnostic assessment of models 302 

was conducted using ASReml-R functions as well as functions from the post-processing package 303 

ASExtras available for download from https://mmade.org/. QTL analyses were conducted using the 304 

GWASReml R software package available from https://github.com/DrJ001/GWASReml. The package 305 

provides functionality for conducting one-stage QTL and GWAS analyses through extensions of the 306 

baseline ASReml-R model.  307 

  308 

https://www.vsni.co.uk/software/asreml
https://mmade.org/
https://github.com/DrJ001/GWASReml


Results 309 

QTL identified for performance 310 

In total 199 QTL were found in this study, of which 60 were found to be important for performance, 311 

with a stable effect across all environments sampled. QTL were spread across all chromosomes except 312 

for chromosome 3D, as shown in Figure 1 (additional details for each QTL identified are shown in 313 

Supplementary Table 2). Of the 60 QTL for trait performance, 21 were identified for anthesis date, 14 314 

for grain yield, 18 for TWT, and seven for screenings. Performance QTL were identified in all 315 

populations, although not for each trait in each population. Grain yield QTL were not identified in the 316 

RG population, TWT QTL were not identified in the SG population, while screenings QTL were not 317 

identified in the MG and SM populations. Anthesis date QTL were identified in all populations. 318 

QTL identified for responsiveness to climatic co-variates 319 

A further 139 QTL (Figure 2 and Supplementary Table 2) were identified that showed a significant 320 

interaction with the climatic co-variates measured for each genotype in each environment. These QTL 321 

are termed ‘responsive’, indicating that there is variable trait expression in response to the climatic 322 

co-variates from each environment. Grain yield accounted for 44 of the QTL for responsiveness 323 

identified across all populations and climatic co-variates. For screenings, 43 responsiveness QTL were 324 

identified in the MG, SM, RG, and L2G populations, while none were identified in the SG population. 325 

A further 52 responsiveness QTL were found for TWT across all populations and all climatic co-variates, 326 

except for the MG population where only one responsiveness QTL was found for grain fill days >35 °C.  327 

Clusters of QTL  328 

Of the 199 QTL identified, 18 occurred independently of any other QTL identified. The remaining 181 329 

QTL occurred in clusters with one or more other QTL (within 10 cM of the interval associated with 330 

other QTL), with up to 27 QTL clustering together. QTL clusters included those characterised as 331 

performance QTL as well as responsiveness QTL.  332 



There were 99 QTL that occurred in combination with each other, but which were not associated with 333 

QTL for anthesis date. These clusters in many cases combined QTL for performance and 334 

responsiveness for a range of climatic co-variates, and a range of traits. However, there were other 335 

regions identified where performance QTL only clustered with performance QTL and responsiveness 336 

QTL only clustered with responsiveness QTL. The QTL found to not be associated with anthesis date 337 

will be discussed in more depth as they offer opportunities to understand adaptation to heat stress 338 

conditions independently from anthesis date, which although important, are often considered 339 

differently by plant breeders as anthesis date is also an important selection target. 340 

Of the 21 QTL identified for anthesis date, all except one (QFlt.agt-SM.7B on chromosome 7B) 341 

clustered with other QTL. This included a genomic region on chromosome 2B where three anthesis 342 

date QTL were identified between 34.2 cM and 38.8 cM in the RG, MG, and SG populations, and these 343 

clustered with 24 other QTL between 29.8 cM and 43.5 cM. Although not specifically mapped in this 344 

study, this region likely aligns with the Ppd-B1 photoperiod gene found on chromosome 2B (Scarth 345 

and Law 1983). QTL associated with this cluster were encompassed by each of the populations 346 

evaluated, each trait assessed, and each climatic co-variate measured. Similar but smaller clusters 347 

were found on chromosome 2D (likely associated with Ppd-D1 (Law et al. 1978), chromosome 5B 348 

(likely associated with Vrn-B1 (Iwaki et al. 2002)), chromosome 5D (likely associated with Vrn-D1 (Law 349 

et al. 1976)), as well as chromosomes 7A, 7B and 7D likely associated with the FT gene (Bonnin et al. 350 

2008). On chromosome 5A three anthesis date QTL were found to be clustered with one TWT QTL 351 

(QTwt.agt-RG.5A), which likely aligns to Vrn-A1 (Law et al. 1976). These regions will not be discussed 352 

in depth as there are well understood associations with crop performance and phenology genes, as 353 

well as a strong confounding influence on adaptation to heat stress effect because anthesis date will 354 

influence the level of stress experienced.  355 

Interpreting QTL with performance and responsiveness effects 356 



Of the QTL identified, there are examples of performance QTL and responsiveness QTL occurring 357 

independently from other QTL, as well as performance QTL and responsiveness QTL occurring at the 358 

same position. Adding an additional layer of complexity, these regions also encompassed QTL for 359 

various phenotypic traits and response to a range of climatic co-variates. This is demonstrated in 360 

Figure 2(A-E), where responsiveness QTL collocating with a performance QTL for TWT on chromosome 361 

4A (QTwt.agt-L2G.4A), shows the effect of each responsiveness QTL plotted against the range of each 362 

climatic co-variate experienced. Figure 2(A-D) shows the positive effect of the responsiveness QTL on 363 

TWT to increasing anthesis average maximum temperature, grain fill average maximum temperature, 364 

number of days >30°C, and number of days >35°C, as well as TWT decreasing in response to increasing 365 

growing season rainfall (Figure 2E). However, given that these QTL co-located with a performance QTL 366 

(QTwt.agt-L2G.4A), they need to be considered simultaneously. Figure 2F shows the result of selecting 367 

either the high or low performance allele at this locus and the resulting responsiveness QTL allele that 368 

would be selected. In this situation the increased performance selected by targeting the Gladius allele 369 

of the QTwt.agt-L2G.4A locus would be associated with a negative response to increasing anthesis 370 

average maximum temperature, grain fill average maximum temperature, number of days >30°C, and 371 

number of days >35°C, and a positive response in TWT to increasing growing season rainfall. In other 372 

words, selecting for the higher performance allele would also lead to greater sensitivity to hot and dry 373 

conditions. 374 

  375 



Discussion 376 

Assessing the contribution of performance and responsiveness QTL to heat stress adaptation 377 

In the first approach to genetic analysis of heat stress adaptation used in this study, performance QTL 378 

were found that had consistent effects across a range of environments in the cereal growing areas of 379 

South Australia. In the second approach, regions were identified that interacted with climatic co-380 

variates in their effects on the yield related traits researched herein. This dual approach to genetic 381 

analysis allows the framework proposed by Telfer et al. (2021) to be applied to the results of a multi-382 

environment field QTL study. In this framework the authors propose that attempting to characterise 383 

a QTL as tolerant fails to completely describe the nature of the genetic control being exerted by the 384 

locus. Telfer et al. (2021) suggested that adaptation to heat stress conditions (and likely other abiotic 385 

stresses) is better described as the combination of overall performance and responsiveness to stress 386 

conditions. Armed with this understanding, the optimal genetic combination can be selected by 387 

breeders for the specific heat stress environment being targeted. Alternatively, selection for QTL with 388 

high-performance value and no responsiveness may offer stable adaptation across a broad range of 389 

environments.  390 

In this study several of the performance and responsiveness QTL identified were found to occur co-391 

located or closely located (<10 cM), to anthesis date QTL identified in this study (Figure 1 and 392 

Supplementary Table 2). Anthesis date, is a complex trait determined by several mechanisms; 393 

photoperiod, vernalisation, and earliness per se, each controlled by several genes, and is a key 394 

component of variety adaptation and crop performance (Eagles et al. 2014; Kuchel et al. 2006). 395 

Favourable alleles at these loci are selected by breeders to ensure anthesis occurs at favourable times 396 

to minimise exposure to stresses such as frost, drought, and heat while maximising grain yield (Flohr 397 

et al. 2017). While this is an important topic, here the discussion is restricted to loci (totalling 116 QTL 398 

and described in Supplementary Table 2) that can be selected to improve adaptation to heat stress 399 

without affecting time to anthesis.  400 



It was frequently observed that QTL alleles with a negative performance effect responded positively 401 

to increasing temperature and negatively to increasing rainfall (the reverse being true, logically, for 402 

the alternate allele). This response type is not rare (Telfer et al. 2018) and represents the classic 403 

genotype-by-environment response of heterogeneity of variance (Finlay and Wilkinson 1963; 404 

Malosetti et al. 2013). This was demonstrated by QTwt.agt-L2G.4A a performance QTL for TWT on 405 

chromosome 4A (Figure 2), that collocated with responsiveness QTL for temperature co-variates and 406 

growing season rainfall (QTwt.agt-RG.4A-5). When considering the parental source of the allele 407 

conferring a positive trait effect for a performance QTL effect, it was the opposite allele that conferred 408 

positive responsiveness to increasing temperature conditions (and negative response to increasing 409 

rainfall). The negative association at the 4A locus between responsiveness to increasing temperature 410 

and increasing rainfall is not surprising as high temperature conditions and low rainfall are often 411 

associated with stressed environments (Lobell et al. 2015). In this case, breeders can select for either 412 

high overall performance, or adaptation to heat and drought stress. When considering the framework 413 

proposed in Figure 2H, this would be classified as a positive response to stressed conditions and low 414 

performance value. The importance of this region for TWT has been highlighted previously by Huang 415 

et al. (2006), but also for grain yield (Tura et al. 2020; Yu et al. 2018; Zhang et al. 2018) and grain 416 

weight traits (Cui et al. 2014; McCartney et al. 2005; Tura et al. 2020; Zhang et al. 2018). Furthermore, 417 

studies targeting heat stress adaption for grain yield have also been reported (Pinto et al. 2010; 418 

Tadesse et al. 2019). The region is likely to be TaCWI (Jiang et al. 2015), which is located in the 419 

centromeric region of chromosome 4A. The commercial varieties and breeding line parents used for 420 

the mapping populations have been screened for this gene and Gladius carries the large grain allele 421 

while RAC1548 carries the small grain allele. The results of this study align the large grain allele of 422 

Gladius with improved TWT but a negative response to stressed conditions. Interestingly, a screenings 423 

performance QTL identified in the L2G population attributed the grain size advantage to AUS17840 424 

rather than Gladius, something that will require further investigation. 425 



An example identified in this study where a performance QTL was positively associated with 426 

responsiveness QTL for rainfall and temperature conditions under stressed conditions was found on 427 

chromosome 5B in the SM and MG populations. Here a performance QTL for grain yield (QYld.agt-428 

SM.5B-1) was identified collocated with a range of responsiveness QTL for temperature co-variates 429 

during both anthesis and grain fill, with the Mace parent providing the preferred allele for both 430 

performance and responsiveness to increasing temperature. Similarly, Mace also provided the 431 

favourable drought (low rainfall) responsive allele at collocated QTL (QScn.agt-SM.5B-2 and QScn.agt-432 

MG.5B-3) associated with screenings. When considering the framework posed in Figure 2H, this would 433 

be classified as positive response with high-performance value. This is a rare combination, but one 434 

eagerly sought after by breeders as an opportunity to improve both overall performance and relative 435 

performance under heat and drought stress. This region was also described by Bennett et al. (2012b) 436 

for grain yield under delayed sowing conditions. Additionally, this region has previously been 437 

described for grain yield (Yu et al. 2018) and grain weight traits (Cui et al. 2014; Huang et al. 2003; 438 

Ramya et al. 2010; Tsilo et al. 2010; Yu et al. 2018; Zhang et al. 2018).  439 

Alternatively, QTL for responsiveness to increasingly hot conditions not associated with rainfall would 440 

allow for the selection of genotypes that can cope with increasing terminal temperature stress 441 

conditions and retain performance under a range of rainfall environments. An example of this 442 

occurred on chromosome 7A, identified in the SM population, where a performance QTL for grain 443 

yield (QYld.agt-SM.7A) occurred in a similar location to heat responsive QTL for TWT (QTwt.agt-444 

SM.7A-1, QTwt.agt-SM.7A-2, and QTwt.agt-SM.7A-3). Here the Mace parent provided the allele 445 

conferring both positive performance and positive responsive to stress. This region appears to align 446 

with a grain yield QTL identified in delayed sowing conditions by Bennett et al. (2012b) and Pinto et 447 

al. (2016), grain number and grain weight per spike by (Guan et al. 2018), as well as a leaf chlorophyll 448 

content QTL by (Talukder et al. 2014b). Additionally, this region has been described in non-heat stress 449 

literature for its role in grain yield (Narjesi et al. 2015; Tura et al. 2020; Yu et al. 2018) and thousand 450 

grain weight (Cui et al. 2014; Groos et al. 2003; Huang et al. 2004).  451 



Regions of performance and their role in adaptation 452 

Regions conferring a performance advantage in the absence of responsiveness to climatic conditions 453 

may provide breeders opportunities to select for broad adaptation to a range of stressed and 454 

unstressed environments. When considered within the framework described in Figure 2H, this would 455 

be classified as having high-performance value and being non-responsive. This would be an advantage 456 

as many environments do not experience stressed conditions every season, or to the same level each 457 

season. A performance QTL that is independent of responsiveness would allow a lower risk alternative 458 

that would allow elite crop performance under both stressed and unstressed conditions as discussed 459 

by Telfer et al. (2021) and fits with the broad adaptation model proposed by Finlay and Wilkinson 460 

(1963).  461 

Ten performance QTL were identified for grain yield, screenings, and TWT independent of any 462 

collocated responsiveness QTL (Figure 1 and Supplementary Table 2). Grain yield QTL were identified 463 

on chromosome 2A (QYld.agt-SG.2A) and 7A (QYld.agt-L2G.7A and QYld.agt-SG.7A), with the Gladius 464 

parent providing the higher performing allele in each instance. QYld.agt-SG.2A on chromosome 2A 465 

occurs in region previously described for grain yield and thousand grain weight QTL by Tura et al. 466 

(2020) and Tsilo et al. (2010). On 7A, QYld.agt-L2G.7A occurs in a region where QTL for grain yield, 467 

kernel weight and TWT QTL have been previously reported (Cabral et al. 2018; Huang et al. 2003; 468 

Maphosa et al. 2014; Tura et al. 2020; Yu et al. 2018) including in heat stress studies (Bennett et al. 469 

2012b; Guan et al. 2018; Mason et al. 2013; Pinto et al. 2016). Also, on 7A, QYld.agt-SG.7A occurred 470 

adjacent to a TWT performance QTL (QTwt.agt-RG.7A) identified in the RG population, with the 471 

Gladius parent being the source of the higher performance allele in both populations and for both 472 

traits.  473 

Regions of responsiveness and their role in adaptation 474 

Regions associated with responsiveness were identified separate from performance QTL, accounting 475 

for 42 of the QTL identified (Figure 1 and Supplementary Table 2). Regions of responsiveness 476 



independent of performance QTL may provide opportunities to breed specific adaptation but would 477 

be more limited in their application and situations in which they confer an advantage. Under extreme 478 

stress conditions, such genomic regions may offer opportunities for improvements in adaption, 479 

especially if combined with other QTL for performance. When considering the framework proposed 480 

in Figure 2H, this would be classified as a positive response and mean performance value.  481 

To demonstrate, a region identified on chromosome 5A in the SG population where a grain yield QTL 482 

for responsiveness to grain fill number of days >30°C (QYld.agt-SG.5A-2) and grain fill number of days 483 

>35°C (QYld.agt-SG.5A-1) were found to collocate with the grain yield QTL responsive to growing 484 

season rainfall (QYld.agt-SG.5A-3) with the Scout parent providing the stress adapted allele in each 485 

instance. This is a similar result to previous work by Tura et al. (2020), Zhang et al. (2018) and Tadesse 486 

et al. (2019) who reported QTL for grain yield and thousand grain weight in the same region. 487 

In most instances where clusters of responsive QTL were found, there were QTL responsive to 488 

temperature and QTL responsive to growing season rainfall collocated. However, one example of 489 

collocated responsiveness QTL independent of growing season rainfall was identified for grain yield 490 

on chromosome 5B in the SM population (grain fill average maximum temperature - QYld.agt-SM.5B-491 

3 and grain fill number of days >35°C - QYld.agt-SM.5B-4). This is a region not previously described for 492 

adaptation to heat stress conditions but has been associated with grain yield (Tura et al. 2020; Yu et 493 

al. 2018) and thousand grain weight (Tura et al. 2020). Each of the QTL reported by Tura et al. (2020) 494 

were found to have QTL by environment interactions, potentially identifying similar qualities for 495 

adaptation that have been determined to be responsive to changing temperature conditions in the 496 

current study.  497 

Comparing field results to controlled environment evaluation of heat stress adaptation 498 

The populations evaluated across multiple environments in this study to investigate adaptation to 499 

heat stress conditions were also evaluated previously in controlled environmental conditions by Telfer 500 

et al. (2021). In that study adaptation to heat stress was investigated during grain filling by exposing 501 



plants to three consecutive eight hour days with an air temperature of 36ᵒC and a wind speed of 40 502 

km h-1. QTL analysis was conducted to identify performance and responsiveness in a similar framework 503 

to the current study. When comparing the results of Telfer et al. (2021), 86 QTL from the current study 504 

were found to be collocated with 49 QTL identified in controlled environment conditions (excluding 505 

anthesis date QTL).  506 

Key regions of crossover between that discussed by Telfer et al. (2021) and the current study include 507 

five performance QTL identified by Telfer et al. (2021) between 50.4 and 63.3 cM on chromosome 5B 508 

in the SM population, for thousand kernel weight, grain yield per spike, spikelet fertility, grain number 509 

per spike, and spikelet number per spike, where Mace was the source of the high performance allele. 510 

In the current study, this is a region where numerous QTL were identified in the L2G, SM, MG, and SG 511 

populations. A grain yield performance QTL (QYld.agt-SM.5B-1) identified in the SM population, 512 

clustered with screenings QTL responsive to numerous climatic co-variates and growing season 513 

rainfall. As with Telfer et al. (2021), Mace was the source of adaptation for stressed environments at 514 

this locus.  515 

In the current study a grain yield performance QTL (QYld.agt-SM.2B-2) and TWT performance QTL 516 

(QTwt.agt-SM.2B), clustered with QTL for screenings and TWT responsive to various temperature co-517 

variates and growing season rainfall. These QTL mapped similarly to six yield related QTL identified in 518 

the SM and MG populations identified by Telfer et al. (2021). In both studies, Scout was responsible 519 

for the stress-adapted allele in the SM population and Gladius in the MG population where it was 520 

responsible for increased thousand grain weight.  521 

Telfer et al. (2021) identified three performance QTL between 3.5 and 12.9 cM on chromosome 7A in 522 

the SG population for grain yield per spike, spikelet fertility, and grain number per spike where the 523 

adapted allele was sourced from the Scout parent. This corresponds to QTL identified in the current 524 

study between 13.3 and 23.1 cM in the SM population on chromosome 7A; a grain yield performance 525 

QTL (QYld.agt-SM.7A) and TWT QTL responsive to grain fill temperature co-variates, with the Mace 526 



allele being the allele conferring adaption to stressed conditions. The parents conferring the 527 

favourable allele were different for the QTL identified in the two different populations and studies. 528 

This makes interpretation of the favourable allele combination difficult and will require additional 529 

investigation. This is a region that has previously shown potential for adaptation to heat stress for 530 

grain yield in delayed sowing studies (Bennett et al. 2012b; Pinto et al. 2016), as well as chlorophyll 531 

content (Talukder et al. 2014a).  532 

In the current study, a grain yield performance QTL (QYld.agt-L2G.7A) on chromosome 7A in the L2G 533 

population was identified flanking a TWT QTL (QTwt.agt-SG.7A) responsive to grain fill average 534 

maximum temperature in the SG population. For both QTL Gladius was the source of the elite or stress 535 

adapted allele. These two QTL were identified on either side of two performance QTL identified by 536 

Telfer et al. (2021) for spikelet number per spike identified in the SG and L2G populations where Scout 537 

and AUS17840  provided the elite allele respectively in controlled environment conditions. This region 538 

has been described by Bennett et al. (2012b) and Mason et al. (2013) for improved grain yield under 539 

heat stress conditions induced by delayed sowing, as well as thousand grain weight (Bennett et al. 540 

2012b; Guan et al. 2018), grain number per spike ((Guan et al. 2018), and stay green (Mason et al. 541 

2013). This region was also found to be important for grain yield determination in other adaptation 542 

studies (Tura et al. 2020) and thousand grain weight (Huang et al. 2004; Sun et al. 2008; Tsilo et al. 543 

2010; Tura et al. 2020).  544 

Telfer et al. (2021) identified two performance QTL on chromosome 6A (QSfi.agt-SG.6A.2 and QSfi.agt-545 

L2G.6A) that were flanked by three QTL identified in the current study (QYld.agt-L2G.6A-1, QYld.agt-546 

L2G.6A-2 and QTwt.agt-RG.6A-2). The populations involved within the two studies were not the same 547 

but did share Gladius as a common parent. The TWT response to stress is in repulsion to grain yield 548 

performance and responsive to temperature stress, while grain yield in the field appears to be linked 549 

positively to spikelet fertility in controlled environment conditions. This locus has been reported 550 

numerous times (Cui et al. 2014; Kuchel et al. 2007b; Mir et al. 2012; Pinto et al. 2016; Sun et al. 2008; 551 



Tura et al. 2020; Yu et al. 2018; Zhang et al. 2018) and is likely to be TaGW2 (Su et al. 2011) which 552 

confers a grain size advantage. Although TaGW2 was not mapped in the DH lines in this study, it was 553 

known to be segregating in some crosses, with Scout carrying the allele for large grain and Gladius the 554 

small grain allele. This suggests that the positive response in grain yield to heat stress seen in this study 555 

is linked to the TaGW2 allele for large grain. 556 

Although some consistency between the field and in controlled environment condition studies can be 557 

demonstrated, there were more points of inconsistency. Likewise, links were found with other field 558 

studies conducted using delayed sowing, but these too were limited. This lack of commonality 559 

between the assay types suggests that the value of controlled environment studies is comparatively 560 

poor. It highlights the value of field-based genetic dissection of tolerance traits.  561 

Heat stress adaptation in the context of breeding objectives 562 

As proposed by Telfer et al. (2021) and further developed here, heat stress adaptation should be 563 

considered as the combination of overall performance as well as responsiveness to stress. A definition 564 

that similarly could be applied to other stress conditions.  565 

There are two types of QTL identified in this study; performance QTL which were found to be 566 

significant across the breadth of the environments observed, and responsive QTL that varied in 567 

expression in response to the abiotic stress encountered across the environments tested. QTL that 568 

combines positive performance with positive response to stress would be most desirable to breeders. 569 

While this study identified examples of a positive performance allele for grain yield also conferring a 570 

positive response to screenings or TWT QTL, these were rare and support the conclusion that breeding 571 

for heat stress tolerance is complex. Perhaps more realistically, a breeder seeking heat stress tolerance 572 

could target performance QTL that has been shown not to be responsive to heat stress. The results of 573 

this study certainly support this as a more achievable target with three QTL for grain yield identified 574 

that meet this criterion. Similarly, QTL that only show responsiveness to heat stress, and are not linked 575 

to performance, may offer opportunities to breed varieties that are specifically adapted to heat prone 576 



environments. This study highlights the importance of considering both performance and 577 

responsiveness when investigating tolerance to abiotic stress tolerance. Either in isolation may lead 578 

to incomplete or even worse, misguided conclusions regarding genetic selection strategy.  579 



Conclusions 580 

This study demonstrates that adaptation to heat and drought can be assessed as the combination of 581 

performance and responsiveness to stress conditions. Furthermore, this two-dimensional framework 582 

for understanding and breeding for stress tolerance can be easily extended to other complex abiotic 583 

stresses. Loci for performance, with broad adaption across both stressed and unstressed 584 

environments in the absence of responsiveness, represent useful targets for breeders, with examples 585 

for grain yield identified in this study on chromosomes 2A and 7A. The responsiveness QTL identified 586 

offer opportunities to breed for specific adaption, including the grain yield locus found independent 587 

of performance on 5A that combines adaptation to heat stress during grain fill and drought stress. 588 

Finally, grain yield loci on 2B and 5B provide unique pathways to combine high performance with 589 

positive responsiveness to temperature and drought stress. 590 

These genetic regions represent opportunities for marker assisted selection by breeders. Additionally, 591 

the multi-environment framework used herein could be applied in the development of two-592 

dimensional (performance and responsiveness) genomic prediction calibrations. This would enable 593 

the extension of current genomic selection principles, that are being increasingly used by breeding 594 

programs, to be extended into selection of adaptation to abiotic stress. 595 

  596 
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Figures and Tables 859 

Table 1. The DH populations evaluated in this study, summarising population parents and genetic map 860 

details. 861 

Population 

Name Pedigree 

No. 

lines in 

Map 

No. 

Polymorphic 

SNP 

markers 

No. 

Unique 

positions 

Genetic 

length 

(cM) 

Mean 

interval* 

MG MACE/GLADIUS 176 5047 1429 3009 2.1 

SM SCOUT/MACE 226 4950 1360 3030 2.2 

SG SCOUT/GLADIUS 369 5143 1761 2998 1.7 

RG RAC1548/GLADIUS 132 5133 1183 3055 2.6 

L2G AUS17840/GLADIUS 124 5514 1132 3144 2.8 

* Mean interval (cM) between unique map positions 862 

 863 



Table 2. The field experiments conducted as a part of the study. Summarised by location, the populations and number of lines included in each experiment, 864 

experiment dimensions, sowing date, mean anthesis date for each experiment, and mean maximum daily temperature, number of days >30°C, number of 865 

days >35°C during anthesis and grain fill. 866 

Experiment Year Population Location GPS position Plots Columns Rows Reps 

DH 

Genotypes 

Check 

Genotypes Sowing Date 

Mean 

Anthesis 

Date 

Cd.AD 

Mean 

Grain 

Yield 

kgha-1 

May - 

Oct 

Rainfall 

Mean 

Anthesis 

Average 

Maximum 

Temperature 

(°C) 

Mean 

Anthesis 

Number 

of Days 

>30°C 

Mean Grain 

Fill Average 

Maximum 

Temperature 

(°C) 

Mean 

Grain 

Fill 

Number 

of Days 

>30°C 

Grain Fill 

Number 

of Days 

>35°C 

ANHGSM151 2015 MG, SM, SG Angas Valley -34.75, 139.27 1296 12 108 1.4 922 7 15 May 2015 1451 2277 102 24.3 5.0 31.9 16.7 7.9 

ANHGSM161 2016 MG, SM, SG Angas Valley -34.70, 139.25 336 24 14 1.37 245  7 1 June 2016 1511 3379 221 20.8 2.0 26.0 8.8 0.9 

RSHGSM152 2015 MG, SM, SG Roseworthy -34.51, 138.68 1296 12 108 1.4 922 7 21 May 2015 1453 2843 190 24.2 4.2 30.6 10.8 6.0 

RSHGSM162 2016 MG, SM, SG Roseworthy -34.50, 138.68 336 24 14 1.37 245 7 15 May 2016 1511 6203 480 20.9 0.0 23.1 1.8 0.0 

WTHGSM153 2015 MG, SM, SG Winulta -34.30, 137.90 1296 12 108 1.4 922 7 12 May 2015 1458 2591 208 22.8 3.0 28.1 11.1 4.5 

WTHGSM163 2016 MG, SM, SG Winulta -34.26, 137.90 336 24 14 1.37 245 7 18 May 2016 1510 6972 381 19.5 0.0 23.2 2.9 0.0 

ANHX32151 2015 L2G Angas Valley -34.750, 139.27 216 12 18 1.52 142  8 15 May 2015 1379 1644 102 22.5 3.0 31.9 16.8 7.6 

ANHX32161 2016 L2G Angas Valley -34.70, 139.25 144 24 6 1.67 86 9 1 June 2016 1555 3298 221 21.5 2.6 26.5 9.3 1.4 

RSHX32152 2015 L2G Roseworthy -34.51, 138.68 216 12 18 1.52 142 8 22 May 2015 1387 2489 190 22.8 3.0 30.8 12.2 7.2 

RSHX32162 2016 L2G Roseworthy -34.50, 138.68 144 24 6 1.67 86 9 15 May 2016 1556 6226 480 20.8 0.0 23.6 2.5 0.0 

WTHX32153 2015 L2G Winulta -34.30, 137.90 216 12 18 1.52 142 8 12 May 2015 1382 2447 208 21.5 1.3 28.0 11.5 5.1 

WTHX32163 2016 L2G Winulta -34.26, 137. 90 144 24 6 1.67 86  9 18 May 2016 1552 6734 381 19.6 0.0 23.5 3.3 0.3 

ANHX4151 2015 RG Angas Valley -34.75, 139.27 240 12 20 1.49 161 8 15 May 2015 1380 2181 102 22.4 2.8 32.2 17.1 7.8 

ANHX4161 2016 RG Angas Valley -34.70, 139.25 192 24 8 1.62 117 8 1 June 2016 1565 3540 221 21.6 2.7 26.6 9.3 1.5 

RSHX4152 2015 RG Roseworthy -34.51, 138.68 240 12 20 1.49 161 8 22 May 2015 1379 2738 190 22.5 2.5 31.0 12.4 7.5 

RSHX4162 2016 RG Roseworthy -34.50, 138.68 192 24 8 1.62 117 8 15 May 2016 1566 7202 480 20.7 0.0 23.8 2.6 0.0 

WTHX4153 2015 RG Winulta -34.30, 137.90 240 12 20 1.49 161 8 12 May 2015 1381 3043 208 21.4 1.1 27.9 11.7 5.1 

WTHX4163 2016 RG Winulta -34.26, 137.90 192 24 8 1.62 117  8 18 May 2016 1567 7903 381 19.6 0.0 23.7 3.4 0.4 

Note: the 2015 GSM experiments consisted of 154 MG, 203 SM and 360 SG lines. In 2016 there were 42 MG, 44 SM and 92 SG lines. In each year the remaining plots in each experiment were made up of material not used in the analysis for 867 
this study. 868 



869 

Figure 1. QTL identified for performance and responsiveness to the climatic co-variates measured in 870 

each environment mapped against their position (cM) on the consensus map. Colours indicate QTL 871 

type and to which climatic co-variate the responsiveness QTL interact. 872 
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Figure 2. To demonstrate the relationship between performance and responsiveness QTL, an example of TWT 874 

responsiveness QTL for various co-variates found to cluster with the TWT performance QTL QTwt.agt-L2G.4A, 875 

on chromosome 4A, are shown. For each responsiveness QTL, the additive effect on TWT for the RAC1548 allele 876 

is shown for the range observed for each climatic co-variate for; (A) QTwt.agt-RG.4A-1, (B) QTwt.agt-RG.4A-2, 877 

(C) QTwt.agt-RG.4A-3, (D) QTwt.agt-RG.4A-4 and (E) QTwt.agt-RG.4A-5. (F) Illustrates the impact on 878 

responsiveness by selecting for either the favourable performance allele (Gladius shown by open dots) or the 879 

alternative allele (RAC1548 allele represented by closed dots). (F) can be interpreted within the framework 880 

proposed by Telfer et al. (2021) shown in (G). 881 
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