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“No two plants are exactly alike. They’re all different, and as a consequence, you 

have to know that difference. I start with the seedling, and I don't want to leave it. 

I don't feel I really know the story if I don't watch the plant all the way along. So 

I know every plant in the field. I know them intimately, and I find it a real pleasure 

to know them.” 
 

 

 

 

Barbara McClintock (June 16, 1902 – September 2, 1992) 

A great plant geneticist, my idol in my professional field 
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Abstract 

Wheat is one of the most important food crops in the world, but as a cool-season crop, it is 

more prone to heat stress. Serious impact on wheat production by extreme hot weather has attracted 

increasing attention. Understanding of the genetic mechanism of heat tolerance (HT) can accelerate 

and improve wheat breeding in dealing with warming climate and growing population. 

In this study, various wheat germplasms were utilised in different experiments, including 

recombinant inbreed lines (RILs) derived from a cross between Synthetic W7984 and Opata M85, near 

isogenic lines (NILs) developed and characterized from crosses of Cascades × Tevere and Cascades × 

W156, and wheat lines with extreme performances selected from a large phenotype screening under 

heat stress. Genotypic data from single-nucleotide-polymorphism (SNP) array and phenotypic data on 

diverse traits at both seedling and adult stages were associated, aiming to identify genetic variants for 

HT at different growth stages, and further elucidate the HT mechanism in wheat.  

• A population of 111 RILs derived from Synthetic W7984 and Opata M85, was phenotyped for 

shoot length, root length, whole plant length and corresponding damage indices (DIs) in response 

to heat stress. Wide variations among the RILs were shown for all the traits. A total of 13 

quantitative trait loci (QTL) including nine major QTL and four minor QTL were identified as 

distributed on six wheat chromosomes. The top six major QTL explaining the highest phenotypic 

variation (R2) of different traits were all from tolerant parent - Opata M85 background and located 

within a 2.2 cM (centimorgen) interval on chromosome 4D, making up a QTL hotspot. The QTL 

hotspot was validated by genotyping-phenotyping association analysis using SNP assays. (Chapter 

3) 

• Thirteen pairs of putative NILs were developed targeting a major 7AL QTL responsible for HT at 

adult stage by molecular marker assisted selection (MAS), and four pairs among them with contrast 



 

iii 
 

heat-stress responses were confirmed as true NILs by phenotyping for SPAD chlorophyll content 

(SCC) and grain-yield-related traits. Genotyping the NILs using a 90K Infinium iSelect SNP array 

revealed five SNP markers within the QTL interval that were distinguishable between the isolines. 

Seven candidate genes linked to the SNPs were identified as related to HT and involved in 

important processes and pathways in response to heat stress. (Chapter 4) 

• Forty wheat genotypes selected from previous large-scale screenings were phenotyped under heat 

stress at both seedling and adult stages. It was found that root lengths at seedling stage were 

severely reduced by heat stress with significant variation among wheat genotypes. Heat-tolerant 

genotypes at seedling stage showed less root length decrease than susceptible ones. The 

performances of wheat genotypes screened under heat stress at seedling and at adult stages were 

ranked by seedling DI and adult DI. A significant positive relationship was found between HT at 

seedling stage and HT at adult stage (r=0.6930), suggesting the possibility of early selection for 

heat tolerant breeding. The DI calculated from total root length of seedlings could be used as an 

early selection criterion for high yield at adult stage under stress. Extremely tolerant and 

susceptible genotypes with consistent performances at seedling and adult stages were genetically 

compared. Associated SNP markers and linked candidate genes were identified. Moreover, a 

similar tolerance/susceptibility mechanism at different plant growth stages was postulated. 

(Chapter 5) 

This study extends our understanding of HT at different growth stages. The confirmed multiple 

pairs of NILs as well as the identified QTL and candidate genes in this study are valuable resources 

and information for further fine-mapping to clone major genes responsible for HT in wheat. 
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1.1 Background of the research 

Stable and high yield of wheat is important for feeding the increasing population 

globally, but in recent years the crop production has been seriously constrained by intensive 

and frequent heatwaves caused by extreme climate. Therefore, the impact of heat stress on 

wheat has attracted increasing attention (Gouache et al., 2012; Lobell and Field, 2007; 

Moriondo et al., 2011; Semenov and Shewry, 2011; Teixeira et al., 2013; Zheng et al., 2012). 

Wheat is a cool season crop and it is more sensitive to increased temperature (Kotak et al., 

2007). The optimum post anthesis temperature for maximum kernel weight in wheat is about 

15°C (Chowdhury et al., 1978), and each 1°C rise in temperature above the optimum can cause 

a 3–5% reduction in grain weight under both controlled environment (Wardlaw et al., 1989) 

and field conditions (Wiegand and Cuellar, 1981). Heat damage may happen during different 

growth and developmental stages (Zadoks, 1974) in wheat crops. During reproductive period 

wheat crops are most sensitive to high temperature and can lose yield significantly. In addition, 

heat stress during the grain filling stage may also affect grain quality (Corbellini et al., 1997; 

Spiertz et al., 2006) 

Understanding of the genetic mechanism of heat tolerance (HT) can accelerate and 

improve wheat breeding in dealing with warming climate. Conventional plant breeding method 

uses the existing variations in germplasm by crossing and then selecting individuals with 

desirable traits, and it had significantly improved yield potential in wheat over the last five 

decades. Compared to the traditional approaches, molecular genetics and omics approaches 

offer unprecedented opportunities for dissecting complex quantitative traits and allow for 

identifying individual genetic determinants of those traits (Thudi et al., 2021). Furthermore, 

high-throughput genotyping and phenotyping platforms as well as speed breeding via fast 

generation cycling system have added new opportunities for deciphering and manipulating the 

genetic basis of abiotic tolerance (Watson et al., 2018; Zheng et al., 2013).  
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HT in plants is a quantitative trait (Talukder et al., 2014). The variation in bi-parental 

populations is essential for successful identification of quantitative trait locus/loci (QTL) 

contributing for the genetic control of a trait under study (Ayalew et al., 2017). Recombinant 

inbreed lines (RILs) derived from parents with extreme performances under heat stress are 

often used in linkage mapping for QTL identification. By linkage mapping, some QTL have 

been identified for yield and key morpho-physiological characteristics under heat stress. For 

example, QTL linked to grain filling duration on chromosomes 1B and 5A (Yang et al., 2002), 

QTL for heat susceptibility indices and yield traits on chromosome 1A, 1B, 2A, 2B, 3B, 5A 

and 6D (Mason et al., 2011; Mason et al., 2010), QTL on chromosome 2B and 7D for thousand 

grain weight and canopy temperature depression (Paliwal et al., 2012), and QTL on 

chromosome 2A, 3A, 4A, 6A, 6B and 7A with significant effects on grain yield, grain weight, 

grain filling, stay green and senescence associated traits under post-anthesis high temperature 

stress in wheat (Vijayalakshmi et al., 2010). Despite the identification of these QTL related to 

HT traits, their use in gene tagging and positional cloning is very limited due to the large 

interval, usually more than 10 cM (Sehgal et al., 2019). Further fine mapping is necessary to 

refine the regions of identified QTL. Near-isogenic lines (NILs) that developed from targeting 

QTL differing for a targeted genomic location, allow the conversion of QTL into Mendelian 

factors, thus making accurate positioning of a QTL possible (Habib et al., 2018).  

Most of the QTL and genes identified in previous studies focused on single reproductive 

stage, and there are few reports about genes or QTL related to HT on other stages, e.g. seedling 

stage. Early establishment and post-anthesis periods are regarded as the two most critical 

growth stages of wheat under reduced soil moisture condition (Blum et al., 1980; Fukai and 

Cooper, 1995). It has been proved that wheat seedlings have greater stress avoidance and 

resilience (Mahmoudi et al., 2019) and seedling establishment is often the most vulnerable 

stage that may have large impacts on crop yield and stand (Liao et al., 2006). Therefore, it’s 
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necessary to excavate more QTL and genes related to HT at seedling stage and compare them 

with the QTL and genes identified during adult stage.  

In this study, various wheat genotypes were utilised, including RILs, NILs and cultivars 

with extreme performances under heat stress. Genotypic and phenotypic data at seedling stage 

and adult stage were compared, aiming to associate HT at different growth stages, and further 

understand the HT mechanism in wheat.  

1.2 Objectives of the research 

The main aims of this study are to extend our knowledge about mechanisms of HT in 

wheat and find effective strategies to accelerate breeding HT in wheat.  

Specific objectives are: 

1) To identify and validate QTL associated with HT at seedling stage and develop 

closely linked DNA-markers in RIL populations.  

2) To identify and validate genes associated with HT at reproductive stage and develop 

closely linked DNA-markers in NIL populations.  

3) To examine HT performances of various cultivars to explore the potential 

relationship between mechanisms of HT at seedling and at reproductive stages.  

1.3 Outline of the thesis structure 

This thesis is presented as a series of published or submitted papers, following the 

regulations of the Graduate Research School (GRS) of The University of Western Australia. 

The whole thesis contains six chapters. The first two chapters comprise a general introduction 

and a literature review. The findings of the three experiments for the three objectives are 

presented in Chapters three to five, respectively. Each of those research chapters was presented 
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in the form of a research paper addressing the relevant topics and contained independent 

sections of introduction, materials and methods, results, discussion, and references. The final 

chapter includes an overall summary, general discussion, and concluding remarks.  

Chapter 1 “General Introduction” which outlined the background information and rationale of 

this research. This chapter put forward some research questions and objectives and outlined the 

overall structure of the thesis.  

Chapter 2 “Literature Review” which presented an overview of the literatures relevant to this 

study. 

Chapter 3 “Identification and Validation of a Chromosome 4D QTL Hotspot Conferring 

Heat Tolerance in Wheat” which addressed the first objective. 

Chapter 4 “Development and Characterization of Contrasting Near-isogenic Lines Reveal 

Candidate Genes for a Major 7AL QTL Conferring Heat Tolerance at Post-anthesis Stage in 

Wheat” addressed the second objective.  

Chapter 5 “Wheat Genotypes Tolerant to Heat at Seedling Stage Tend to Be Also Tolerant at 

Adult Stage: the Possibility of Early Selection for Heat-tolerance Breeding” which dealt with 

the question in the third objective of this research. 

Chapter 6 “General Discussion” summarized the key findings of the research and their 

significance. It also discussed the challenges faced during experimentation along with their 

solutions and highlighted the directions for future research. 
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1.4 General design of this research 

 

Figure 1. 1 A schematic diagram of the general design of the thesis 
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Chapter 2 

 

Literature Review 
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2.1 Introduction 

Ascertaining plant responses under stress environment requires the utilisation of 

various morphological, physiological, and genetic and omics approaches. It is beyond the scope 

of this chapter to review all those approaches. Instead, this chapter intended to generally review 

the literatures relevant to this research, including current popular methods and tools in genetics 

research for HT in wheat, which were also utilized in this study, as well as the reported progress 

in the area, especially quantitative trait locus/loci (QTL) and genes identified, and the limitation 

of the outcomes. Experiment-specific literatures are reviewed in individual chapters. 

2.2 Genetic mapping 

HT in plants is a quantitative trait (Talukder et al., 2014). The major methods for genetic 

dissection of quantitative traits in crop species include family-based linkage mapping and 

association mapping of germplasm collections (Cadic et al., 2013; Mackay and Powell, 2007). 

2.2.1 Linkage mapping vs. association mapping 

A linkage map is an abstract record of DNA markers within a chromosome commonly 

based upon recombinant frequencies, and its basis is genetic linkage of phenotypic or genotypic 

data (Foroud, 1997). There are generally five general steps in QTL mapping process using 

linkage map construction to detect genomic areas related to particular traits (Collard et al., 

2005): (1) selection of particular parents with contrast performances in the trait of interest and 

development of the mapping population, (2) selection of appropriate molecular markers with 

adequate coverage of the whole genome, (3) construction of a genetic linkage map, (4) 

phenotyping precisely of the individual lines, and (5) identification of QTL that related to the 

studied traits by appropriate statistical analysis (Doerge et al., 2002; Semagn et al., 2010).  
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Association mapping, also known as "linkage disequilibrium mapping", which is most 

often performed by scanning the entire genome for significant associations between a panel of 

single-nucleotide polymorphisms (SNPs) ("SNP chips") and a particular phenotype.  It has 

advantages such as time-saving for population construction and ability to capture more natural 

variations etc. (Atwell et al., 2010; Breseghello and Sorrells, 2006). Research across many 

crops has shown that it is a promising method for mining favourable alleles (Shi et al., 2017). 

However, association analysis is less efficient than linkage analysis for study of species with 

low genetic diversity (Myles et al., 2009; Zhao et al., 2007a). Therefore, association analysis 

and linkage mapping are complementary methods, an integrated application of both methods 

is more efficient in discovering and validating QTL in crop species (Nordborg and Weigel, 

2008). 

Phenotype and genotype association are applied during both QTL identification and 

validation. Terms "genotype" and "phenotype" were introduced by the Danish botanist 

Wilhelm Johannsen in 1909. Genotyping is the process of determining differences in the 

genetic make-up (genotype). It is completed by examining the individual's DNA sequence 

using biological assays and comparing it to other individual's sequence or a reference sequence. 

Phenotyping is the process of accessing phenotypes, which is the composite of the organism's 

observable characteristics or traits. Phenotype is the product of the interaction between 

genotype and environmental factors. Genotype-phenotype association analysis aims to 

associate diverse agronomic and physiological traits with molecular variants and finally to 

achieve gene identification (Mackay and Powell, 2007). 

Since the pioneer work of Paterson and colleagues in late 1980s (Paterson et al., 1988), 

with the advent of molecular markers and genetic maps, mapping genes that explained 

continuous variation became possible (Kearsey and Farquhar, 1998). Over the last three 

decades, QTL mapping has become a popular method for understanding the genetic basis of 

https://en.wikipedia.org/wiki/Linkage_disequilibrium
https://en.wikipedia.org/wiki/SNP_genotyping
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continuous variation in a variety of systems through association of phenotyping and genotyping 

data.  

In this study, bi-parental linkage mapping method is used for the experiment in Chapter 

3 “Identification and validation of a chromosome 4D QTL hotspot conferring HT in wheat” by 

utilising a recombinant inbred lines (RIL) population for preliminary QTL identification, while 

genotype-phenotype association method is used for the experiment of Chapter 4 “Development 

and characterization of contrasting near-isogenic lines reveal candidate genes for a major 7AL 

QTL conferring HT at post-anthesis stage in wheat” and Chapter 5 “Wheat genotypes tolerant 

to heat at seedling stage tend to be also tolerant at adult stage: the possibility of early selection 

for HT breeding” for further identification of candidate genes. 

2.2.2 Population and pure lines 

Genetic mapping is frequently based on development of population and pure lines 

derived from experimental crosses. Choosing a proper population to develop is foundamental 

for the efficiency in later steps. RIL populations derived from crosses between two inbred lines, 

have advantages of relative simplicity of their construction, high power to detect QTL, and the 

low rate of linkage disequilibrium decay within chromosomes (Scott et al., 2020).  

The variation in bi-parental populations is essential for successful identification of QTL 

contributing to the genetic control of a trait under study (Ayalew et al., 2017). Landraces are 

varieties adapted to their native environment. Significant variability for HT exists amongst 

landraces, and most of today’s wheat varieties have been derived from landraces (Trethowan 

et al., 2008). Some perceived heat tolerant cultivars or lines were selected as donating parents 

for population development, for example, Halberd (Mason et al., 2010; Mondal et al., 2015), 

Ventnor (Talukder et al., 2014) and Hanxuan10 (Li et al., 2013) etc.  The population and pure 

lines used in this study were derived from Cascades (heat susceptible) × Tevere (heat tolerant), 
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Cascades × W156 (heat tolerant), and Synthetic hexaploid wheat W7984 (heat susceptible) × 

Opata M85 (heat tolerant). A linkage map derived from a Synthetic W7984 × Opata M85 RIL 

population (Song et al., 2005) is available at GrainGenes database which has been used for 

QTL identification of different biotic and abiotic stresses in wheat (Anderson et al., 1999; 

Kuraparthy et al., 2007; Onyemaobi et al., 2018; Yu  and Chen, 2013). 

The major types of pure lines include doubled haploid (DH) lines, recombinant inbred 

lines (RILs), and near isogenic lines (NILs) (Yan et al., 2017). A RIL population is formed by 

crossing two parents with contrasting performances and repeated selfing using single seed 

descent (SSD) method. Each RIL is a new inbred line whose genome is a mosaic of the parental 

genomes (Broman et al., 2005). SSD method (Brim, 1966; Goulden, 1939) is commonly used 

in the process of developing RILs, which means a single seed is selected randomly from each 

generation.  A panel of RILs has many advantages for genetic mapping: genotyping each strain 

only once; phenotyping multiple individuals from each strain to reduce individual, 

environmental, and measurement variability; multiple phenotypes can be obtained on the same 

set of genotypes; and the recombination events in RILs are more than other populations such 

as DH lines (Broman et al., 2005). NILs can be developed from RIL population or using marker 

selection in each generation, and the developed NILs are different only at the particular target 

genomic location within a pair of isolines (Khanna et al., 2015). It allows the conversion of 

QTL into Mendelian factor, thus making accurate positioning of a QTL possible (Habib et al., 

2018). Compared to DH approach, traditionally RIL and NIL development are time-consuming, 

but have less genotype-dependency and more chance of recombination. By combining a fast 

generation cycling system (FGCS) (Watson et al., 2018) with heterogeneous inbred family 

(HIF) method and repeated DNA marker-assisted selection (MAS) (Tuinstra et al., 1997), the 

NIL development process can be shortened to about six generations per year, achieving similar 

time to those of DH for the production of selfed pure lines  (Yan et al., 2017). 
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In this study, RIL population was used in experiment of Chapter 3 and NILs were 

developed and used in experiment of Chapter 4, cultivars with extreme performances under 

heat stress were used as materials in experiment of Chapter 5.  

2.2.3 Selection criteria for HT 

To screen the performance of wheat under heat stress is fundamental for selection of 

the parents and phenotyping for the population. However, screening wheat genotypes under 

natural heat stress condition in various spatial environments is difficult. Therefore, no 

consistent selection criterion has been established to evaluate diverse genetic materials for 

tolerance to heat stress. In this regard, researchers suggested some indirect selection criteria for 

developing HT in wheat.  

For instance, heat-tolerant landraces tend to have higher leaf chlorophyll contents 

(Hede and Stolen, 1999) and higher stomatal conductance. These materials may be used in 

breeding programs aimed to introduce HT alleles in breeding of new varieties. Maintaining 

grain weight under heat stress during grain filling is a measure of HT (Singha et al., 2006; 

Tyagi et al., 2003). In this regard, high grain-filling rate and high potential grain weight were 

proposed to be useful selection criteria for improving HT (Dias et al., 2009).  

The characters used as selection criteria for HT should be strongly correlated with grain 

yield under heat stress,  highly heritable, and rapid, stable and easy to measure (Edmeades et 

al., 2001). The traits as selection criteria for HT generally include 1) growth and phenological 

traits, including rapid ground coverage (Cossani and Reynolds, 2012; Khan, 2014), leaf rolling, 

shedding and thickening (NawazA et al., 2013), and biomass yield (Khan and Kabir, 2014); 2) 

physiological traits, including photosynthesis and stomatal conductance (Radhika et al., 2014), 

stay green (Bahar et al., 2011; Lopes et al., 2012; Nawaz et al., 2013; Zhao et al., 2007b), 

membrane stability (Dhanda et al., 2012; Sikder et al., 2010; Talukder et al., 2014), leaf 
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chlorophyll content (Trethowan et al., 2008), and stem reserves (Mohammadi et al., 2009); and 

3) yield and yield attributes, including grain number, grain weight (Bennani et al., 2016; Sareen 

et al., 2012; Sharma et al., 2013), grain filling rate and duration (Khan and Kabir, 2014; Nawaz 

et al., 2013; Song et al., 2015), and number of fertile spikes (Bennani et al., 2016; Khan and 

Kabir, 2014). Besides, as a simple, quick, and less costly screening method is required for a 

large number of germplasm to develop heat tolerant wheat cultivars, SPAD chlorophyll meter 

was suggested for high throughput screening of wheat germplasm for HT (Ristic et al., 2007). 

In general, selection criteria and screening methods for identifying better wheat 

materials that tolerant to heat stress are based on characteristics associated with higher grain 

yield under the adverse heat stress situation. The reproductive and grain-filling stage is the 

most studied period for HT in wheat, and the traits during this period can be directly associate 

with yield character, however, few study was carried out on investigation of selection criteria 

on HT at seedling stage and their relationship with final yield. In this study (Chapter 5), 

innovative attempts were made to associate selection criteria of HT at seedling stage and adult 

stage. 

2.2.4 Software for QTL mapping 

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

outputs (Kearsey and Farquhar, 1998). Commonly used software in QTL mapping include 

Mapmaker/QTL (Lincoln et al., 1993), QTL Cartographer (Basten et al., 2002), Map 

Manager/QTX (Manly and Olson, 1999), QGene (Joehanes and Nelson, 2008), and QTL 

IciMapping (Wang et al., 2011) and so on. Several QTL mapping methods have been 

developed, according to level of intricacy, from single marker analysis, interval mapping (IM) 

(Lander and Botstein, 1989), multiple QTL mapping (MQM) (Jansen et al., 1993) to 

compensative interval mapping (CIM) (Zeng et al., 1994). Hackett et al. (2002) suggested that 
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using CIM rather than the others may increase the validity and clarity of QTL identification. A 

modified algorithm from CIM mapping, called inclusive composite interval mapping (ICIM) 

(Wang et al., 2011), also commonly used for QTL mapping recently. This modified algorithm 

is less complicated and has a rapid convergence pace.  

2.3 Molecular markers 

2.3.1 DNA markers mostly often used in crop genetics and breeding 

Over the last several decades there has been significant increase in the application of 

molecular markers in the breeding programmes of different species. So far, DNA marker 

development has gone through different methodology including AFLP (Amplified Fragment 

Length Polymorphism), RFLP (Restriction Fragment Length Polymorphism), Indel, SSR 

(Simple Sequence Repeats), SNP, etc. Among these markers, SSR and SNP markers are the 

most extensively used molecular markers in current genetic studies due to their advantages and 

superiorities to others.   

SSR also known as microsatellites, are DNA segments with a tandem repeat of one or 

more nucleotides. SSR markers have some attractive features such as genome-wide coverage, 

robust and high reproducibility, co-dominant inheritance, high polymorphism with multiple 

alleles per locus, transferability between species, and low requirements of expertise and 

instrumentation. SSR markers have been applied in fingerprinting, genetic diversity studies, 

population structure analysis, association mapping, and linkage mapping with relatively low 

cost for genotyping plants (Bhattarai et al., 2021). At the end of last century the International 

Triticeae Mapping Initiative (ITMI) was founded and the population and marker information 

derived from ITMI is now globally used for wheat breeding (Borner et al., 2002). 
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SNPs are single base pair positions in genomic DNA, at which different sequence 

alternatives (alleles) exist in individuals (Brookes et al., 1999). SNP genotyping also has a lot 

of advantages: it is inexpensive, quick and simple; reliability and reproducibility are high; can 

be cloned/sequenced; requires only small amount of DNA; adapts to automation; and can 

generate high level of polymorphism. Therefore, it has been widely used in genetic studies 

(Sari et al., 2018; Wang et al., 2014). 

2.3.2 Marker assisted selection 

Marker-assisted selection (MAS) is widely used in modern breeding to select genes 

with known linkage to molecular markers. The marker is a sequence of nucleic acids that 

located at near the DNA sequence of the desired gene. Since the markers and the genes are 

close on the same chromosome, they tend to stay together at each generation, known as “genetic 

linkage”. This linkage helps scientists to predict whether a plant will have a desired gene 

(Grube et al., 2000).  

For the complex polygenic traits of HT, the underlying gene(s) within the reported QTL 

have never been cloned. Therefore, detailed characterization of the genomic regions with large 

effect using MAS is necessary. It is preferable either to have two polymorphic DNA markers 

flanking the target locus or a marker within a QTL (if the chromosome segment is more than 

20 cM) to eliminate the possibility of genotypes presenting a double recombination between 

the two flanking markers (Boopathi et al., 2020). 

The gene-marker linkage is essential for MAS, which can be obtained from the reported 

association to the given traits. This information may collectively come from QTL studies, 

bulked segregant analysis, classical mutant analysis, fine mapping, comparative mapping, map-

based cloning, or some other means. Molecular markers have been successfully used for 
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breeding many crops such as tomato (Grube et al., 2000). MAS has been extensively used in 

CIMMYT (International Maize and Wheat Improvement Centre) wheat breeding programs 

(William et al., 2007). Large wheat MAS programs have also been developed for genes or 

chromosome regions used in cultivar development in Australia (Eagles et al., 2001). 

2.4 Gene discovery  

High throughput genotyping assays are important for gene discovery and molecular 

breeding. High-density SNP chip arrays and genotyping by sequencing (GBS) are regarded as 

attractive genotyping tools. Unknown sequence variants can be unravelled using next 

generation sequencing (NGS) and high-density SNP arrays developed for wheat. 

2.4.1 Next generation sequencing platform  

The automated Sanger sequencing method is considered as a ‘first-generation’ 

technology, and newer high-throughput methods are referred to NGS. Compared to first 

generation sequencing, it provides information with greatly improved coverage, time and cost 

(Bevan et al., 2013). NGS is able to detect various crops regardless of prior genomic 

backgrounds. To date, more than 15 different GBS techniques have been used in crop plants 

(Scheben et al., 2016). The main processes of these techniques include restriction-enzyme 

digestion, adapter ligation, PCR (polymerase chain reaction) amplification and sequencing. In 

wheat breeding, GBS has been used for genomic selection in wheat breeding program of 

different countries or regions for various traits (Jordan et al., 2015; Juliana et al., 2019; Vikram 

and Ortiz, 2016; Zhang et al., 2015). 

The major advance offered by NGS is the ability to produce an enormous volume of 

data - in some cases in excess of one billion short reads per instrument run (Metzker et al., 

2010). However, GBS is error-prone especially in outcrossing species or in mapping 
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populations at early generations (Rasheed et al., 2017). It heavily relies on the quality of the 

reference genome (Scheben et al., 2016). The large genome size (17Gb) of hexaploid wheat, 

containing more than 85% duplicated sequences (Appels et al., 2018) and potential gaps (14.1 

Gb correctly assigned and ordered), also increases the incidence of genotyping errors, as the 

paralogs may be recognized as the same reads (Rasheed et al., 2019). Furthermore, Chinese 

Spring used for reference genome is a landrace with great genomic variation compared to 

modern cultivars, resulting in a low coverage of markers revealed by GBS, thus limiting the 

application of GBS in current wheat cultivars (Sun et al., 2020). 

2.4.2 SNP chip 

The release of a more accurate and complete bread wheat reference genome has resulted 

in the design of SNP arrays based on different densities or application targets (Sun et al., 2020). 

To date, a series of high-density SNP genotyping arrays have been designed and utilized for 

marker-assisted breeding in common wheat, for example, the Illumina Wheat 9K iSelect SNP 

array (Cavanagh et al., 2013), the Illumina Wheat 90K iSelect SNP genotyping array (Wang 

et al., 2014), the Wheat 15K SNP array (Boeven and Wurschum, 2016), the Wheat 55K SNP 

array (Winfield and Wilkinson, 2016), the Wheat Breeders’ 35K Axiom array (Allen et al., 

2017), the Wheat 50K Triticum TraitBreed array (Rasheed and Xia, 2019) and the Infinium™ 

Wheat Barley 40K v1.0 BeadChip (https://www.illumina.com/). The 90k SNP array, 

developed from hexaploid wheat and Aegilops tauschii sequences (Wang et al., 2014) with 

dense coverage of the wheat genome, has been extensively harnessed for genetic research of 

wheat (Cavanagh et al., 2013; Mangini et al., 2018; Valluru et al., 2017; Zanke et al., 2014). 

Due to its efficiency of characterizing genetic resources and discriminating between closely 

related lines, 90k SNP genotyping was used in this study (Chapter 4) to characterize the 

developed NILs, in combination with phenotyping under controlled environments to identify 
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related genes conferring HT in wheat. The Infinium™ Wheat Barley 40K v1.0 BeadChip was 

created by researchers at Agriculture Victoria in Australia in collaboration with Intergrain, an 

Australian wheat, barley and oat breeding company. Wheat Barley 40K v1.0 BeadChip was 

designed to catch more functional variants and it is more cost-efficient, thus it is used in 

genotyping the cultivars in Chapter 3 and Chapter 5. 

2.4.3 Newly released reference genome 

Whole genome sequencing of many major global cereals has been completed in the past 

decade. New released genome references will improve the efficiency and accuracy of 

genotyping, leading to more accurate access to identify genes and markers associated with 

diverse abiotic stresses. 

The first high-quality wheat reference genome was released by IWGSC (The 

International Wheat Genome Sequencing Consortium) (2018). This annotated reference 

sequence is a resource that can now drive disruptive innovation in wheat improvement, as this 

community resource establishes the foundation for accelerating wheat research and application 

through improved understanding of wheat biology and genomics-assisted breeding. With the 

annotated and ordered reference genome sequence in place, researchers and breeders can now 

easily access sequence-level information to precisely define the necessary changes in the 

genomes for breeding programs.  

In this study, SNP sequences were used to perform a BLAST search against the wheat 

reference genome RefV1.0, leading to the discovery of candidate genes. 
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2.5 Reported outcomes  

2.5.1 Identified QTL and genes 

QTL mapping for wheat response to heat has identified some QTL for yield and key 

morpho-physiological characteristics under the stress. For example, Yang et al. (2002) 

identified SSR markers, Xgwm11 and Xgwm293, and their linked QTL on the short arms of 

chromosomes 1B and 5A associated with grain-filling duration under heat stress. Mason et al. 

(2010; 2011) validate the use of the main spike for detection of QTL for HT, and reported five 

QTL on chromosomes 1A, 2A, 2B, and 3B by two years investigation. These QTL regions 

were commonly associated with QTL for flag leaf length, width, and visual wax content under 

heat stress. Paliwal et al. (2012) reported QTL on chromosome 2B, 7B and 7D for thousand 

grain weight, grain fill duration, and canopy temperature depression, respectively, under 

terminal heat stress. In their study, four different traits including heat susceptibility index (HSI) 

of thousand grain weight, HSI of grain fill duration, HSI of grain yield, and canopy temperature 

depression were used to determine HT at the reproductive stage. Vijayalakshmi et al. (2010) 

studied chlorophyll content, chlorophyll fluorescence on flag leaves and yield related traits, 

then reported SSR marker and QTL on chromosome 2A, 3A, 4A, 6A, 6B and 7A with 

significant effects on grain yield, grain weight, grain filling, stay green and senescence 

associated traits under post-anthesis high temperature stress in wheat. Collectively, the 

identified QTL, including major QTL (R2 > 0.1, where R2 indicates the percentage of 

phenotypic variation the QTL explained) and minor QTL (R2 < 0.1), are located on almost all 

the chromosomes in wheat genome. A single QTL only has limited effect. To gain a significant 

increment in yield improvement demands introgression of several QTL, and those with 

relatively larger R2 or strong and stable effects on phenology and yield under hot environment 

were prior options for targeted characterization (Tricker et al., 2018). 
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The positional cloning of these QTL should be conducted to find the genes controlling 

HT. Gene-level knowledge will enable the identification and creation of new sequence variants 

for HT in wheat. However, although many QTL have been found for HT, little is known about 

the genes underlying these effects in wheat. The molecular network of heat stress response in 

model species includes heat shock proteins (HSP, chaperone proteins that protect the cell 

machinery), a number of transcription factors that response to stress, and signal transduction 

proteins (Mittler et al., 2012). Two classes of heat shock factors, A6 and C2, have been shown 

to enhance HT in transgenic wheat (Hu et al., 2017; Xue et al., 2014). Over-expression of 

TaHsfC2a-B in transgenics up-regulated a cascade of HSP genes in grains during grain filling 

under heat (Tricker et al., 2018). Since the genetic mechanism of wheat response under heat 

stress is a molecular network, more genes related need to be identified and validated to make 

this mechanism more clear. 

2.5.2 Limitation of current outcomes 

2.5.2.1 Few genetic study on HT at seeding stage 

Study of HT at seedling stage has realistic meaning. Heat damage may happen during 

different growth and developmental stages in the crop including seedling stage (Maulana et al., 

2018). Moreover, crop improvement demands an extensive search for genetic variability and 

comprehensive understanding of genetic mechanism, so traits conferring HT must be explored 

thoroughly to maximize germplasm exploitation (Jha et al., 2014). However, it was found that 

most genetic studies on HT only focused on the reproductive stage in wheat. Therefore, 

experiment in Chapter 3 was designed and carried out to identify more QTL related to HT at 

seedling stage. 
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2.5.2.2 Challenge of gene identification and marker application 

It remains challenging to use QTL markers directly in breeding programs due to the 

large genomic intervals of the most identified QTL. One solution for identifying candidate 

genes and closely linked markers is to develop NILs which turn quantitative traits into 

Mendelian factors (Mia et al., 2019). Therefore, corresponding experiment was designed and 

carried out in Chapter 4 to identify candidate genes and closely linked markers. 

2.5.2.3 No association analysis of HT at different study 

There has rarely been reports on comparison of wheat performances under heat stress 

between at seedling stage and at adult stage, and few reports on genetic relationship of HT in 

wheat between different stages, whilst comparison and association of HT at seedling stage and 

adult stage can help us to better understand genetic mechanism of HT in wheat. Qin et al. (2015) 

found that overexpression of TaMBF1c, a wheat multiprotein bridging factor, conferred HT in 

both yeast and rice, most importantly, transgenic rice plants engineered to overexpress 

TaMBF1c showed higher thermos-tolerance than control plants at both seedling and 

reproductive stages. It indicated that some key genes may function from early seedling stage 

to later reproductive stage during the life cycle of crops.  

Therefore, in Chapter 5, the relationship of wheat performances under heat stress 

between seedling stage and adult stage were studied, and wheat genotypes with extreme 

performances that coherent at seedling stage and at adult stage were then selected for further 

genetic investigation. 
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Abstract: Understanding of the genetic mechanism of heat tolerance (HT) can accelerate and improve
wheat breeding in dealing with a warming climate. This study identified and validated quantitative
trait loci (QTL) responsible for HT in common wheat. The International Triticeae Mapping Initiative
(ITMI) population, recombinant inbreed lines (RILs) derived from a cross between Synthetic W7984
and Opata M85, was phenotyped for shoot length, root length, whole plant length under heat
stress and corresponding damage indices (DIs) to compare HT performances of individuals. Wide
variations among the RILs were shown for all the traits. A total of 13 QTL including 9 major QTL
and 4 minor QTL were identified, distributed on 6 wheat chromosomes. The six major QTL with the
highest R2 were associated with different traits under heat stress. They were all from Opata M85
background and located within a 2.2 cm interval on chromosome 4D, making up a QTL hotspot
conferring HT in common wheat. The QTL hotspot was validated by genotyping-phenotyping
association analysis using single-nucleotide-polymorphism (SNP) assays. The QTL, especially the 4D
QTL hotspot identified and validated in this study, are valuable for the further fine mapping and
identification of key genes and exploring genetic mechanism of HT in wheat.

Keywords: heat tolerance (HT); seedling stage; recombinant inbreed lines (RILs); single-nucleotide-
polymorphism (SNP) markers; quantitative trait locus/loci (QTL)

1. Introduction

Heat has become a serious constraint for wheat production with global climate
change [1]. Its damage may happen in arid, semiarid, tropical, and subtropical regions
of the world [2]. Each 1 ◦C rise in temperature above the optimum can cause a 3–5%
reduction in grain weight under both controlled environments [2] and field conditions [3].
Moreover, heat stress may affect not only harvest and yield but also grain quality [4].
Though reproductive stage is most sensitive for final yield and the most studied stage [5],
heat damage may happen during different growth and developmental stages in the crop
including seedling stage [6].

Heat tolerance (HT) in plants is a quantitative trait involving complex genetic, physi-
ological, and biochemical controls and is affected by environmental factors. In response
to heat stress, tolerant varieties generally activate an antioxidant defense system, express
heat shock proteins (HSPs) and reduce senescence by staying green [7]. Genotype evalua-
tion at different stages is necessary to better understand the HT mechanism and to breed
tolerant cultivars. Grain yield is significantly correlated with seedling traits such as root
length and shoot length [8]. If the plant does not survive at a seedling stage, there will
be no harvest. Seedlings have greater stress avoidance and resilience than reproductive
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organs [9], and seedling establishment often has large impact on crop yield [10]. Some
genes that contribute to seedling HT may also contribute to later stage tolerance [11]. In
response to heat stress, heat shock proteins play important roles at both seedling and
reproductive stages [12]. Moreover, some reports indicated that some particular QTLs
at seedling stage and reproductive stage were collocated on the same chromosomes [13],
and some well-known heat-induced genes at reproductive stage were found significantly
enhanced in acetylation levels in wheat seedlings [14]. Therefore, QTL identification and
validation for seedling stage may help us to understand the mechanism of heat tolerance at
different stages.

Early-stage screening for seedlings began to attract the attention of scientists and
breeders to study wheat tolerance under heat stress. However, in the limited number of
such studies, the target traits were mainly focused on particular physiological indices such
as chlorophyll content and chlorophyll fluorescence parameters [15] or on traits of seedling
shoot or leaf [6]. Root traits have seldom been studied for heat tolerance in wheat. Vigor
and deep root systems are believed to contribute to water-deficit resistance [16]. Long
root and shoot lengths at the seedling stage were reported to be highly correlated with
high grain yield in lentil [17]. Initial root parameters and above-ground biomass were
also reported to be positively correlated in wheat [16]. Genotypes with deep roots are
able to extract water from lower soil by making use of water lost in the form of deep
percolation [11].

Moreover, it was observed in our previous study on wheat cultivars that the seedling
lengths reduced considerably under heat stress compared to the controls [18]. Meanwhile,
the root length was found to be decreased the most with variation among varieties under
heat stress compared to other root traits such as root surface area, root diameter, and
root volume, etc., on an overall basis. Therefore, length-related traits were selected for
measurement and comparison.

The genetic mechanism of seedling tolerance to heat stress remains largely unknown
so far, and the reported study of HT in wheat was mainly focused on reproductive and
grain-filling stages [19]. To date, QTL mapping for wheat response to heat has identi-
fied several QTL for yield and key morpho-physiological characteristics, for example,
Yang et al. [20] found QTL on the short arms of chromosomes 1B and 5A linked to grain-
filling duration. Mason et al. [21,22] reported several QTL for heat susceptibility indices
and yield traits on chromosomes 1A, 1B, 2A, 2B, 3B, 5A, and 6D. Paliwal et al. [23] reported
QTL on chromosome 2B, 7B, and 7D for thousand grain weight, grain fill duration, and
canopy temperature depression, respectively. Vijayalakshmi et al. [24] reported QTL on
chromosomes 2A, 3A, 4A, 6A, 6B, and 7A with significant effects on grain yield, grain
weight, grain filling, stay green, and senescence-associated traits under post-anthesis high
temperature stress in wheat. All these studies focused on the reproductive stage, and there
has rarely been reports for HT at seedling stage. Crop improvement demands an extensive
search for genetic variability and comprehensive understanding of genetic mechanism, so
traits conferring HT must be explored thoroughly to maximize germplasm exploitation [25].
The identification of QTL or genes related to HT during wheat seedling stage may help
dissect the molecular mechanism of HT in wheat through a comparative study of the plant
response to heat at seedling and reproductive stages. International Triticeae Mapping
Initiative (ITMI) mapping population derived from synthetic hexaploid wheat ‘W7984′

and bread wheat cultivar ‘Opata’ is available at the GrainGenes database, and it is a useful
resource to identify QTL [26]. This population facilitated the development of the first
RFLP [27] and SSR [28] linkage maps in wheat. It has been used for QTL identification of
different abiotic stresses such as drought and waterlogging, etc., in wheat [29–31].

The objectives of this study are the following: (1) to identify the QTL for HT at seedling
stage in common wheat through genotype-phenotype association analyses; (2) to validate
the identified major QTL with other genotyping markers such as SNPs; and (3) to pave the
way for further fine mapping and understanding of the HT mechanism in wheat.

24
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2. Results
2.1. Seedling Length Reduced under Heat Stress

Seedling length including root, shoot, and whole plant length were all adversely
impacted by heat stress. A plant with comparatively longer length of the shoot and
roots under stress was considered more heat-tolerant. The minimum, maximum, and
average of length measurements in the population were all reduced under heat stress
compared to the control (Figure 1). The shoot, root, and whole seedling length ranged from
8.7 cm to 20.73 cm, 5.93 cm to 16.73 cm, and 15 cm to 35.83 cm, respectively, under control
conditions. Their corresponding length ranges changed to 0.7–18.7 cm, 0.73–14.67 cm,
and 1.43–32.87 cm, respectively, under heat stress conditions. The average length of shoot,
root, and whole seedling lengths reduced from 15.13 cm, 13.21 cm, and 28.32 cm under
control conditions to to 9.34 cm, 7.78 cm, and 17.19 cm under heat stress. Larger ranges of
shoots, roots, and whole seedling lengths under stress than under control suggested greater
variations in the population under heat stress.
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Figure 1. Comparison of seedling length under control and under heat stress. SLc, RLc, and WLc

indicate shoot length, root length, and whole seedling length under control, respectively; SLh, RLh,
and WLh indicate shoot length, root length, and whole seedling length under heat stress, respectively.
Shoot, root, and whole length are shown in green, yellow, and blue colors, respectively. The top
and bottom of the boxes show the minimum and maximum of length in the population, and the
horizontal lines in the middle of the boxes show the average of length in the population.

2.2. High Heritability of Seedling Length Traits under Heat Stress

Genetic variance for heat-tolerance-related traits in the population were significant
(p < 0.01) regardless if they were under control or under heat-stress condition (Table 1). The
heritability of shoot length, root length, and whole length under control conditions were
0.42, 0.52, and 0.51. Compared to the heritability under normal conditions, the heritability
of shoot length, root length, and whole length under heat stress were much higher, which
were 0.72, 0.74, and 0.78, respectively, all above 0.7.

2.3. Phenotypic Variation in the Traits Were All Normally Distributed

The longer length and smaller Dis (Damaging indices, its calculation and meaning
were explained in Section 4.3) indicated the more tolerance against heat in parent Opata M85
than in parent Synthetic W7984. Wide variations were shown among the RILs not only for
the length traits but also their derived Dis. Under stress, the shoot, root, and whole length
ranged from 0.7 cm to 18.7 cm, 0.73 cm to 14.67 cm, and 1.43 cm to 32.87 cm, respectively. DIs
of shoot, root, and whole length ranged from−0.31 to 0.95, −0.09 to 0.94, and −0.19 to 0.94,
respectively. The phenotypic distributions (Figure 2) indicated transgressive segregations in
both directions outside the ranges of the parents, suggesting polygenic inheritance nature of
these traits in common wheat [32]. The two parents had the most differences on root-related
traits, namely, the root length damage index (RLI) and the root length (RL). It was shown
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from the histogram chart that the phenotypic variation in three length traits and their Dis
were all approximately normally distributed, so they were suitable for QTL analysis.

Table 1. Analysis of variance for heat tolerance associated traits and their heritability estimates
in RILs.

Traits MSg MSe δ2
g δ2

e δ2
p h2

SLc 25.45 ** 3.16 5.80 8.06 13.86 0.42
RLc 12.72 ** 4.24 3.24 2.99 6.24 0.52
WLc 62.77 ** 4.13 15.86 15.19 31.05 0.51
SLh 57.03 ** 8.67 16.82 6.58 23.39 0.72
RLh 37.06 ** 9.58 11.07 3.87 14.93 0.74
WLh 176.43 ** 11.56 53.72 15.26 68.98 0.78

MSg: square of genotype; MSe: square of random error; δ2
g: estimated genetic variance; δ2

p: estimated phenotypic
variance; δ2

e : estimated error variance; h2: heritability in broad sense. SLc, RLc, and WLc indicate shoot length,
root length, and whole length under control conditions, respectively; SLh, RLh, and WLh indicate shoot length,
root length, and whole length under heat stress, respectively; ** indicates significant difference at p < 0.01.
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Figure 2. Frequency distribution of phenotypic variation for six traits among 111 RILs. SL, RL,
and WL were shoot length, root length, and whole length values under 35 ◦C heat stress condition,
respectively. SLI, RLI, and WLI were damage indices of shoot length, root length, and whole length,
respectively. The values for Synthetic W7984 and Opata M85 parental lines are indicated by black
and red arrows, respectively. Values shown are means.

2.4. QTL Analysis Revealed Thirteen QTL and Six of Them Located on a Hotspot of Chromosome
4D Associated with HT

By genotype-phenotype association analysis, QTL related with HT at seedling stage
were identified (Table 2). In total, 13 QTL were identified related to seedling HT (for first
6 traits), including 9 major QTL (R2 > 10%) and 4 minor QTL (R2 < 10%). They were located
on chromosomes 5A, 6B, 2D, 4D, 3D, and 6D, respectively. Ten of them were contributed
by the tolerant parent Opata M85, and three were contributed by the susceptible parent
Synthetic W7984. Six QTL (marked in bold in Table 2) located on chromosome 4D were
prominent with the highest R2 (from 0.26 to 0.33), which means they explained higher
phenotypic variation compared to the other major and minor QTL. At the same time, they
were located in close proximity of chromosome 4D (positioned from 16 to 18.2 cm) and
involved in all the traits related to heat stress. Under heat stress conditions, six major 4D
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QTL were identified for seedling lengths and their damage indices. In contrast, under the
control condition, no QTL on chromosome 4D was identified for shoot length, root length,
nor whole plant length. This outcome shows that the QTL cluster found on chromosome
4D is uniquely associated with heat stress. One interesting result is that, under control
conditions, all the identified QTL associated with plant lengths were donated by the
maternal parent Synthetic, while under heat stress conditions, the QTL were donated by
both parents, and the major QTL with the largest LOD score and R2 was contributed by the
male parent Opata.

Table 2. QTL identified under heat stress and control conditions in a Synthetic W7984/Opata M85
recombinant inbreeding population.

Trait QTL Name Position (cm) Flanking Markers LOD Score
Additive

Donor R2
Effect

SLI QSli.4D 18.2 Xmwg634/Xbarc225 12.45 0.16 Opata 0.32
RLI Qrli.3D 22.5 Xbarc8/XksuA6 4.68 0.09 Opata 0.11

Qrli.4D 18.2 Xmwg634/Xbarc225 11.61 0.15 Opata 0.33
Qrli.6D 60.7 Xcdo534/Xgwm325 3.19 0.07 Opata 0.07

WLI Qwli.4D 17.2 Xmwg634/Xbarc225 11.72 0.15 Opata 0.31
SLh QSlh.4D 16 Xmwg634/Xbarc225 12.22 −2.56 Opata 0.33

QSlh.5A 64 Xbarc151/Xbod183 4.1 1.38 Synthetic 0.09
QSlh.6B 61.3 XksuG30/Xgwm219 3.31 −1.19 Opata 0.07

RLh QRlh.2D 21.1 Xbod611/Xcdo1379 4.74 −1.24 Opata 0.11
QRlh.4D 17.2 Xmwg634/Xbarc225 10.04 −1.81 Opata 0.26
QRlh.5A 64 Xbarc151/Xbod183 3.3 1 Synthetic 0.08

WLh QWlh.4D 17 Xmwg634/Xbarc225 12.32 −4.35 Opata 0.32
QWlh.5A 64 Xbarc151/Xbod183 4.39 2.47 Synthetic 0.1

SLc QSlc.2B 87.31 Xcdo678/Xmwg660 3.59 0.91 Synthetic 0.1
RLc QRlc.2A 100.31 Xbarc353/Xgwm356 3.59 0.57 Synthetic 0.08

QRlc.2B 51.31 Xgwm191/Xbcd1779 3.74 0.54 Synthetic 0.08
QRlc.5A 87.41 Xbarc319/Xabg366 6.58 0.81 Synthetic 0.18

WLc QWlc.2A 100.3 Xbarc353/Xgwm356 5.17 1.56 Synthetic 0.13
QWlc.2B 47.11 Xbcd445/Xcnl6 3.52 1.24 Synthetic 0.09
QWlc.5A 77.71 Xrz395/Xbarc230 5.33 1.87 Synthetic 0.2

SLI, RLI, and WLI are damage indices of shoot length, root length, and whole plant length, respectively. SLh, RLh,
and WLh indicate shoot length, root length, and whole plant lengths under 35 ◦C heat stress, respectively. SLc,
RLc, and WLc indicate shoot length, root length, and whole plant length under control, respectively. Each QTL
is named with initial letter “Q” followed by trait abbreviation, and the corresponding chromosome. R2 means
phenotypic expression. QTL with the highest R2 marked in bold.

2.5. Validation for the QTL Hotspot

The QTL hotspot consisting of six QTL was focused on for validation. Of the 15,314 SNPs
on the array for the RIL population, 24 SNPs were on chromosome 4D, 11 out of the 24 SNPs
were within the identified QTL hotspot and distinguished 2 parents by polymorphic alleles,
and 4 SNPs out of 11 could further distinguish progeny lines into 2 groups (Table S1).
The four markers are marker1 “scaffold72468_211254”, marker2 “scaffold72468_211948”,
marker3 “scaffold4109_249224”, and marker4 “scaffold38811_2394108” (For details of the
validation protocol, please refer to 4.5). Progeny lines with the same allele (e.g., A for marker
1 in Figure 3) as tolerant parent Opata 85 were classified into a positive group. Progeny
lines with the same allele (e.g., G for marker 1 in Figure 3) as susceptible parent Synthetic
W7984 were classified into a negative group. Specifically, 44 lines in the population were
classified into the positive group (with allele A or C) and 54 lines were classified into the
negative group (with allele G or A) by both marker 1 and marker 2. The positive group
was further validated by phenotype with significant (p ≤ 0.01) longer length and smaller
DIs (Damage indices) than the negative group. The differences were significant for all
the traits, and were reflected on the parameters including minimum, maximum, median,
and mean, as shown in Figure 3. Therefore, the QTL hotspot on chromosome 4D was
validated by marker1 “scaffold72468_211254” and marker 2 “scaffold72468_211948” to
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confer heat tolerance at the seedling stage in common wheat. However, for marker 3 and
marker 4, no significant difference in phenotype was found. Therefore, only marker 1
“scaffold72468_211254” and marker 2 “scaffold72468_211948” have been validated as true
markers for the associated QTL.
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Figure 3. Match of SNPs with phenotype. SL, RL, WL indicate shoot length, root length, and whole
plant length under 35 ◦C heat stress condition, respectively. SLI, RLI, and WLI indicate damage
in-dices of shoot length, root length, and whole plant length, respectively. M1P and M2P indicate
groups with positive alleles of marker1 and 2; M1N and M2N indicate groups with negative alleles of
marker 1 and 2. SNP indicates the polymorphism allele. N indicates number of lines in the group.
Totally, 339 individual plants (2 parents and 111 ITMI lines with 3 replications for each genotype) were
grown and used for data collection. Only the lines with homozygotes were counted for phenotypic
validation. p shows significant difference in phenotype between the groups with positive allele and
negative allele. ** = significant at p ≤ 0.01. Polymorphic allele (positive allele followed by negative
allele) and phenotype data analysis were below corresponding box plot for length traits and DIs. Two
sample t-test assuming equal variance was used to detect statistical significance.

3. Discussion

This study identified QTL conferring HT at the seedling stage in common wheat based
on root, shoot, whole plant length and their corresponding DIs. Variation in bi-parental
populations is essential [32]. The phenotypic variations in the population were high for all
the traits investigated in this study, which was fundamental for the successful identification
of QTL conferring HT at the seedling stage. Mapping information of the ITMI population
is available at GrainGenes database, and it has been successfully used for some QTL
identification of different abiotic stresses in wheat [29–31]. Alsamadany investigated the
diversity of heat tolerance performance of 499 genotypes with different origins at seedling
stage under heat stress [33]. In his study, Opata 85 was identified as heat-tolerant at seedling
stage, while synthetic W7984 was identified as heat-susceptible at seedling stage. Because
of the high variation between the two parents of the ITMI population, we consider it a good
material for identification and validation of QTL associated with heat stress.

Early stage phenotypic screening has been conducted on traits including plant fresh
weight, dry weight, carbon isotope discrimination, canopy temperature, and spectral re-
flectance indices, etc., for the selection of tolerant genotypes [34]. We have previously
investigated the relationship between heat tolerance at the seedling stage and reproduc-
tive stage and found significant correlations in response to heat stress between the two
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stages [18]. As the plant materials in this study were young and small, the variations in
some traits such as plant fresh weight and dry weight were relatively low in general. In our
previous study, it was found that there were variations in the seedling lengths, especially
root lengths, among different wheat genotypes under heat stress condition [18], so we
chose seedling length and corresponding DI for phenotypic screening in this study. DI is
the ratio of the decrease in length under heat stress treatment to the length in the non-stress
condition [33], it was extensively used in HT research and breeding. In this study, the
QTL hotspot was identified by both the direct length under heat stress, and DIs derived
from length related traits. Thus, seedling length, especially root length under heat stress,
could be used as a selection criterion apart from DIs to evaluate HT performance at the
seedling stage.

Six QTL conferring seedling heat tolerance with high LOD and R2 were identified on chro-
mosome 4D with the same flanking SSR markers (Xmwg634 and Xbarc225). We searched the
genes within this QTL hotspot, and in total, 572 genes with their function annotations (IWGSC
Annotation v 2.1) were found (Table S2); three genes, namely, “TraesCS4D01G009600LC.1”,
“TraesCS4D01G018700LC.1”, and “TraesCS4D01G046000LC.1”, were described related to
heat stress and are worth further focusing on. “TraesCS4D01G009600LC.1” is related to
DNAJ heat shock N-terminal domain-containing protein, “TraesCS4D01G018700LC.1” is
related to heat stress transcription factor A-9, and “TraesCS4D01G046000LC.1” is related to
Class I heat shock protein [35]. The genomic region of 4D was also reported as a rich hub
for genes controlling yield and yield-related agronomic traits in previous studies [36–39].
Some QTL were already identified on chromosome 4D as related to spike dry weight [34],
grain yield [40], as well as plant height [38]. Cabral et al. [38] reported a significant QTL
for the grain shape traits located on chromosomes 4D, accounting for up to 53.3% of the
total phenotypic variation; in addition, similar to the situation in this study, several QTL
associated with various traits were also found to locate at the same locus: For example, the
most significant QTL for plant height, 1000 grain weight, and test weight were also detected
on chromosome 4D at the same locus, suggesting that the hot spots on chromosome 4D
may harbor some key genes related to yield in common wheat. It is notable that some
major QTL clusters (≥15 individual QTL) were previously identified in MQTL regions on
4D, appearing to align with markers for dwarf gene Rht-D1 [41]. It suggests that the chro-
mosome 4D region may play key roles in determining agronomic traits, which could affect
all developmental stages including seedling and adult stages. Maulana et al. [6] previously
reported that chromosomes 4A, 2B, 3B, 2D, and 7D harbor QTLs for heat tolerance of wheat
at both seedling stage and adult stages.

The QTL hotspots, as genomic regions rich in QTL, are important since they may
harbor key genes for the quantitative traits [42]. The introgression of such a QTL-hotspot
region was reported to enhance drought tolerance and grain yield in chickpea cultivars [43].

A group of genes within an organism that were inherited together from a single parent
is called a “haplotype”, and haplotype-based breeding has been regarded recently as a
promising breeding approach [44]. In this study, the six major QTL in the QTL hotspot
associated with different HT traits were all contributed by the tolerant parent Opata. QTL
hotspot with a series of individual QTL clustered together may be the genetic region rich of
favorable haplotypes. For example, a QTL hotspot on chromosome 2 in sweet cherry was
used for positive selection of favorable haplotypes [45].

All the major QTL in this study and previously reported QTL on the same chromo-
somes identified under heat stress (HS) or heat and drought combined stress (HS + DS)
were compared (Table S3) [20,24,40,46–49], no overlapping was found. The closest distance
was about 11.6 Mbp between QRlhti.uwa.3D in this study and MQTL3D.1 identified by
Liu et al. [49]. We further compared the QTL hotspot in this study with previously iden-
tified yield-related genomic region on chromosome 4D (Table S4) [38,40,47,49–56], it was
found that some particular regions were within the identified locus in this study. These
particular genomic regions include MTAs (marker trait association) associated with grain
number [57], QTL associated with spike number and thousand-grain weight, and a gene
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(Rht2) associated with plant height [49], suggesting that the identified QTL hotspot in this
study may be related to yield-component traits of common wheat.

Normally, the validation of the identified QTL is carried out by validating the flanking
markers of QTL in other cross populations [30]. In this study, we used a different approach
for QTL validation, which is validating the flanking SSR marker by other kind of marker
(i.e., SNP marker), if the two kinds of markers could agree with each other for both the
genotypic and phenotypic data, then the QTL was considered to be validated. Therefore,
in this study, six QTL on chromosome 4D were identified and validated by genotyping-
phenotyping association analysis using SNP assays.

A series of QTL related to wheat yield under abiotic stress were identified or validated
by the same ITMI Synthetic/Opata population. For example, Onyemaobi et al. [30] iden-
tified and validated a major chromosome region for high grain number per spike under
meiotic stage water stress. Two major QTL were detected on chromosome 5A when plants
were exposed to water stress during meiosis, and one QTL was detected on chromosome
2A under normal watering condition. In another study, a high-density linkage map was
constructed for seedling morphology under drought stress in common wheat by using
synthetic/Opata population [29]. The map consisted of 2639 genotyping-by-sequencing
markers and covered 5047 cm with an average marker density of 2 markers/cm. Moreover,
16 identified QTL explained 4 to 59% of the phenotypic variance. The QTL on 7B appeared
to be the most significant QTL, explaining 59% of the phenotypic variance. An interesting
phenomenon is that most of the positive alleles identified in the previous studies were
contributed by parent Synthetic W7984, whereas for the current heat tolerance study, the
positive alleles were mostly contributed by parent Opata, suggesting that different par-
ents may contribute to resistance against different abiotic stresses, which emphasized the
importance of germplasm diversity in practical breeding.

Much is unclear about the genetic mechanism of heat tolerance in wheat so far; there-
fore, it is important to further study HT at different developmental stages. A comparative
study of the QTL between early stage and adult stage may provide a better understanding of
the genetic mechanism of HT in wheat. The major QTL, especially the QTL hotspot, should
be further studied for fine mapping and functional research for breeding of heat-tolerance.

4. Materials and Methods
4.1. Plant Material

A total of 111 RILs from ITMI mapping population derived from a cross between 2 com-
mon wheat genotypes—Synthetic W7984 (Titicum turgidum cv. Altar 84/Aegilops tauschii
Coss. Line WPI 219) and Opata M85 were used under both non-stress and heat stress
conditions. This population with genotyping and mapping information available in Grain-
Genes has been used for QTL identification in many studies [30,32,58]. Synthetic W7984 is
heat-susceptible at seedling stage and Opata M85 is heat-tolerant at seedling stage [18,33].

4.2. Plant Growth and Treatment

A growth system that enabled evaluation of a large number of genotypes was devel-
oped using a customized hydroponic system [33] (Figure S1). Wheat seeds germinated
were positioned and spaced 1cm apart in the middle of a filter paper or cloth on a horizontal
line. The filter-paper/cloth inside the container was checked twice each day to make sure it
was totally wet all the time. The bottom (about 2 cm high) of filter-paper/cloth was soaked
in the water and the upper parts were given water-sprayed frequently to ensure there was
no drought stress. This system was space-saving and convenient for carrying out treatment,
non-destructive observation, and measurement. A high temperature of 35 ◦C was used for
stress treatment, and an optimum temperature of 25 ◦C [59–61] was used as the control
temperature. The plants ready for measurement after seven days growth.

Ten seeds for each genotype were soaked overnight in distilled water on a petri dish
at 25 ◦C. Six uniformly germinated seeds were selected for each genotype and placed in the
growth holder system and pre-moistened with distilled water. Three replications were used
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for each environment of control and heat treatment. The 2 environments were set as follows:
1 in a controlled environment room (CER) with 14-h photoperiod (200 µmol m−2 s−1), air
relative humidity of 70.0–75.0% and constant temperature of 25 ± 1 ◦C, as the control;
the other in similar conditions but at a temperature of 35 ± 1 ◦C, as the heat treatment.
Light intensity was measured by light meter and adjusted to make it the same in the two
environments. Distilled water matching the temperature was added to each container as
needed throughout the evaluation period, to avoid water-deficit stress. The positions of
the folders within each box were randomly changed every day to minimize random errors
generated by the environmental differences within the box.

4.3. Phenotypic Evaluation and Heritability Estimation

The RILs were evaluated for shoot/root/whole plant length under heat stress and
non-stress conditions. Root length (measured from the base of the crown to the tip of the
longest root in cm), shoot length, as well as the whole length of individual plant were
recorded after growing the plants for 7 days [59,60] in the phenotyping system.

Damaging indices (DIs) of shoot, root, and whole length, which were calculated with
the formula of DI = 25◦C L −35◦C L

25◦C L (L means root/shoot/whole length of plant) [33], were
used as indicators to compare the HT performance of different genotypes. The lower
the DI, the more tolerant the plant. Phenotypic variation was analyzed by a frequency
distribution. Genotypic variation for heat-tolerance associated traits and their heritability
were analyzed by Package of Variability particular for genetic variability analysis in Rstudio
(Version 1.4.1106).

4.4. QTL Analysis and Mapping

Genotypic data of Synthetic/Opata population were obtained from GrainGene website
(https://wheat.pw.usda.gov/GG3/, accessed on 2 May 2021). After phenotypic data were
measured using the method described above, QTL analysis was performed by genotype-
phenotype association analysis using WinQTL Cartographer v2.5 software. The locations
and effects of QTL were determined following the composite interval mapping method
(CIM) analysis [62]. The significant threshold LOD scores for QTL detection were deter-
mined based on 1000 permutations at p ≤ 0.05 [63]. The LOD peak location ≥3 was used to
declare a QTL for heat stress [64].

4.5. Validation of Identified QTL

The identified major QTL were validated with a protocol as shown in Figure 4, us-
ing co-located SNP markers detected by Infinium™ Wheat Barley 40K v1.0 BeadChip
(https://www.illumina.com/, accessed on 10 May 2021). Specifically, the sequence of
flanking marker was searched by its name in NCBI database or GrainGene, and its physi-
cal position was identified by blasting with the wheat reference genome sequencing Ref
V1.0 [35] (https://urgi.versailles.inra.fr/blast_iwgsc/?dbgroup=wheat_iwgsc_refseq_v1
_chromosomes&program=blastn, accessed on 10 May 2021). SNP markers were searched
by three selection criteria: (1) the SNP position was within the QTL interval or within
2 Mbp from each of the flanking markers, as SNP may often affect genes up to 2 Mbps
away [65]; (2) the SNP was polymorphic between the two parents and thus among the
RILs; and (3) the RILs possessing different alleles of the SNP showed significant difference
in phenotypes, and based on that, the RILs can be divided into two groups, i.e., positive
allele group or negative allele group. The SNPs meeting all the three selection criteira
indicated that they were linked to the target QTL, and the polymorphic alleles contributed
to the significant difference in the phenoypes. The identification of such SNP markers
could therefore validate their linked QTL. The statistics of phenotypes was conducted by a
one-tailed t-test, and the box plot was made by Rstudio (Version 1.4.1106).
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Figure 4. Protocol of validation for identified major QTL. The identified QTL was shown in dark blue
and the flanking markers were shown in light blue. The searched area could be extended to 2 Mbp,
showed by light blue dash lines. Phenotypic data of positive allele group were shown in dark blue
and that of negative allele group was shown in light blue. The QTL validated by all the qualifications
was shown by dark blue with yellow glow. SLI, RLI and WLI were shoot length, root length, and
whole length index, respectively. SL, RL and WL were shoot length, root length, and whole lengths
under 35 ◦C heat stress. SNP markers were searched by three selection criteria: (1) the SNP position
was within the QTL interval or within 2 Mbp from each of the flanking markers, (2) the SNP was
polymorphic between the two parents and thus among the RILs, and (3) the RILs possessing different
alleles of the SNP showed significant difference in phenotypes.

5. Conclusions

Thirteen QTL including nine major QTL and four minor QTL were identified as related
to growth traits and damage indices of common wheat under heat stress. A noteworthy QTL
hotspot comprising six major QTL with the highest phenotypic variation was identified.
It could not be identified under normal conditions but only identified under heat stress.
The QTL hotspot was further validated by genotyping-phenotyping association analysis
using SNP assays. The QTL and markers identified and validated in this study are useful
information for marker assisted breeding of HT in common wheat.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/plants11060729/s1, Table S1: Groups of progeny lines distinguished by SNP markers.
Table S2: All 572 genes within the QTL hotspot. Table S3: Comparison of identified QTL with
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supplementary materials.
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Wheat is one of the most important food crops in the world, but as a cool-season crop, it
is more prone to heat stress, which severely affects crop production and grain quality.
Heat tolerance in wheat is a quantitative trait, and the genes underlying reported
quantitative trait loci (QTL) have rarely been identified. Near-isogenic lines (NILs) with a
common genetic background but differing at a particular locus could turn quantitative
traits into a Mendelian factor; therefore, they are suitable material for identifying candidate
genes for targeted locus/loci. In this study, we developed and characterized NILs from two
populations Cascades × Tevere and Cascades × W156 targeting a major 7AL QTL
responsible for heat tolerance. Molecular marker screening and phenotyping for SPAD
chlorophyll content and grain-yield-related traits confirmed four pairs of wheat NILs that
contrasted for heat-stress responses. Genotyping the NILs using a 90K Infinium iSelect
SNP array revealed five single nucleotide polymorphism (SNP) markers within the QTL
interval that were distinguishable between the isolines. Seven candidate genes linked to
the SNPs were identified as related to heat tolerance, and involved in important processes
and pathways in response to heat stress. The confirmed multiple pairs of NILs and
identified candidate genes in this study are valuable resources and information for further
fine-mapping to clone major genes for heat tolerance.

Keywords: heat tolerance, near-isogenic lines, 7AL, quantitative trait loci, single nucleotide polymorphism assay,
candidate genes, wheat
INTRODUCTION

Crop growth and productivity are often limited by abiotic stresses, especially heat and drought
(Priya et al., 2019). Wheat is one of the most important food grain crops in the world, but being a
cool-season crop, it often experiences heat stress. Each 1°C rise in temperature above the optimum
can cause a 3–5% reduction in single grain weight under controlled environments (Dawson and
Wardlaw, 1989) or field conditions (Wiegand and Cuellar, 1981). Phenology is known to confound
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crop responses to heat; therefore, the effect of heat stress depends
on its timing, duration, and frequency (Rezaei et al., 2015; Balla
et al., 2019). While conventional breeding has developed some
heat-tolerant lines, it is a time-consuming process, and the
genetic and physiological basis of the improvements remain
unclear (Driedonks et al., 2016). Understanding the underlying
mechanism of heat tolerance and identifying candidate genes will
help to accelerate the breeding of heat-stress-resilient genotypes
(Budak et al., 2015).

Heat tolerance is a quantitative trait (Moffatt et al., 1990a; Yang
et al., 2002) that involves complex genetic, physiological, and
biochemical controls and is affected by environmental factors.
Numerous heat tolerance QTL have been identified; for example,
Yang et al. (2002) found QTL on the short arms of chromosomes
1B and 5A linked to grain filling duration; Mason et al. (2010,
2011) reported several QTL for heat susceptibility indices and
yield traits on chromosomes 1A, 1B, 2A, 2B, 3B, 5A, and 6D;
Paliwal et al. (2012) reported QTL on chromosomes 2B, 7B, and
7D for thousand-grain weight, grain fill duration, and canopy
temperature depression, respectively; Vijayalakshmi et al. (2010)
reported QTL on chromosomes 2A, 3A, 4A, 6A, 6B, and 7A with
significant effects on grain yield, grain weight, grain filling, stay
green, and senescence-associated traits under post-anthesis high-
temperature stress in wheat. Most of these reported QTL have
been based on mapping using low-density simple sequence repeat
(SSR) markers and/or amplified fragment length polymorphism
(AFLP) markers. Talukder et al. (2014) increased the marker
density to 972 molecular markers and identified QTL associated
with different traits related to heat tolerance in wheat. They found
that QTL QHtscc.ksu-7A on chromosome 7A was consistently
identified for traits thylakoid membrane damage (TMD), plasma
membrane damage (PMD), and SPAD chlorophyll content (SCC),
with high logarithm of odds (LOD) values ranging from 4.15 to
6.95 and explaining high phenotypic variations ranging from 18.9
to 33.5%. This major QTL QHtscc.ksu-7A, with flanking markers
Xbarc121 and Xbarc49, was chosen as the target locus for
developing NILs in this study.

It remains challenging to use QTL markers directly in
breeding programs due to the large genomic intervals of
the most identified QTL (Mia et al., 2019). One solution for
identifying candidate genes and closely linked markers is to
develop NILs, which turn quantitative traits into Mendelian
factors (Liu et al., 2006). NILs are pairs of lines that have the
same genetic background between isolines, except for the
targeted locus (Dorweiler et al., 1993). NILs make it easier to
study phenotypic impacts attributable to a specific gene or locus
(Pumphrey et al., 2007). Characterizing NILs through genotype–
phenotype association analyses can lead to the identification of
candidate genes (Mirdita et al., 2008; Liu et al., 2010; Mia et al.,
2019; Wang et al., 2019). Traditionally, NILs development has
been considered time-consuming and tedious (Tuinstra et al.,
1997). By combining a fast generation cycling system (FGCS)
(Zheng et al., 2013) with heterogeneous inbred family (HIF)
method and repeated DNA marker-assisted selection (MAS)
(Tuinstra et al., 1997), the NIL development process can be
shortened to about six generations per year (Yan et al., 2017).
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Single nucleotide polymorphism (SNP) markers are high-
density DNA markers widely used in genetic studies, including
genetic diversity, phylogenetic relationships, and marker-trait
associations, such as genome-wide association study (GWAS) or
QTL mapping (Wang et al., 2014; Cabral et al., 2018). The 90k SNP
array, developed from hexaploid wheat and Aegilops tauschii
sequences (Wang et al., 2014) with dense coverage of the wheat
genome, has been extensively harnessed for genetic research
(Cavanagh et al., 2013; Avni et al., 2014; Colasuonno et al., 2014;
Russo et al., 2014; Sukumaran et al., 2015). Due to its efficiency of
characterizing genetic resources and discriminating between closely
related lines (Rimbert et al., 2018), 90k SNP genotyping was used in
this study to characterize the developed NILs, in combination with
phenotyping under controlled environments.

The objectives of this study were to 1) develop and confirm
NILs targeting the major heat tolerance QTL on chromosome
7A, 2) identify candidate gene(s) underlying the 7A QTL
responsible for heat tolerance by genotypic and phenotypic
characterization of the NILs, and 3) shed light on the genetic
mechanism of heat tolerance in wheat by inspecting this major
genomic region and investigating its underlying candidate genes.
MATERIALS AND METHODS

Plant Materials and Selection of Crossing
Parents
In a previous study, 499 wheat genotypes from a variety of
sources were screened and evaluated for heat-stress responses
(Hameed, 2015). Among them, cultivars Tevere and W156
showed heat tolerance at both the seedling and reproductive
stages with high yield, whereas Cascades (Aroona//Tadorna/Inia
66) was sensitive at both stages (unpublished data). Cascades and
Tevere are two common wheat cultivars and W156 is a landrace,
which originated from Australia, Italy, and India, respectively.
When the flanking marker Xbarc49 of the targeted 7A QTL was
used for genotyping the three cultivars, heat-tolerant Tevere and
W156 showed the tolerance allele at 216 bp, and heat-susceptible
Cascades showed the susceptibility allele at 203 bp. The three
cultivars were therefore used to establish two cross populations,
Cascades/W156 and Cascades/Tevere, for the development of
NILs targeting the 7A locus.

Development of NILs
NILs were developed from the two populations using the HIF
method (Tuinstra et al., 1997) in combination with embryo-
culture-based FGCS (Zheng et al., 2013; Yan et al., 2017),
following a similar procedure as described in Wang et al.
(2019). Specifically, MAS started from the second generation of
progenies (F2) (Figure 1A) where genomic DNA was isolated
from two-week-old seedlings of each plant using a modified
CTAB method (Murray and Thompson, 1980). Xbarc49 (Figure
1B), the flanking marker of QHtscc.ksu-7A (Talukder et al.,
2014), was used to identify heterozygous progenies (Rr) from the
two cross populations (Figure 1C). PCR reactions were
performed, and amplified products viewed following the
August 2020 | Volume 11 | Article 1316
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protocol described in Wang et al. (2018). MAS of heterozygous
progenies, together with embryo-culture-based FGCS (Figures
1D, E), continued until the eighth generation of progenies (F8);
at F8, only those homozygous progenies from single seed descent
with the tolerance allele (RR/+) from either W156 or Tevere and
those with susceptibility allele (rr/–) from Cascades were selected
as pairs of candidate NILs. Thirteen pairs of F8 NILs, numbered
from NIL1 to NIL13, developed from the two populations were
used as putative NIL pairs to screen their phenotypes for
performance under heat stress.

Plant Growth Conditions and Heat
Treatments
The seeds of all isolines were germinated in water on Petri dishes,
before sowing one plant per pot (8 cm × 8 cm × 16 cm)
containing soil media (5:2:3 compost:peat:sand, pH 6.0) (Mia
et al., 2019). For each isoline, six pots (three replicates each for
Frontiers in Plant Science | www.frontiersin.org 339
the control and the heat-stress treatment) were grown in a
naturally lit glasshouse at The University of Western Australia,
Crawley, Western Australia (31°59’ S, 115°49’E). The plants were
fertilized fortnightly with ‘Diamond Red’ (Campbells Fertilisers
Australasia Pty Ltd, Australia) from four weeks after sowing until
the end of the grain-filling period. The glasshouse environment
(temperature, relative humidity, and light intensity) is detailed in
Supplementary Table S1. The experiment was arranged in a
completely randomized block design.

Anthesis date, as Zadoks’ growth scale Z60 (Zadoks, 1974), of
each plant was recorded by tagging each plant on the wheat head
where the first anther appeared. The time point to start the heat
treatment, treatment temperature, and other settings were as per
previous studies (Pradhan et al., 2012; Talukder et al., 2014;
Shirdelmoghanloo et al., 2016a). Specifically, on the 10th day
after anthesis (DAA), the three treatment pots were moved into a
growth chamber set to 37/27°C (day/night), 14-h photoperiod,
FIGURE 1 | (A) Process of the HIF method to develop NIL pairs, with percentage heterozygosity in each generation shown on the left of the flow chart. (B) QTL
hotspot in wheat chromosome 7A and the marker (in the box) used for selection, adapted from Talukder et al., 2014. (C) Marker-assisted selection of different
progeny types, with tolerance progeny, susceptible progeny, and heterozygous progeny marked RR, rr, and Rr, respectively, on the top of the gel bands. (D) Culture
of young embryos on Petri plates in a sterile medium. (E) Seedlings from embryo culture growing in the plant growth chamber.
August 2020 | Volume 11 | Article 1316

https://www.frontiersin.org/journals/plant-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


Lu et al. Characterizing Wheat NILs Under Heat
and 420 mmol m−2 s−1 light intensity for the 3-day heat
treatment. Enough water was given to the plants to ensure
there was no drought stress, only heat stress. The pots were
returned to the glasshouse after the heat treatment.

Phenotype Screening
Chlorophyll contents were measured on flag leaves using a
handheld portable chlorophyll meter (SPAD-502Plus; Konica
Minolta, Osaka) for both the control and heat-stressed plants.
Time points for measurements followed the procedures described
in Pradhan et al. (2012). Changes in SPAD chlorophyll contents
(DSCC) in flag leaves were calculated based on differences in
chlorophyll contents before (as ‘Chl10’ at 10 DAA) and after (as
‘Chl13’ at 13 DAA) treatment, as follows: DSCC = mean of Chl10 –
mean of Chl13 (Shirdelmoghanloo et al., 2016b). Measurements
and calculations were the same for controls.

Agronomic traits (grain number and grain yield per plant)
were measured after harvest for plants in the control and heat-
stressed treatments. The performance differences in final yield
between isoline pairs were determined by subtracting mean
values in the control from those in the heat treatment.

Statistical analyses were undertaken using t-tests to compare
phenotypic variation in the NIL pairs. True NILs were confirmed
if significant differences existed in the performance of tested
traits between isolines, and their resistant and susceptible
phenotypes matched their genotypes of Xbarc49’s RR/+ and
rr/ – alleles, respectively.

Genotyping by 90k Infinium iSelect SNP
Array
The 90K SNP array was used for genotyping, with genotype–
phenotype associations used to identify candidate gene(s) (Alaux
et al., 2018). Specifically, genomic DNA samples of the confirmed
NILs were genotyped using the Wheat 90K Illumina iSelect
Array (Wang et al., 2014). SNP clustering and genotype calling
were performed using GenomeStudio 2.0 software (Illumina).
SNPs with a call frequency <0.8 (i.e., missing data points >20%),
minor allele frequency (MAF) <0.05 or heterozygous calls >0.25
were removed. SNP sequences that differed between NIL pairs
were used to perform a BLAST search against the wheat
reference genome (IWGSC, 2018). SNPs located on the 7AL
Frontiers in Plant Science | www.frontiersin.org 440
chromosome arm, especially those within the marker interval of
QHtscc.ksu-7A (Talukder et al., 2014), were scrutinized using
JBrowse (http://www.wheatgenome.org/Tools-and-Resources/
Sequences) for candidate gene discovery.
RESULTS

Four NIL Pairs Confirmed With Significant
Differences in Chlorophyll Content
After comparing the DSCC data for NIL pairs, no significant
differences were observed among the 13 putative NIL pairs
grown in the non-stressed (control) treatment, whereas the
isolines of four NIL pairs significantly differed in the heat-
stressed treatment. Of these, the isolines with positive alleles
(+NILs) had smaller reductions in SPAD chlorophyll content
than isolines with negative alleles (–NILs). The isolines of NILs 5,
10, and 13 differed significantly at P < 0.05, and NIL 9 differed
significantly at P < 0.01 (Table 1).

Tolerant Isolines Performed Better Than
Susceptible Isolines on Other Agronomic
Traits in the Confirmed NlLs
Further investigation showed that significant differences existed
between most of the treated isolines and their corresponding
controls for yield-related traits. The differences or gaps in grain
number per pot and yield per pot between the control and heat-
stressed treatments are shown in Figure 2 to compare yield
performance in tolerant and susceptible isolines. For grain
number, three of the four +NILs (5, 9, and 10) had smaller gaps
than –NILs. For yield, all four +NILs had smaller gaps between
non-stressed and stressed treatments than their counterparts.
Generally, heat stress had smaller negative effects on grain
number and yield in +NILs than –NILs.

Five SNP Markers With Consistent
Contrasting Genotypes in the Confirmed
NIL Pairs
Of the 81,587 SNPs on the array, 53,052 were analyzed across the
21 chromosomes after removing those that did not meet the
TABLE 1 | Reduction of SPAD chlorophyll content (DSCC) in the confirmed NIL pairs.

NIL name Population DSCC (Chl10–Chl13)

Control Treatment

Mean P-value Mean P-value

NIL5(+) Cascade/Tevere –0.4 ns 0.53 *
NIL5(–) –0.8 7.13
NIL9(+) Cascade/W156 1.1 ns 4.57 **
NIL9(–) 5.05 7.97
NIL10(+) Cascade/W156 0.67 ns 1.7 *
NIL10(–) 0.6 12.23
NIL13(+) Cascade/Tevere 0.15 ns 1.7 *
NIL13 (–) 1.27 6.7
Aug
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ns = non-significant at P ≤ 0.05; * = significant at P ≤ 0.05; ** = significant at P ≤ 0.01. The statistics was done using t-test. (+) indicates isolines with resistance allele fromW156 or Tevere;
(–) indicates isolines with susceptibility allele from Cascades.
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selection criteria. Analyzing the SNPs among the four confirmed
pairs of isolines identified five SNPs within the 7AL QTL region
with consistent contrasting genotypes between the resistant and
susceptible isolines (Table 2).

Candidate Genes Identified by Blasting the
Wheat Reference Genome
Seven candidate genes were identified within the QHtscc.ksu-7A
region by blasting the above five SNP markers with wheat
reference genome RefV1.0. The annotations for high and low
confidence genes of RefV1.0 were used, with various databases
compared, including NCBI (https://www.ncbi.nlm.nih.gov) and
InterMine (http://www.wheatgenome.org/Tools-and-Resources/
Sequences), to determine possible gene functions (Table 3).

Markers BS00071558_51 and wsnp_Ku_c5160_9203226 were
co-located on gene TraesCS7A01G612600LC, with their SNP
variations in the intron and untranslated region (UTR),
respectively (Figure 3). Markers wsnp_Ku_rep_c113718_96236830
and wsnp_RFL_Contig2864_2688208 were co-located on gene
TraesCS7A01G432000 and TraesCS7A01G431600, respectively,
with their SNP variations in the UTR and exon regions. Although
no gene was co-located on wsnp_Ra_c26491_36054023, the marker
was located close to genes TraesCS7A01G428200 (15,752 bp away)
and TraesCS7A01G428400 (273,590 bp away), both of which
function as peroxidase.

Blasting the sequence of TraesCS7A01G612600LC in NCBI
identified five ESTs related to plant biotic or abiotic stress
Frontiers in Plant Science | www.frontiersin.org 541
responses (Manickavelu et al., 2012). Genes TraesCS7A01G432000
and TraesCS7A01G431600 were involved in important biochemistry
or molecular functions, such as protein binding, Zinc finger, F-box
domain, Kelch motif, and Per-Arnt-Sim (PAS) domain, all of which
are involved in various pathways of plant responses and reactions to
external stimulus (Craig and Tyers, 1999; Adams et al., 2000; Prag
andAdams, 2003; Hefti et al., 2004; van den Burg et al., 2008; Hennig
et al., 2009; Moglich et al., 2009; Peng et al., 2012; Liu et al., 2015).

Apart from these genes, two other noteworthy genes—
TraesCS7A01G430500, which functions as a sugar transporter family
protein, and TraesCS7A01G430600, which functions as a heat shock
protein (HSP)—were located in the interval between marker
wsnp_Ra_c26491_36054023 and wsnp_RFL_Contig2864_2688208.
DISCUSSION

In this study, we reported the development of 13 putative NIL pairs
targeting a major locus for heat tolerance. Among them, four pairs
were confirmed as true NILs by genotype–phenotype association
analysis. The confirmed NILs showed differential responses under
non-stressed and heat-stressed conditions. NILs with alleles from
the heat-tolerant parents (Tevere andW156) performed better than
their counterparts in terms of physiological and agronomical traits,
such as chlorophyll content, grain number, and grain yield.
Characterization of these NIL pairs revealed that the presence of
the tolerance allele significantly increased heat tolerance in the
TABLE 2 | SNPs showing consistent contrast callings in the confirmed four pairs of NILs.

No. Marker Name SNP Physical location

1 BS00071558_51 [T/C] chr7A:626897156.626897256
2 wsnp_Ku_c5160_9203226 [T/C] chr7A:626897816.626898016
3 wsnp_Ku_rep_c113718_96236830 [A/G] chr7A:625739519.625739719
4 wsnp_Ra_c26491_36054023 [A/G] chr7A:621582917.621583094
5 wsnp_RFL_Contig2864_2688208 [T/C] chr7A:625640069.625640169
August 20
FIGURE 2 | Differences in agronomic trait gaps between the confirmed isolines of tolerant and susceptible alleles. Three replicates each for the control (naturally lit
glasshouse with conditions described in detail in Table S1) and the heat-stressed treatment (growth chamber set at 37/27°C day/night) were used for statistical
analysis. The column indicates trait gaps between the treatment and control, with error bar on top. * indicates significant difference at P ≤ 0.05; ** indicates
significant difference at P ≤ 0.01. Statistics done using t-test.
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plants. One reason for the higher grain yield and grain number in
the heat-tolerant NILs may be the positive correlation between
chlorophyll content and gas exchange parameters reported in
several studies (Chen et al., 2016; Wang et al., 2016).

Many physiological traits have been closely associated with
heat response, such as canopy temperature, leaf senescence,
night respiration, chlorophyll fluorescence, and cell membrane
thermo-stability (Narayanan, 2018). The original QTL targeted in
this study was associated with multiple traits, including thylakoid
membrane damage (TMD), plasma membrane damage (PMD),
and SPAD chlorophyll content (SCC) (Talukder et al., 2014).
Membrane thermostability has a strong genetic correlation with
grain yield in wheat (Reynolds et al., 1994; Fokar et al., 1998). Loss
of chlorophyll content during grain filling has been associated
Frontiers in Plant Science | www.frontiersin.org 642
with reduced yield under field conditions (Reynolds et al., 1994).
TMD and PMD have also been associated with grain yield
(Moffatt et al., 1990b; Saadall et al., 1990; Reynolds et al., 1994;
Araus et al., 1998; Marcum, 1998; Blum et al., 2001; Wahid and
Shabbir, 2005). Strong correlations among these traits suggest that
these traits are under pleiotropic genetic control.

Leaf chlorophyll content is a major indicator of the
photosynthetic capability of plant tissues (Rao et al., 2001;
Pietrini et al., 2017). Some studies that focused on yield and
photosynthetic traits (Raven and Griffiths, 2015; Gaju et al., 2016;
Merchuk-Ovnat et al., 2016) have shown that the photosynthetic
function duration of leaves is closely correlated to grain yield in
wheat. Furthermore, spectral characteristics measured by SPAD
are a good indicator for evaluating crop responses to high
TABLE 3 | Function annotations of candidate genes.

Gene Physical position Database Identifier Description

TraesCS7A01G612600LC 626894752.626898021 EMBL-EBI BQ245642
HX055146
HX055177
CJ956871
CJ945027

Yield improvement under stress
response to blast fungus
wheat responses to fungi infections
response to powdery mildew infection
responses to fungi infections

TraesCS7A01G432000 625737761.625740656 Interpros IPR013083 Zinc finger, RING/FYVE/PHD-type

TraesCS7A01G431600 625635655.625640991 GOs
Interpros

Pfams

GO:0005515
IPR001810
IPR015915
IPR000014
IPR011498
PF13426
PF13415
PF07646
PF13418
PF12937

Molecular Function: protein binding
F-box domain
Kelch-type beta propeller
PAS domain
Kelch-repeat type 2
PAS domain
Galactose oxidase, central domain
Kelch motif
Galactose oxidase, central domain
F-box-like

TraesCS7A01G428200 621564527.621567165 GOs

Interpros

Pfams

GO:0020037
GO:0055114
GO:0004601
GO:0006979
IPR000823
IPR002016
IPR010255
IPR019793
IPR019794
PF00141

MF: heme binding
BP: oxidation-reduction process
MF: peroxidase activity
BP: response to oxidative stress
Plant peroxidase
Haem peroxidase, plant/fungal/bacterial
Haem peroxidase
Peroxidases heam-ligand binding site
Peroxidase, active site
Peroxidase

TraesCS7A01G428400 621856684.621857860 Similar function as gene TraesCS7A01G428200

TraesCS7A01G430500 624959655.624961254 GOs

Interpros

Pfams

GO:0016021
GO:0016020
GO:0055085
GO:0005215
GO:0022857
GO:0022891
IPR020846
IPR003663
IPR005828
IPR005829
PF00083

CC: integral component of membrane
CC: membrane
BP: transmembrane transport
MF: transporter activity
MF: transmembrane transporter activity
MF: substrate-specific transmembrane transporter activity
Major facilitator superfamily domain
Sugar/inositol transporter
Major facilitator, sugar transporter-like
Sugar transporter, conserved site
Sugar (and other) transporter

TraesCS7A01G430600 624965100.624967076 Interpros

Pfams

IPR013126
IPR029047
IPR029048
IPR018181
PF00012

Heat shock protein 70 family
Heat shock protein 70kD, peptide-binding domain
Heat shock protein 70kD, C-terminal domain
Heat shock protein 70, conserved site
Hsp70 protein
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https://www.frontiersin.org/journals/plant-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


Lu et al. Characterizing Wheat NILs Under Heat
temperature (Talukder et al., 2014; Tao et al., 2016). Due to its
correlation with yield and other performance indicators under
heat stress, chlorophyll content measured by SPAD could be
used as an easy and reasonable morphological marker for
assessing heat tolerance, especially at the initial mass screening
stage. The smaller the reduction in SPAD chlorophyll content
(DSCC), the more tolerant the plant should be to heat stress.
SPADmeters have been used to estimate leaf chlorophyll content
in research and agricultural practices because it is a quick, simple
and non-destructive method (Novichonok et al., 2016; Padilla
et al., 2018; Zhao et al., 2018; de Souza et al., 2019; Galanti et al.,
2019; Zhang et al., 2019). Here, agronomic traits such as grain
number and grain yield were also measured to further confirm
the true NIL pairs, which are valuable material for further studies
of post-anthesis heat tolerance in wheat.

Except for the report by Talukder et al. (2014), the major QTL
QHtscc.ksu-7A targeted in this study has been identified as
responsible for heat tolerance in other studies. Vijayalakshmi et al.
(2010) reported a 7A QTL linked to marker Xbarc121 for heat-
tolerance traits, including Fv/Fm and time to maximum rate of
senescence. Talukder et al. (2014) revealed that several ESTs, located
in the same wheat deletion bin as Xbarc49, were related to stress
response in different studies; therefore, the authors proposed that
the major QTL QHtscc.ksu-7A was a genomic region rich in
genes related to stress response. Dixit et al. (2015) hypothesized
that multiple genes underpinned large-effect QTL. In this study,
seven candidate genes within the targeted major 7AL QTL were
identified as responsible for heat tolerance post-anthesis. The
gene TraesCS7A01G612600LC is a homologous gene to
TraesCS7A01G612600L; blasting TraesCS7A01G612600L by Blastx
(translated nucleotide to protein) on NCBI with criteria of
percentage identity ≥50% and e-value of <1e-5 revealed its origin
from Triticum urartu, and it has been up-regulated at 24 h osmotic
stress in the ABA-dependent signaling pathway (Li et al., 2019).
Frontiers in Plant Science | www.frontiersin.org 743
Therefore, the gene TraesCS7A01G612600LC identified in this study
supposedly has a similar function as its homologous gene. Abscisic
acid (ABA) is generally considered as a stress signaling hormone,
and the expression of stress-responsive genes in plants is primarily
regulated by ABA-dependent and ABA-independent pathways
(Agarwal and Jha, 2010; Yoshida et al., 2014). The ABA-
dependent pathway is central to osmotic-stress responses in
plants (Li et al., 2019). Moreover, five expression sequence tag
(EST) markers associated with TraesCS7A01G612600LC were
related to plant biotic or abiotic stress responses. Among these
EST markers, HX055146, HX055177, CJ956871, and CJ945027
were related to wheat responses to fungi infections, including
Fusarium head blight and powdery mildew (Manickavelu et al.,
2012), while BQ245642 encoded a polypeptide useful for yield
improvement by improving plant growth and development under
at least one stress condition (Kovalic et al., 2007).

The annotation of genes TraesCS7A01G432000 and
TraesCS7A01G431600 revealed their involvement in some
important biochemistry or molecular functions, such as protein
binding, Zinc finger, F-box domain, Kelch motif, PAS domain,
and galactose oxidase. F-box domain genes are related to plant
resistance, while F-box proteins are associated with cellular
functions, such as signal transduction and regulation of the cell
cycle during plant vegetative and reproductive growth and
development (Craig and Tyers, 1999). For example, F-box protein
FOA1 plays a role in ABA signaling involved in seed germination
(Peng et al., 2012), ACRE189/ACIF1 regulates cell defense and death
when tomato and tobacco are attacked by pathogens (van den Burg
et al., 2008), Kelch motifs and kelch-repeat b-propellers undergo a
variety of binding interactions with other molecules (Adams et al.,
2000; Prag andAdams, 2003), and a PAS domain acts as amolecular
sensor (Hennig et al., 2009; Moglich et al., 2009; Liu et al., 2015) and
has been deemed as the key structural motif involved in protein-
protein interactions during physiological reactions (Hefti et al.,
FIGURE 3 | Candidate gene structures and SNPs between tolerant and susceptible NILs. The structural information of genes and SNP markers was extracted from
the wheat genome database (https://urgi.versailles.inra.fr/jbrowseiwgsc/gmod_jbrowse). The SNP positions between tolerant and susceptible NILs are marked with
an asterisk. For the first three genes, SNPs distinguishing tolerant and susceptible NILs were within the identified genes, either exon, intron, or untranslated region
(UTR); for the other four genes, SNPs were outside the candidate genes and their physical distances to the genes are labeled.
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2004). In summary, all these biological structures are extensively
involved in various pathways of plant responses and reactions to
external stimuli such that we can deduce that genes
TraesCS7A01G432000 and TraesCS7A01G431600 regulate heat
tolerance by controlling protein structures and protein binding on
the biological structures mentioned above to achieve signal
transduction, which is the key part in the pathway of heat tolerance.

The remaining four genes TraesCS7A01G428200 ,
Trae sCS7A01G428400 , Trae sCS7A01G430500 , and
TraesCS7A01G430600 have functions as peroxidase, peroxidase,
sugar transporter family protein, and HSP, respectively. The sugar
transporter family protein is related to yield as sugar transport is one
of the most important processes for plant development and their
responses to biotic and abiotic factors (Lalonde et al., 2004; Lemoine
et al., 2013). Tolerance to heat stress is frequently associated with
maintaining sugar content in source leaves (Vasseur et al., 2011;
Zhou et al., 2017). For example, a heat-tolerant tomato (Solanum
lycopersicum) genotype had significantly higher fructose and
sucrose contents in mature leaves than a heat-sensitive genotype
under heat stress (Zhou et al., 2017). Peroxidase is related to stress
tolerance—peroxidase activities increased significantly in a heat-
tolerant wheat genotype in response to heat treatment (Sairam et al.,
1998). Exposure to heat stress often leads to the generation of
destructive ROS (reactive oxygen species), but plants have
antioxidant mechanisms to escape excessive ROS. Several studies
have shown that peroxidase plays an important role in antioxidant
mechanisms and ameliorates the effects of heat stress in wheat
(Suzuki et al., 2011; Caverzan et al., 2016). HSPs play a pivotal role
as chaperones in conferring biotic and abiotic stress tolerance
(Baniwal et al., 2004). The expression of HSP genes induced by
high temperature can preserve the stability and function of
intracellular proteins and protect them from denaturation
through protein folding. They enhance membrane stability and
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detoxify ROS by positively regulating the antioxidant enzyme
system. Additionally, HSP genes use ROS as a signal to molecules
to induce HSP production. HSP also enhances plant immunity by
accumulating and stabilizing pathogenesis-related proteins under
various biotic stresses (Haq et al., 2019). Genotypes generating HSPs
can withstand heat stress as they protect proteins from heat-induced
damage (Farooq et al., 2011).

The gene structure analysis (Figure 3) identified several SNPs
distinguishing tolerant and susceptible NILs located within
the candidate genes, in which one marker wsnp_RFL-
Contig2864_2688208 falls in the exon region. These markers can
be used as functional markers, because not only does the exon
encodes protein functional units but also noncoding DNA including
intron and UTR has played significant roles in many studies (Cobb
et al., 2008; Khurana et al., 2013; Lu et al., 2015; Grünewald et al.,
2015). SNPs outside the identified candidate genes can still be used
in marker-assisted selection for genetic and breeding research.
Aharon et al. (2016) explored how far SNPs can be from the
affected genes using a pathway-based approach and found that
affected genes were often up to 2Mbps from the associated SNP and
not necessarily the closest to the SNP.

The molecular mechanisms underlying heat tolerance in
wheat remain unclear. A schematic network, proposed to
explain the mechanism of heat tolerance in legumes, suggested
that signalling and metabolic pathways, involving a series of
physiochemical processes and important molecules such as
HSPs, antioxidants, metabolites, and hormones, play key roles
in regulating the legume response to heat stress (Liu et al., 2019).
The candidate genes identified in this study are consistent, to a
large extent, with their proposed network. Therefore, we
hypothesize that such a pathway might exist in wheat, where
many key genes collaboratively regulate the crop’s response to
heat stress (Figure 4).
FIGURE 4 | Postulated pathway based on the findings of this study showing a collaborative regulation network of multiple genes in wheat in response to heat
stress. Signaling pathway and metabolic pathway involving a series of physiochemical processes and important molecules, including HSPs, antioxidants, metabolites,
and hormones.
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CONCLUSIONS

The NILs developed and validated in this study confirmed that
the 7AL QTL, QHtscc.ksu-7A, is a major locus responsible for
heat tolerance in wheat. The confirmed NILs and identified
candidate genes are valuable resources for future studies in fine
mapping and functional analyses of the chromosome region to
clone the underlying gene(s).
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Wheat production is seriously influenced by extreme hot weather, which has attracted increasing atten-
tion. It is important to compare wheat responses to heat at seedling and reproductive stages, to explore
the potential relationship between the performances at different growing stages and the possibility of
early selection to accelerate heat tolerance breeding. In this study, forty wheat genotypes were screened
under heat stress at both seedling and adult stages. It was found that root lengths at seedling stage were
severely reduced by heat stress with significant variations among wheat genotypes. Heat-tolerant geno-
types at seedling stage showed less root length decrease than susceptible ones. Wheat genotypes tolerant
at seedling stage showed higher yield at adult stage after heat treatment. The performances of wheat
genotypes screened under heat stress at seedling and adult stages were ranked by seedling damage index
and adult damage index. A significant positive relationship was found between heat tolerance at seedling
stage and at adult stage (r = 0.6930), suggesting a similar tolerant/susceptible mechanism at different
plant growth stages and the possibility of early selection at seedling stage for breeding heat tolerance.
Extremely tolerant and susceptible genotypes with consistent performances at seedling and adult stages
were genetically compared and associated SNP markers and linked candidate genes were identified.
� 2022 Crop Science Society of China and Institute of Crop Science, CAAS. Publishing services by Elsevier

B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Wheat production is seriously influenced by extreme hot
weather [1-7]. Heat stress can affect the crop at different stages,
including seedling stage [8] and reproductive stage [9-11]. Under
the changing climate, it is important to accelerate breeding of
wheat cultivars with more tolerance to high temperature stress.

A challenge for study of heat tolerance in wheat is the identifi-
cation of reliable selection criteria and efficient screening methods
to detect heat-tolerant plants [12]. Due to the difficulty of screen-
ing wheat genotypes under heat stress in various spatial environ-
ments, no consistent selection criterion for heat tolerance has
been established. Instead, some indirect selection criteria were
suggested.

For seedling stage, phenotypic screening can be done for traits
such as plant fresh weight, dry weight, carbon isotope discrimina-
tion, canopy temperature and spectral reflectance indices [13] or
chlorophyll content, chlorophyll fluorescence parameters and their
heat tolerance index [14] for selection of tolerant genotypes. Root
was reported as a reliable predictor of plant responses to drought
[15] as it contacts directly with soil or hydro environment for
water and nutrition absorption under stress. Our preliminary
observation (unpublished data) at seedling stage screening showed
that 1) root traits, especially root length, were more influenced by
heat stress than shoot traits; and 2) among root traits, fresh weight
and dry weight generally showed relatively small variations among
different genotypes at seedling stage.

There are many options for phenotypic screening of heat toler-
ance at adult stage such as canopy temperature, leaf senescence,
night respiration, chlorophyll fluorescence and cell membrane
thermo-stability [16,17], especially the traits already been proved
having strong correlations with grain yield in wheat, such as loss
of chlorophyll content during grain filling, thylakoid membrane
damage and plasma membrane damage [18]. SPAD (Soil
Plant Analysis Development) meter is a simple, quick and
td.
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non-destructive method to measure chlorophyll content, with
advantages for rapid screening. However, final yield is still the best
measurement for heat tolerance at adult stage. The post-anthesis
reproduction and grain-filling stages are the most heat sensitive
periods where yield is the most impacted by heat stress in wheat
[9-11], so it was often selected to apply the stress treatment, and
the tolerance during this stage is extensively studied [10,18-28].

It has been suggested that early vegetative stage such as seed-
ling stage of wheat have greater stress avoidance and resilience
[29], and seedling establishment may have large impacts on crop
yield and stand [30]. Moreover, it is easy and convenient for mass
phenotyping and high-throughput characterisation during seed-
ling stage, so early generation screening and selection has attracted
considerable interests [12,31-34]. Some reports indicated that
some particular quantitative trait loci (QTL) at seedling stage and
reproductive stage were collocated on the same chromosomes
[14], moreover, some well-known heat-induced genes at reproduc-
tive stage were found significantly enhanced in acetylation levels
in wheat seedlings [35]. These discoveries made it necessary to fur-
ther study the relationship of heat tolerance performances at dif-
ferent stages of wheat.

Alsamadany [36] screened 499 wheat genotypes at seedling
stage in order to investigate the genetic variation at early growth
stage in wheat. Genotypes were evaluated for heat tolerance by
subjecting them to heat stress (35 �C) and non-stress (25 �C) condi-
tions. The results provided materials with known performances at
seedling stage. On the other hand, Collins et al., [24,37] screened a
wide range of wheat germplasm to identify genotypes with stable
and high yield under heat stress for breeding. Various genotypes
were identified in greenhouse/growth chamber experiments and
in irrigated field trials in southern New South Wales (NSW) in Aus-
tralia where delayed sowing was used to impose heat stress. This
outcome provided a list of wheat genotypes with known perfor-
mances for heat tolerance at adult stage.

Few comparison and association of different stages in wheat for
heat tolerance performances have been reported. Our hypotheses
are: 1) a relationship may exist for heat tolerance at early stage
Fig. 1. Flowchart showing the methodologies used for investigation at different growth s
period (from flowering till harvest was studies for adult stage heat tolerance. By comp
tolerance at different stages was revealed. DAA means days after anthesis.

250
and adult stage; and 2) there is possibility of early selection in
wheat breeding for heat tolerance due to this relationship. In this
study, experiments were correspondingly designed according to
these hypotheses using selected wheat materials from the two
studies [36,37]. On one hand, genotypes with extreme perfor-
mances at seedling stage [36] were selected by targeted selection
for screening of adult performances under heat stress; on the other
hand, representative genotypes with known adult performances
[37] were selected to test their seedling-stage performances. The
objectives of this study are to 1) examine if extreme tolerant geno-
types can show similar performances at adult stage; 2) find the
relationship/trend of heat-tolerant performances at different
stages in wheat; and 3) identify SNP markers and linked genes
associated with performances under heat. The general approach
for investigation based on the developmental stages of bread
wheat [38] was shown in Fig. 1.
2. Materials and methods

2.1. Germplasm used for screening

2.1.1. Genotypes for seedling screening with known performances at
adult stage

Twenty-four wheat cultivars (Table S1) were selected for seed-
ling stage heat-tolerance (HT) screening. Their HT performances at
adult stage with accessible data related to yield traits were
reported [24,37]. They were selected as the representatives from
137 genotypes in greenhouse/growth chamber experiments and
in irrigated field trials.
2.1.2. Genotypes for adult stage screening with known seedling stage
performance

Sixteen wheat genotypes (Table S2) including eight extreme tol-
erant genotypes and eight extreme susceptible genotypes were
selected for adult stage HT screening to investigate phenotype rela-
tionship between seedling stage and adult stage [36]. They were
tages. Seedling stage was studied for early tolerance under heat stress. Post-anthesis
arison and association of performances of various genotypes, relationship of heat
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identified as extreme genotypes for HT at seedling stage in con-
trolled environment room (CER) from a previous screening of 499
genotypes for their seedling heat tolerance performances [36].
They represented the two tails in a normal distribution in the pop-
ulation of the 499 genotypes.

2.2. Experimental set-up and treatment application

2.2.1. Seedling stage screening
A hydroponic growth system [36], which enabled fast evalua-

tion of a large number of genotypes, was developed using a large
plastic box (58.5 cm � 42.0 cm � 33.0 cm dimension) with parallel
layers of vertically organized boards across the width of the box
with wheat seeds in between (Fig. S1). 35 �C was used for stress
treatment [36], and the optimum temperature for wheat growth
(25 �C) [32,39] was used as the standard control temperature.

Ten seeds for each genotype were soaked overnight in distilled
water at 25 �C. Six germinated seeds were randomly selected and
placed in the growth holder system, pre-moistened with distilled
water. Three replications were used for each environment of con-
trol and heat treatment. The experiment was conducted at two
environments: one in a controlled environment room (CER) with
14-hour photoperiod (200 lmol m�2 s�1), air relative humidity of
70.0%–75.0% and constant temperature of 25 ± 1 �C; and the other
in similar conditions but at a temperature of 35 ± 1 �C. Distilled
water matching the temperature was added to each container as
needed throughout the evaluation period, to avoid water-deficit
stress. The assembled units in the growth system were opened
daily and photos were taken to record changes. One week later
all the plants were taken out for measurements. WinRhizo
scanner-based system (v.2007, Regent Instruments Inc., Sainte-
Foy, Quebec, Canada) were used for measuring root traits including
total root length, root surface area, root diameter and root volume.

2.2.2. Adult stage screening
The seeds of all genotypes were germinated in Petri dishes with

water, before sowing one plant per pot (8 cm � 8 cm � 16 cm) con-
taining soil media (5: 2: 3 compost: peat: sand, pH 6.0) [19]. For
each line, six pots (three replicates each for the control and the
heat-stress treatment) were grown in a naturally lit glasshouse
at The University of Western Australia, Crawley, Western Australia
(31�590S, 115�490E). The plants were fertilized fortnightly with
‘Diamond Red’ (Campbells Fertilisers Australasia Pty Ltd, Laverton
North, Australia) from four weeks after sowing until the end of the
grain-filling period. The experiment was arranged in a completely
randomized block design.

Anthesis date, as Zadoks’ growth scale Z60 [38], of each plant
was recorded by tagging each plant on the wheat head where
the first anther appeared. The time point to start the heat treat-
ment, treatment temperature, and other settings were as per pre-
vious studies [18,23]. Specifically, on the 10th day after anthesis
(DAA), three pots among six were moved into a growth chamber
set to 37/27 �C (day/night), 14-h photoperiod, and 420 mmol m�2

s�1 light intensity for 3-day heat treatment. Enough water was
given to the plants to ensure there was no drought stress. The pots
were returned to the glasshouse after heat treatment.

2.3. Scanning of samples

2.3.1. Seedling stage
Roots were scanned by WinRhizo scanner-based system

(v.2007, Regent Instruments Inc.), which provided accurate and
unbiased root trait values than manual measurements as shown
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in previous studies [15]. Root traits such as total root length, root
surface area, root diameter and root volume were calculated by
the software. Other seedling traits such as shoot length, seedling
length and fresh and dry weight were also measured.
2.3.2. Adult stage
Chlorophyll contents (CC) of flag leaf on main stem were mea-

sured by a handheld portable chlorophyll meter (SPAD-502Plus;
Konica Minolta, Osaka, Japan) before and after the treatment. Grain
number per plant (GN) and grain weight per plant (Yield) were
measured after harvest.
2.4. Statistical analysis

Screening data analysis was carried out based on measurements
under heat stress (HS) and non-stress (NS) conditions, as below.

1) Seedling DI = (Root length under NS � Root length under
HS)/Root length under NS

2) CC DI (Chlorophyll content damage index) = (CC at 10
DAA � CC at 13DAA)/CC at 10 DAA

3) GN (Grain number per pot) DI = (GN under NS � GN under
HS)/GN under NS

4) Adult DI = Yield (grain weight per pot) DI = (Yield under
NS � Yield under HS)/Yield under NS

Statistical analyses were undertaken using non-parametric test
(Mann-Whitney U test) to compare phenotypic variations and con-
firm significant differences between NS and HS treatments. The
relationship between heat-tolerant performances at different
growth stages was analysed by simple linear regression.
2.5. Genotyping comparison

The most tolerant and most susceptible genotypes were
selected and divided, as two extreme groups – extreme tolerant
group with consistent tolerant performances from seedling stage
to adult stage and extreme susceptible group for their susceptible
performances at the two stages. Genotypes in the two groups were
subjected to Infinium Wheat Barley 40 K v1.0 BeadChip (https://
www.illumina.com/) for SNP polymorphic alleles between the
two groups. Particularly, SNP clustering and genotype calling were
performed using GenomeStudio 2.0 software (Illumina). SNPs with
a call frequency < 0.8 (i.e., missing data points > 20%), minor allele
frequency (MAF) < 0.05 or heterozygous calls > 0.25 were removed.
The identified SNPs that genetically distinguished the tolerant
group and susceptible group were worked as anchors to perform
a BLAST for searching candidate gene(s) against the wheat refer-
ence genome [40]. The searching range was between SNP physical
position ± 2 Mb, as affected genes were often up to 2 Mb from the
associated SNP [41].
2.6. Expression identification

The expression information of the candidate gene(s) was
searched to further validate the identified genes by the expVIP tool
that available at http://www.wheat-expression.com. Two points
were mainly focused when utilising the information for validation.
Firstly, whether the expression of the particular gene(s) was
related to heat stress; secondly, in what tissues if the gene(s)
expressed at a high level.

https://www.illumina.com/
https://www.illumina.com/
http://www.wheat-expression.com


Fig. 2. Comparison of seedling-stage growth under non-stress (25 �C) and heat
stress (35 �C) for seven days in cultivars ‘‘Ventura” etc. Compared to shoots, the
roots were impacted adversely muchmore severely by heat stress. Roots and shoots
can grow to similar length under non-stress after seven days, however root lengths
reduced considerably under heat stress condition. Seed 1, 2, 3 (from left) = Ventura;
seed 4, 5, 6 = Livingston; seed 7, 8, 9 = Sokoll; seed 10, 11, 12 = Espada; seed 13, 14,
15 = Sentinel; seed 16, 17, 18 = Zebu; seed 19, 20, 21 = Dakota; seed 22, 23,
24 = Clearfield JNZ and seed 25, 26, 27 = Guardian. Only 9 genotypes are shown
here, similar results were found in other genotypes. 1 d = day 1 . . . 7 d = day 7 as
shown in the blue bar between the two photo columns.
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3. Results

3.1. Results from seedling screening of genotypes with known
performances at adult stage

3.1.1. Roots responded to heat stress more obviously than shoots at
seedling stage by continuous observation

Under non-stress condition, roots of wheat grew faster than
shoots in the first few days and had similar length as shoots at
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the end of screening on the 7th day (Fig. 2). Under heat stress, how-
ever, the roots were observed to be more severely influenced by
heat than other organs in all the cultivars. Though the number of
primary roots remained unchanged, the root lengths reduced con-
siderably compared to the controls. Moreover, the growth of roots
was much slower than shoots under high temperature from germi-
nation to the end of the 7th day for most genotypes. The final
lengths of roots were much shorter than shoots. Therefore, root
traits were focused on and further studied.

3.1.2. Significant differences of root traits under heat and non-heat
stress conditions

Among the four root traits including total root length, root sur-
face area, root diameter and root volume, the root length decreased
the most under heat stress on an overall basis compared to control
(Fig. S2). The decreased length ranged from 3.87 cm (Kennedy) to
40.44 cm (Zebu). Nineteen cultivars decreased their total root
lengths significantly while five cultivars showed no significant dif-
ferences. The second most impacted trait by heat stress was root
surface area, 21 cultivars decreased their root surface areas signif-
icantly under heat stress and three cultivars showed no significant
differences. The root surface area decreased with a range from
1.05 cm2 (Westonia) to 5.93 cm2 (Halberd). Root diameter was rel-
atively less impacted by heat stress compared to the first two
traits. Under heat stress condition, one cultivar ‘‘Yitpi” had a signif-
icantly increased root diameter of 0.19 cm, whereas five cultivars
including ‘‘Halberd”, ‘‘Gladius”, ‘‘Kennedy”, ‘‘Sunleg” and ‘‘Cleari-
fied JNZ” had significantly decreased root diameters and other 18
cultivars showed no significant differences. For the last trait, the
root volume, four cultivars, namely ‘‘Frame”, ‘‘Espada”, ‘‘Gile” and
‘‘Tamarin Rock”, showed no significant changes whereas 20 others
had significantly decreased root volumes under heat stress.

3.1.3. Rank cultivars for their seedling DI
Due to the significant adverse impact by heat stress on total

root length and its variation among diverse genotypes, all the
tested cultivars were ranked for heat tolerance (Fig. S3) by damage
index of root length (Seedling DI). The smaller DI a cultivar
showed, the less damage it suffered from heat stress, so the more
heat tolerant it was. The cultivar ‘‘Kennedy” (Seedling DI = 0.094)
was the most tolerant genotype with the lowest seedling DI and
‘‘Zebu” (Seedling DI = 0.866) was the most susceptible one with
the highest seedling DI.

3.2. Results from adult stage screening of genotypes with known
performances at seedling stage

No significant changes of chlorophyll content after heat stress
treatment were found for five cultivars, namely ‘‘Perenjori”,
‘‘Mitre”, ‘‘Nobre”, ‘‘Ananda” and ‘‘Brazil”. While for the other 11
genotypes, the chlorophyll content decreased significantly after
treatment (Fig. S4). Two genotypes ‘‘Isareal A” and ‘‘Cascades”
showed increased GN) with shrinking grain size, One genotype
‘‘Brazil 32” showed significantly decrease of GN, there were no sig-
nificant changes on GN for other genotypes. Yield of four cultivars
decreased under heat stress treatment, including ‘‘Brazil 32”,
‘‘Blanco Sin Barbillas”, ‘‘Cascades” and ‘‘Stilletto”, no significant
changes were found for other cultivars.

3.3. Traits relationships at the two stages

3.3.1. Root length and yield were selected as representative traits to
investigate correlation of HT between the two growth stages

As total root length was the most reduced trait under heat
stress with large variation among various cultivars, it was selected
as a representative trait to calculate DI to rank the cultivars for HT



Fig. 3. Relationship of heat tolerance at seedling stage and adult stage. Forty genotypes were plotted by blue dots. The x-axis represented seedling DI and y-axis represented
adult DI. The linear trend line was shown by dotted blue line.

Table 1
SNP markers and genes identified common for two stages.

SNP Alleles Chromosome Physical position Search range Gene (high confidence) Number of genes

scaffold43155_896629 G/A 1A 35,174,499 33174499–37174499 TraesCS1A01G051600–TraesCS1A01G056900 54
scaffold150701_4988358 C/A 1A 54,233,633 52233633–56233633 TraesCS1A01G069500–TraesCS1A01G072200 28

Table 2
Candidate genes that have been reported previously.

SNP Gene-ID Description Trait Stress References

scaffold150701_4988358 TraesCS1A01G069600 Zinc finger CCCH domain-containing protein Root related traits including
total root length

Soriano et al.
[47]

TraesCS1A01G070600 Kinase family protein Deoxynivalenol content Fusarium head
blight

Fauteux
et al. [44]

TraesCS1A01G072200 Aminotransferase like protein Leaf senescence-related
parameters

Drought Luo et al.
[42]

scaffold43155_896629 TraesCS1A01G051600 F-box family protein Fertility conversion Photo/thermo Han et al.
[43]

TraesCS1A01G051800 Protein aluminum sensitive 3 Cell wall and plant-type
secondary cell wall biogenesis

Fusarium head
blight

Buerstmayr
et al. [45]

TraesCS1A01G052200 DUF810 family protein, Mammalian
uncoordinated homology 13, domain 2

Genome-wide transcriptome Powdery mildew
infection

Hu et al. [46]

TraesCS1A01G053000 Germin-like protein Deoxynivalenol content Fusarium
graminearum
infection

Fauteux
et al. [44]

TraesCS1A01G053100 Germin-like protein Deoxynivalenol content Fusarium head
blight

Fauteux
et al. [44]

TraesCS1A01G053300 DUF1639 family protein Protein- and starch-related
quality

Guo et al.
[48]

TraesCS1A01G056200 ALMT1-M39.2 Leaf senescence-related
parameters

Drought Luo et al.
[42]

TraesCS1A01G056700 Heavy metal transport/detoxification protein Cell wall and plant-type
secondary cell wall biogenesis

Fusarium head
blight

Buerstmayr
et al. [45]
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at seedling stage. Meanwhile, due to the importance of yield, it was
selected as the representative trait to calculate DI to score cultivars
for HT performances at adult stage. The relationship of HT at the
two growth stages was established based on these two traits.
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3.3.2. Relationship of heat tolerance at seedling stage and adult stage
All 40 tested wheat cultivars were plotted together for their HT

DI both at seedling and adult stages, to investigate relationship of
HT performances at two different stages (Fig. 3).



L. Lu, H. Liu, Y. Wu et al. The Crop Journal xxx (xxxx) xxx
A general linear relationship was found based on the scatter
plot with an r = 0.6930 (P < 0.01), showing that the seedling HT
performances had a positive relationship with performances at
adult stage. The more tolerant a cultivar was at seedling stage,
the more likely it would be tolerant at adult stage. For example,
among the extreme tolerant cultivars of the top 8 identified and
selected at seedling stage, ‘‘Perenjori”, ‘‘Mitre”, ‘‘W156” and ‘‘Tev-
ere” turned out to be also tolerant at adult stage for yield. The other
four cultivars including ‘‘Ananda”, ‘‘India 227”, ‘‘Arrino” and
‘‘Nobre” at least showed medium tolerance at adult stage. It sug-
gested the possibility of selecting at early seedling stage for the
breeding of adult stage tolerance.

3.4. Molecular basis of the relationship of HT at seedling stage and
adult stage

3.4.1. SNP markers identified for cultivars tolerant at both seedling
stage and adult stage

Extremely tolerant group including ‘‘Perenjori”, ‘‘Mitre” and
‘‘W156” (Fig. S4) and extreme susceptible group including ‘‘Mar-
avilla”, ‘‘Brazil 32” and ‘‘Blanco Sin Barbillas” were compared for
SNP polymorphism between them and two SNPs were identified
(Table 1). Finally, a total of 82 high-confidence genes were found.

3.4.2. Previously reported genes among the candidate genes
Among the total 82 candidate genes, eleven previously reported

genes were focused on and summarized (Table 2) for their infor-
mation, such as their annotation description, related traits and
stress in the publications. The function annotation revealed that
they all encoding specific proteins with particular molecular func-
tions, which were probably played key roles during the process of
wheat growth under heat stress from seedling stage to adult stage.
Genes TraesCS1A01G072200 and TraesCS1A01G056200 have been
previously found related to leaf senescence under drought stress
[42], TraesCS1A01G051600 related to fertility conversion under
photo/thermo stress [43], TraesCS1A01G070600, TraesC-
S1A01G051800, TraesCS1A01G053000, TraesCS1A01G053100 and
TraesCS1A01G056700 related to deoxynivalenol content or cell wall
and plant-type secondary cell wall biogenesis after fusarium
graminearum infection [44,45], TraesCS1A01G051800 related to
powdery mildew infection [46]. Two genes TraesCS1A01G069600
and TraesCS1A01G053300 were previously identified by others
not under particular biotic or abiotic stress, however, TraesC-
S1A01G069600was related to root traits including total root length,
and TraesCS1A01G053300was related to protein and starch quality,
which are important to final yield [47,48].

3.4.3. Expression validation
By the expression information (Fig. S5), it was shown that the

expressions of the 11 genes were all related to heat stress. The
wheat shoots and leaves were the issues where these genes
expressed at a high level.
4. Discussion

Traits conferring HT must be explored thoroughly to maximise
germplasm exploitation [49]. There was no previous report on rela-
tionship about heat tolerant performances at different growth
stages in wheat. This study extended the existing research out-
comes at individual stages and further investigated how the iden-
tified seedling tolerant/susceptible germplasm respond to heat
stress at the reproductive stage, and how the reported
reproductive-stage tolerant/susceptible germplasm respond to
heat at the seedling stage. It could provide an important guidance
for breeding practice.
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One question this study answered is that ‘‘what” the relation-
ship of heat-tolerance at different stages is, which is important
for breeding selection and prediction. In this study, a general pos-
itive relationship of heat tolerance at seedling stage and at adult
stage was established by DI that was calculated from seedling root
length and final yield, suggesting tolerant genotypes at seedling
stage tend to be tolerant at adult stage. Among eight extreme
seedling-tolerant cultivars ‘‘Perenjori”, ‘‘Tevere”, ‘‘Arrino”, ‘‘India
227”, ‘‘W156”, ‘‘Nobre”, ‘‘Ananda”, ‘‘Mitre”, four of them including
‘‘Perenjori”, ‘‘Tevere”, ‘‘W156”, ‘‘Mitre” showed premier heat toler-
ance at adult stage (lowest adult DI in Fig. 3) than other genotypes
in the collection, the other four cultivars namely ‘‘Arrino”, ‘‘India
227”, ‘‘Nobre”, ‘‘Ananda” that performed well at seedling stage
with at least a medium rank (with medium adult DI in Fig. 3) for
adult performance, with still smaller adult DI (better performance
at adult stage) than check (control) cultivar ‘‘Mace”. The National
Variety Trials (NVT) program by GRDC (Grains Research & Develop-
ment Corporation) is the largest independent co-ordinated trial
network in Australia. According to statistics from NVT [50], wheat
cultivar ‘‘Mace” is the most widely adopted variety in Western
Australia (local production). It has been considered a benchmark
variety for yield since its release in 2008. Therefore, when releasing
and managing any variety, it will normally be compared with
‘‘Mace” for consideration of the yield and other important agro-
nomical traits such as varieties maturity, biotic and abiotic toler-
ance. In this study, ‘‘Mace” was also tested and we suggested it
can also be regarded as a check (control) or benchmark for good
or bad heat-tolerance performance as it has a medium seedling
DI and a medium adult DI (middle position in Fig. 3).

By putting all the tested cultivars into a two-way chart (one
way stands for seedling stage and one way stands for adult stage),
performances of various genotype under heat stress at different
growth stages showed a trend of positive association. In the future,
if more genotypes from a broader origin and source could be
involved into this chart to make it more accurate, then the yield
performance of a germplasm under heat stress could be predicted
by curve fitting. Prediction accuracy for wheat breeding within a
large panel was reported to be substantially higher than observed
in smaller populations [51]. If early selection at seedling stage can
be carried out based on a standard curve established by a large
quantities of wheat varieties, then seedling performance of a par-
ticular wheat genotype can be used to select genotypes for check-
ing adult stage performance in greenhouse or phytotron, and
further tested in field for production to validate real performance
of heat tolerance.

The implication of above ‘‘early selection” strategy is that it will
accelerate the breeding programme for HT by reducing workload
and saving time for selection process. Conventional crop breeding
are time taken, requiring at least 5–6 generations before assess-
ments, often up to 11–13 years between making crosses to new
cultivar release [52]. If extreme tolerant genotypes could be
selected at seedling stage, first, workload of extensive selection
will be reduced by focusing on extreme genotypes with superior
seedling performances. Meanwhile, breeders do not have to wait
until harvest to identify HT performance of each generation, thus
a series of steps in breeding process such as parent selection, cross
and selection at F3–F4, will speed up. Of course, final yield perfor-
mance has to be validated on F5 and later generations for adult
selection. With the fast generation technology [53] and seedling
selection of HT, time taken for the production of new cultivars
could be easily halved to 5–6 years.

Another question this study answered is why the positive rela-
tionship exists between seedling tolerance and adult stages for
heat tolerance in wheat. It was reported that some well-known
heat-induced genes at reproductive stage such as TaHSF1, TaHSF4,
TaMBF1c, TaHSP17.4, and TaHSP101 were found significantly
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enhanced in acetylation levels in wheat seedlings [35]. The results
from this study found the similar trend. From the result of this
study, we speculate that heat tolerance at seedling stage probably
related to the ability of the varieties to establish healthy root sys-
tem which can maintain at adult stage. Roots are vital for plants
because roots directly contact with the soil environment and are
responsible for taking up nutrients and water [15]. Furthermore,
we also speculate that genotypes showed consistent good perfor-
mances under heat stress at both stages may be because the highly
expressed genes are similar at the two stages. A common mecha-
nism of HT at seedling stage and adult stage was proposed, involv-
ing enzyme system, signal transduction, and degradation of toxic
or harmful products under heat stress condition.

Genes encoding heat shock proteins (HSPs) were so far the most
studied genes related to molecular responses under heat stress.
Most of HSPs function as molecular chaperones in maintaining
homeostasis of protein folding and acquisition of thermos-
tolerance [54-56]. The identified candidate genes distinguishing
extreme heat tolerant genotypes and susceptible genotypes in this
study were all encoding specific proteins with particular molecular
functions, such as enzyme protein or structure protein etc., and
protein homeostasis under heat stress including protein quality
control, effective elimination of toxic proteins, and translational
regulation was reported especially important for rice thermos-
tolerance [57], so it was deduced that the tolerant genotypes per-
formed better from seedling to adult stage than the susceptible
genotypes mainly due to their advantages in: 1) Enzyme system
and signal transduction. Signal transduction is the key part in the
pathway of heat tolerance and kinases are particularly prominent
in signal transduction and co-ordination of complex functions
[58]. The identified gene TraesCS1A01G070600 encoded kinase-
family protein, whichmay arouse the downstream pathway of heat
tolerance. Dynamic and effective kinase/ enzyme system lead to
unhindered signal transduction and the differences in their effi-
ciency of activities may lead to tolerance or susceptibility under
heat stress; 2) Protein structure retention. Full activation of pro-
teins requires multiple-site phosphorylation on their conserved
region [59]. The identified genes related to Zinc finger domain-
containing protein, F-box family protein etc. may helped the toler-
ant genotypes superior in structure retention for conserved and
functional region; and 3) Clearing toxic or harmful products.
TraesCS1A01G051800 encoded aluminium sensitive protein and
TraesCS1A01G056700 encoded heavy metal transport/detoxifica-
tion protein. TraesCS1A01G056200 was annotated as ALMT1-
M39.2. An ALMT1 (Al-activated malate transporter) gene cluster
was once reported controlling aluminum tolerance of rye [60]. It
was deduced that the tolerant wheat genotypes were more sensi-
tive and efficient in clearing waste that produced in cell under heat
stress condition through better function of detoxification.

The better a cultivar performed in these aspects, the more toler-
ance under heat stress this cultivar might show. Above mechanism
was proposed to explain why some cultivars could be tolerant from
seedling stage to adult stage, and why it is possible to select toler-
ant genotypes from early stage on a genetic aspect. In summary,
the main reasons might be that tolerant genotypes generally have
a more effective enzyme system and unhindered signal transduc-
tion, and more capability to degrade toxic or harmful products.

This study tested the seedling-adult relationship for heat toler-
ance mainly on Australian spring cultivars, a wider range of culti-
vars from other countries need to be tested further to find a more
explicit trend. Further studies are necessary to check the expres-
sion patterns and potential natural genetic variations of these tar-
get genes in different wheat accessions, especially in the extremely
tolerant and susceptible genotypes. Moreover, the SNPs identified
in this study can be converted to KASP (Kompetitive Allele-
Specific PCR) markers or PCR based markers for validation in a
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wide range of nature populations and cross populations to make
them more practically useful in wheat breeding.
5. Conclusions

A total of 40 wheat genotypes were evaluated for their heat-
tolerant performances at seedling and adult growth stages. Heat-
tolerant genotypes at seedling stage showed less root length
decrease under heat stress, and genotypes tolerant at adult stage
showed high yield under heat stress. A significant linear positive
relationship was found between HT performances at seedling stage
and at adult stage. Two SNP markers and 11 candidate genes were
identified associated with HT from seedling stage to adult stage.
Expression patterns showed that the expressions of the 11 genes
were all related to heat stress. A genetic mechanism explaining
the superior tolerance was postulated. The result of this study sug-
gested the similar controlling mechanism of HT may exist at differ-
ent growth stages, and the possibility to select HT at seedling stage
for the breeding of heat tolerance in wheat.
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6.1 Introduction 

In this Chapter, an overall summary was given according to the requirement of the 

“UWA Thesis Format” to conclude the whole research, following it there was a general 

discussion. Whilst an individual discussion part was written in every chapter related to the 

corresponding experiment, here I will make a general discussion on the overall findings and 

extensions, the implications of these findings, challenges in this study, and the future research 

directions. 

6.2 Overall summary 

The main aim of thesis is to further understand HT mechanism in wheat. In this research, 

genetic investigation of HT was carried out in various wheat lines at different growth stages. 

The whole research was mainly composed of three experiments in three chapters targeting 

seedling stage, adult stage, and their relationships, respectively. The results are that: firstly, 

QTL related to various seedling traits especially a QTL hotspot on chromosome 4D were 

identified as conferring HT at seedling stage; Secondly, a series of candidate genes within a 

major QTL on chromosome 7A were identified as conferring HT at adult stage. The genes are 

involved in catalysing physiochemical processes and important molecules such as HSPs, 

antioxidants, metabolites, hormones, etc. Finally, using DI calculated from total root length of 

seedlings as an early selection criterion, a significant positive relationship was revealed 

between HT at seedling stage and at adult stage in bread wheat. Furthermore, the genetic 

mechanism was proposed to explain why some cultivars could be tolerant from seedling stage 

through to adult stage, and why it is possible to select tolerant genotypes from early stage. 

Tolerance at both seedling stage and adult stage may relate to the superiority of particular 

genotypes on their more effective enzyme systems, unhindered signal transduction, and more 

capability to degrade toxic or harmful products. The thesis extended our understanding on 
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genetic mechanism of HT in wheat. The suggested possibility of early selection may facilitate 

breeding of HT in wheat. 

6.3 The major outcomes and their extensions  

6.2.1 Identification of selection criteria for phenotyping HT 

SPAD chlorophyll content was identified as a preliminary select criterion for HT at 

adult stage, and agronomic traits especially final yield can be used for further selection. By this 

way different traits related to heat response were integrated and the screening workload were 

reduced. For seedling stage, DI calculated from total root length of seedlings was identified as 

an early selection criterion from all the related traits. Furthermore, it was proved to be 

associated with adult stage HT represented by DI of final yield. The significant positive 

relationship between HT at seedling stage, represented by DI of root length, and HT at adult 

stage, represented by DI of yield, suggested the possibility of early selection of the trait, which 

is important to accelerate the HT breeding in wheat. 

6.2.2 Identification and validation of QTL and candidate genes  

A total of 13 QTL distributed on six wheat chromosomes were identified as conferring 

HT in wheat at seedling stage. Among them, six major QTL with the highest R2 were all from 

tolerant parent Opata M85 background and located within a 2.2 cM interval on chromosome 

4D, making up a QTL hotspot (Chapter 3). Through characterization of NILs, seven candidate 

genes targeting a previously reported major QTL on chromosome 7A were identified as related 

to SPAD chlorophyll content, grain number and final yield, conferring HT in wheat at adult 

stage (Chapter 4). The identified and validated QTL and candidate genes as well as linked 
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markers are valuable information for further fine-mapping to clone major genes responsible for 

HT in wheat.  

6.2.3 Postulation of genetic network and mechanism  

The identified genes conferring HT in wheat at adult stage were involved in important 

processes in response to heat stress. A pathway based on the findings of this study was 

postulated showing a collaborative regulation network of multiple genes in wheat in response 

to heat stress (Figure 4. 4). Signalling pathway and metabolic pathway including a series of 

physiochemical processes and important molecules, including HSPs, antioxidants, metabolites, 

and hormones were involved. By comparing genetic variants in the extremely tolerant and 

susceptible genotypes with consistent performances at both seedling and adult stages, a similar 

tolerant/susceptible mechanism at different plant growth stages was postulated, including the 

aspects of enzyme system, signal transduction, and degrading of toxic or harmful products 

(Chapter 5). The above postulated genetic mechanism extended our understanding of HT at 

different growth stages. 

6.4 Implications of the overall findings  

The overall finding of this study may pave the way to accelerated breeding. It not only 

proposed the possibility of selection from early growth stage of wheat, but also supplied 

candidate markers for marker assisted selection and breeding. 

It was speculated that HT at seedling stage is probably related to the ability of the 

varieties to establish healthy root system which can maintain at adult stage. A positive 

relationship between HT at seedling and adult stages was established. Conventional crop 

breeding are time consuming, requiring at least 5–6 generations before assessments, often up 
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to 11–13 years between making crosses to new cultivar release (Yan et al., 2017). If extreme 

tolerant genotypes could be selected at seedling stage, then workload of extensive selection can 

be reduced by focusing on extreme genotypes with superior seedling performances. Meanwhile, 

breeders do not have to wait until harvest to identify HT performance at each generation, thus 

a series of steps in breeding process such as parent selection, cross and selection at F3-F4, will 

be speeded up. Of course, final yield performance has to be validated on F5 or later generations 

for adult selection. With the fast generation technology and seedling selection of HT, time 

taken for the production of new cultivars could be halved to 5-6 years.  

Some markers identified in this study may be functionally important, because reports 

suggested that apart from the exons that encode protein functional units, noncoding DNA 

including introns and UTRs may also play significant roles (Cobb et al., 2008; Khurana et al., 

2013). SNPs outside the identified candidate genes can still be useful in marker-assisted 

selection for genetic and breeding research (Aharon et al., 2016). 

6.5 Challenges of heat tolerant research  

One challenge for this study is how to associate the wheat performances under heat 

stress at seedling stage and adult stage, as plant response to heat stress is complicated and there 

are many optional traits related to HT for screening.  

Seedling stage phenotypic screening can be done for traits such as plant fresh weight, 

dry weight, carbon isotope discrimination, canopy temperature and spectral reflectance indices 

(Reynolds et al., 2009) or chlorophyll content, chlorophyll fluorescence parameters and their 

HT index (Li et al., 2012) for selection of tolerant genotypes. Root was reported as powerful 

predictor of plant responses to drought (Lozano et al., 2020) as it contacts directly with soil or 

hydro environment for water and nutrition absorption under stress. In this study, root traits 

were used as selection criteria because: 1) the preliminary observation results showed that 
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shoots were less influenced by heat stress than roots, so shoot traits were not further studied; 

2) other traits showed little variation among the cultivars, for example, fresh weight, and dry 

weight of plants were relatively low in general at seedling stage, with very little variation 

among different genotypes; and 3) root-traits screening is a fast and non-destructive method at 

seedling stage, especially when using hydroponic culture. The total root length was finally 

selected as the representative trait to investigate relationship with HT performance at adult 

stage. HT index, as the ratio of root length under heat stress to the root length under non-stress 

condition (Young et al., 2001), was extensively used in HT research and breeding. In this study, 

it was made more accurate by adapting numerator of the ratio (Alsamadany, 2015).  

Meanwhile, there are also many options for adult stage phenotypic screening such as 

canopy temperature, leaf senescence, night respiration, chlorophyll fluorescence and cell 

membrane thermo-stability (Narayanan, 2018), especially the traits already been proved to 

have strong correlations with grain yield in wheat such as loss of chlorophyll content during 

grain filling, thylakoid membrane damage and plasma membrane damage. In this study, we 

selected chlorophyll content measured by SPAD meter as primary select criteria because it was 

a simple, quick and non-destructive method (Shirdelmoghanloo et al., 2016; Zhang et al., 2019; 

Zhao et al., 2018). However, final yield is still the best measurement for HT at adult stage, so 

it was measured for ranking performances of various wheat genotypes.  

Finally, the relationship of HT at seedling stage and at adult stage was established by 

associating the rank of DI that calculated from seedling root length and final yield. 

Another challenge for this study is how to find the reasons behind the relationship of 

HT at different stages. As a significant positive relationship was revealed between HT at 

seedling stage and at adult stage in bread wheat, this study proposed that at genomic level a 

common mechanism of HT at seedling stage and adult stage may exist. Based on this 

hypothesis, putative candidate genes common for HT at different stages were identified. Some 
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of these genes were consistent to previously reported well-known heat-induced genes at 

reproductive stage such as TaHSF1, TaHSF4, TaMBF1c, TaHSP17.4 and TaHSP101, which 

were found significantly enhanced in acetylation levels in wheat seedlings (Ni et al., 2018). 

Extreme cultivars, selected by screening for coherent performances at both seedling and adult 

stages, provided excellent materials for candidate gene identification. By comparing genotypic 

information between tolerant and susceptible cultivar groups, candidate genes conferring HT 

at both stages were identified. 

6.6 Future research directions 

Due to the Covid travel restriction, the author of this thesis could only be enrolled 

remotely after pandemic outbreak. Unattainable of further experiments led to some limitations 

of this PhD project, including e.g. only HT at two stages studied, incompletions of QTL and 

markers validation in more populations and wide genotypes. These limitations supplied us the 

directions to make efforts in the future.  

The confirmed wheat genotypes including multiple pairs of NILs and selected extreme 

wheat lines are valuable resources for further study, and the identified QTL hotspot and 

candidate genes supplied fundamental information for further fine-mapping to clone major 

genes. The identified QTL can be further validated in more populations and wide genotypes. 

The extreme genotypes identified can be further trialled under filed conditions.  

RNA-sequencing, proteomics and metabolomics studies of the contrasting tolerant and 

susceptible genotypes may provide deeper and multi-level understanding of the HT mechanism. 

Further investigations can be done in these aspects. 

Seedling stage and reproductive stage as two important stages for heat response were 

investigated in this study. More comprehensive and in-depth study calls for new methodologies 
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to detect dynamic changes from seedling stage to adult stage, in order to explain the process 

how excellent performance of tolerant genotypes maintained from early to late stage in life 

circle. 
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Table S3: Comparison of identified QTL with previously reported ones.  

Table S4: Reported yield-related genomic region within 4D hotspot.  

Figure S1: Illustration of the hydroponic growth system.  

 

https://www.mdpi.com/article/%2010.3390/plants11060729/s1.


Supplementary Table S1.   Phenotype data and genotype data of RILs 

Name/Line 

35 
SL(cm
) 

35 
RL(cm
) 

35WL(
cm) SLI RLI WLI 

Marker1scaffold7
2468_211254 

Marker2scaffold7
2468_211948 

Marker3scaffold
4109_249224 

Marker4scaffold
38811_2394108 

Synthetic 
W7984 11.47 8.73 20.30 -0.11 0.17 0.01 GG AA CC AA 
Opata M85 11.57 10.33 21.80 -0.37 0.00 -0.21 AA CC TT CC 

1 9.63 4.73 14.36 -0.08202 0.609091 0.31619 AA CC TT CC 
2 8.07 8.47 16.54 0.42766 0.42381 0.425694 AA CC CC AA 
3 11.83 6.1 17.93 0.330504 0.599475 0.455015 AA CC TT CC 
4 10.57 5.73 16.3 0.336472 0.618 0.473004 AA CC TT CC 
5 7.3 5.27 12.57 0.195149 0.111298 0.162 AA CC TT AA 
6 11.93 7.1 19.03 0.087223 0.43336 0.256641 GG AA TT CC 
7 0.93 2.83 3.76 0.947458 0.810449 0.884769 GG AA TT CC 
8 9 5.2 14.2 0.394755 0.659463 0.528865 AA CC TT CC 
9 1.6 2.37 3.97 0.901051 0.858084 0.879221 GG AA CC CC 

10 1.87 3.27 5.14 0.876159 0.785292 0.830531 GG AA CC CC 
11 3.97 4.1 8.07 0.703731 0.646552 0.6772 GG AA TT CC 
12 15.83 10.8 26.63 0.028834 0.261791 0.139024 GG AA TT CC 
13 0.7 0.73 1.43 0.939655 0.942063 0.940909 GG AA CC AA 
14 3.33 2.8 6.13 0.78884 0.798995 0.793603 AA CC CC AA 
15 0.7 2 2.7 0.945184 0.821906 0.8875 GG AA TT CC 
16 12.73 10.03 22.76 0.30551 0.253165 0.283375 GG AA CC AA 
17 10.6 11.77 22.37 0.298013 0.161083 0.232063 GG AA CC AA 
18 2.8 4.5 7.3 0.823566 0.680851 0.756423 GG AA TT CC 
19 12.77 10.37 23.14 -0.0493 0.059837 0.002586 AG CA TT CA 
20 2.4 2.47 4.87 0.819955 0.818782 0.819362 N N N N 
21 10.6 7.47 18.07 0.138211 0.438346 0.294141 N N N N 
22 6.07 4.57 10.64 0.657642 0.657164 0.657437 GG AA TT CC 
23 1.25 1.1 2.35 0.902572 0.917293 0.910065 GG AA CC AA 
24 13.63 8.77 22.4 0.019424 0.369065 0.194245 AA CC CC AA 
25 3.07 3.27 6.34 0.83224 0.7471 0.79699 GG AA CC AA 
26 3.7 4.7 8.4 0.770614 0.672017 0.724228 GG AA TT AA 
27 11.83 11.63 23.46 0.196877 0.214189 0.205554 AA CC TT CC 

75



28 6.93 5.53 12.46 0.203448 0.438579 0.328302 AA CC TT CC 
29 5.2 5.43 10.63 0.680982 0.675433 0.678171 GG AA CC CC 
30 12.1 8.57 20.67 0.037391 0.440965 0.25914 AA CC CC AA 
31 4.43 4.2 8.63 0.698023 0.638865 0.671863 GG AA CC AA 
32 9.73 9.87 19.6 0.451213 0.316008 0.390547 AA CC TT CC 
33 10.6 10.83 21.43 0.488664 0.282781 0.401898 AA CC TT CC 
34 7.03 9.83 16.86 0.495334 0.389441 0.438561 GG AA CC AA 
35 3.17 5.07 8.24 0.700095 0.543243 0.619751 GG AA TT AA 
36 7.37 8.83 16.2 0.547853 0.427738 0.489442 N N N N 
37 5.33 5.83 11.16 0.590944 0.484071 0.541307 GG AA TT CC 
38 4.2 3.33 7.53 0.760956 0.775 0.767377 GG AA TT CC 
39 6.67 9.57 16.24 0.661936 0.40448 0.546369 AA CC CC AA 
40 2.4 3.67 6.07 0.779209 0.70873 0.741372 GG AA CC AA 
41 7.37 7.97 15.34 0.514173 0.468667 0.491548 GG AA CC AA 
42 14.53 9.33 23.86 0.101422 0.269381 0.175536 AA CC CC AA 
43 10.97 8.73 19.7 0.431606 0.379531 0.409649 GG AA TT CC 
44 15.63 11.27 26.9 0.120428 0.190955 0.15142 AA CC TT CC 
45 13.73 9.93 23.66 0.282279 0.35225 0.313407 AA CC TT CC 
46 5.45 5.1 10.55 0.586181 0.630435 0.608825 GG AA CC AA 
47 7.5 8.77 16.27 0.567224 0.473905 0.521471 GG AA CC CC 
48 12.37 10.9 23.27 0.213605 0.307057 0.260331 GG AA TT CC 
49 13.73 10.37 24.1 0.281152 0.297901 0.288456 AA CC TT CC 
50 10.27 8.93 19.2 0.235294 0.360773 0.29927 N N N N 
51 13.77 10.17 23.94 0.155215 0.259286 0.202797 GG AA TT AA 
52 10.33 6 16.33 0.388757 0.583333 0.478275 GG AA TT CC 
53 14.07 11.3 25.37 0.122271 0.222299 0.16983 AA CC CC CC 
54 6.63 5.9 12.53 0.546822 0.519152 0.534201 AA CC TT CC 
55 10.07 10.03 20.1 0.151643 0.106857 0.12987 N N N N 
56 13.7 8.83 22.53 0.197422 0.38381 0.282484 N N N N 
57 14.87 11.77 26.64 0.178453 0.101527 0.146154 GG AA TT CC 
58 7.3 6.37 13.67 0.611082 0.603609 0.607635 GG AA CC CC 
59 12.33 8.9 21.23 0.133521 0.446173 0.29934 AA CC TT AA 
60 11.23 11.37 22.6 0.332739 0.267869 0.301607 GG AA TT CC 
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61 5.67 5.2 10.87 0.514139 0.577236 0.546516 GG AA TT CC 
62 8.93 4.93 13.86 0.466228 0.650355 0.550438 N N N N 
63 15.2 10.97 26.17 0.2 0.134175 0.173666 AA CC TT CC 
64 14.93 12.03 26.96 0.182813 0.134532 0.161952 AA CC CC AA 
65 9.93 8 17.93 0.398182 0.477124 0.436164 GG AA TT CC 
66 7.23 5.63 12.86 0.589904 0.627892 0.607448 AA CC CC AA 
67 11.2 14.67 25.87 0.382239 -0.07315 0.186478 GG AA CC CC 
68 8.3 4.9 13.2 0.441829 0.554545 0.489756 GG AA TT AA 
69 7.53 6.77 14.3 0.513251 0.427726 0.47619 GG AA TT CC 
70 4.87 3.4 8.27 0.675981 0.742424 0.707049 GG AA TT AA 
71 8.77 5.63 14.4 0.270989 0.484904 0.372822 GG AA TC AA 
72 9.97 13.1 23.07 0.140517 -0.0023 0.064856 AA CC TT CC 
73 15.67 12.77 28.44 0.020625 0.092395 0.054207 AA CC CC AA 
74 14.53 14.53 29.06 0.084436 -0.0305 0.030364 AA CC CC AA 
75 17.23 9.63 26.86 0.00806 0.346232 0.16324 GG AA TT CC 
76 15.7 13.87 29.57 0.200204 -0.03276 0.105566 AA CC TT AA 
77 7.67 4.2 11.87 0.441369 0.652893 0.540457 AA CC TT CC 
78 9.2 6.97 16.17 0.497268 0.479851 0.489905 AA CC CC CC 
79 15.9 12.17 28.07 -0.20729 0.109729 -0.04583 AA CC TT AA 
80 2.87 2.13 5 0.785821 0.801491 0.792789 AA CC CC AA 
81 7.33 3.7 11.03 0.321296 0.646609 0.481429 AA CC CC AA 
82 8.37 6.27 14.64 0.369254 0.443656 0.403423 GG AA TT CC 
83 13.2 8.07 21.27 0.265442 0.36805 0.308068 N N N N 
84 7.3 4.53 11.83 0.355693 0.541033 0.441981 GG AA TT CC 
85 4.3 3.23 7.53 0.785322 0.769286 0.778725 GG AA TT CC 
86 6.8 6.17 12.97 0.489872 0.410697 0.455042 GG AA TT CC 
87 10.4 8.87 19.27 0.19815 0.200901 0.199418 GG AA TT CC 
88 10.87 9.13 20 0.307643 0.179695 0.254566 AA CC TT CC 
89 5.17 4 9.17 0.610399 0.641898 0.624795 GG AA CC AA 
90 3.83 2.57 6.4 0.707634 0.771961 0.737382 N N N N 
91 13.17 11.8 24.97 -0.0621 -0.06594 -0.06391 N N N N 
92 14.53 10.93 25.46 0.145294 0.211968 0.175251 GG AA TT CC 
93 14.23 12.1 26.33 0.212507 0.163787 0.190842 GG AA CC CC 
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94 11.6 12.2 23.8 0.416205 0.034046 0.267692 GG AA CC CC 
95 14.13 12.67 26.8 0.142077 -0.08942 0.046263 AA CC CC AA 
96 9.4 5.6 15 0.397436 0.549477 0.464859 GG AA CC AA 
97 14.8 12.43 27.23 0.130945 0.14863 0.139108 AA CC CC AA 
98 18.7 14.17 32.87 0.026042 0.015972 0.021726 AA CC TT AA 
99 12.87 12.37 25.24 0.215244 0.053558 0.143536 GG AA CC AA 

100 10.3 8.03 18.33 0.046296 0.356055 0.212291 AA CC CC AA 
101 16 12.3 28.3 -0.14531 -0.025 -0.08972 GG AA CC CC 
102 16.75 13.97 30.72 -0.30859 -0.08043 -0.19394 N N N N 
103 9.67 8.93 18.6 0.254433 0.127077 0.198276 N N N N 
104 10.25 9.75 20 0.379915 0.268567 0.330208 AA CC CC AA 
105 1.65 2.6 4.25 0.880866 0.761468 0.828283 AA CC CC AA 
106 12.27 10.83 23.1 0.163599 0.110107 0.139344 AA CC CC CC 
110 12.47 8.83 21.3 0.215723 0.325954 0.265517 AA CC CC AA 
111 10.97 10 20.97 0.10813 0.03568 0.074989 GG AA TT CC 
112 7.17 7.53 14.7 0.352304 0.223711 0.292248 AA CC CC AA 
113 6.05 5.9 11.95 0.412621 0.486957 0.451835 N N N N 
114 11.3 7.75 19.05 0.150376 0.326087 0.231855 AA CC TT AA 

N means no data 
Synthetic is the susceptible parent and therefore its alleles are considered negative alleles, whereas Opata is the tolerant parent and its alleles are considered positive alleles
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Supplementary Table S2. All 572 genes within the QTL hotspot. 
 

Gene-ID Blast-Hit-Accession Human-Readable-Description 
TraesCS4D01G005900LC.
1 tr|A0A0B0M763|A0A0B0M763_GOSAR Transport protein sec23 
TraesCS4D01G006000LC.
1 AT2G02520.1 RNA-directed DNA polymerase (reverse transcriptase)-related family protein 
TraesCS4D01G006100LC.
1 sp|P30680|SSR2_RAT Somatostatin receptor type 2 
TraesCS4D01G006200LC.
1 

tr|A0A1D5Y7E4|A0A1D5Y7E4_WHEA
T 3-ketoacyl-CoA synthase 

TraesCS4D01G006300LC.
1 tr|A0A0A9R9I2|A0A0A9R9I2_ARUDO HIRA 
TraesCS4D01G006400LC.
1 tr|A0A1J3I0I0|A0A1J3I0I0_NOCCA Protein ECERIFERUM 3 
TraesCS4D01G006500LC.
1 AT4G14170.1 Pentatricopeptide repeat (PPR) superfamily protein 
TraesCS4D01G006600LC.
1 AT1G32210.2 Defender against death (DAD family) protein 
TraesCS4D01G006600LC.
2 AT1G29750.1 receptor-like kinase in flowers 1 
TraesCS4D01G006600LC.
3 sp|Q66802|L_EBOSM RNA-directed RNA polymerase L 
TraesCS4D01G006700LC.
1 AT1G33710.1 RNA-directed DNA polymerase (reverse transcriptase)-related family protein 
TraesCS4D01G006800LC.
1 sp|Q5NI06|LPXD1_FRATT UDP-3-O-acylglucosamine N-acyltransferase 1 
TraesCS4D01G006900LC.
1 sp|Q87AH7|SYE_XYLFT Glutamate--tRNA ligase 
TraesCS4D01G007000LC.
1 tr|Q6XW38|Q6XW38_ARATH Resistance protein RPP8-like protein 
TraesCS4D01G007100LC.
1 tr|Q2QX51|Q2QX51_ORYSJ Transposon protein, putative, Pong sub-class 
TraesCS4D01G007200LC.
1 

tr|A0A0K9Q0G9|A0A0K9Q0G9_ZOSM
R Dihydrolipoamide acetyltransferase component of pyruvate dehydrogenase complex 

TraesCS4D01G007300LC.
1 tr|A0A151S0N2|A0A151S0N2_CAJCA Serine/threonine protein phosphatase 7 long form isogeny 
TraesCS4D01G007400LC.
1 tr|A0A0B2RA84|A0A0B2RA84_GLYSO Cell surface glycoprotein 1 
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TraesCS4D01G007500LC.
1 tr|A0A0K9NSP8|A0A0K9NSP8_ZOSMR MYB transcription factor 
TraesCS4D01G007600LC.
1 AT3G58030.4 RING/U-box superfamily protein 
TraesCS4D01G007700LC.
1 sp|Q44494|ALGE1_AZOVI Poly(beta-D-mannuronate) C5 epimerase 1 
TraesCS4D01G007800LC.
1 AT5G24155.3 FAD/NAD(P)-binding oxidoreductase family protein 
TraesCS4D01G007900LC.
1 sp|Q80TS8|SE1L3_MOUSE Protein sel-1 homolog 3 
TraesCS4D01G008000LC.
1 tr|A0A1J3J004|A0A1J3J004_NOCCA Retrovirus-related Pol polyprotein from transposon TNT 1-94 
TraesCS4D01G008100LC.
1 sp|P63465|ACPS_BRUSU Holo-[acyl-carrier-protein] synthase 
TraesCS4D01G008200LC.
1 sp|Q7CQK1|MDTJ_SALTY Spermidine export protein MdtJ 
TraesCS4D01G008300LC.
1 sp|Q1R8U4|MURQ_ECOUT N-acetylmuramic acid 6-phosphate etherase 
TraesCS4D01G008400LC.
1 AT2G38100.3 proton-dependent oligopeptide transport (POT) family protein 
TraesCS4D01G008500LC.
1 tr|Q10PF4|Q10PF4_ORYSJ Retrotransposon protein, putative, unclassified, expressed 
TraesCS4D01G008600LC.
1 tr|A0A0B2R0V5|A0A0B2R0V5_GLYSO LINE-1 reverse transcriptase like 
TraesCS4D01G008700LC.
1 tr|A0A161V440|A0A161V440_9MAGN NAD(P)H-quinone oxidoreductase subunit 2, chloroplastic 
TraesCS4D01G008800LC.
1 tr|A2Q1A3|A2Q1A3_MEDTR RNA-directed DNA polymerase (Reverse transcriptase) 
TraesCS4D01G008900LC.
1   Unknown protein 
TraesCS4D01G009000LC.
1 tr|A0A191TDL0|A0A191TDL0_HORVV NADH-ubiquinone oxidoreductase chain 4 
TraesCS4D01G009100LC.
1 sp|P49609|ACON_GRAGA Aconitate hydratase, mitochondrial 
TraesCS4D01G009200LC.
1 tr|E6Y5Q2|E6Y5Q2_SOLLC Gag-pol polyprotein 
TraesCS4D01G009300LC.
1 tr|Q00RI1|Q00RI1_ORYSA tRNA-dihydrouridine synthase 
TraesCS4D01G009400LC.
1 tr|A0A059Q1S5|A0A059Q1S5_9POAL DNA helicase 
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TraesCS4D01G009500LC.
1 tr|Q2R0Z1|Q2R0Z1_ORYSJ AT hook motif-containing protein, putative 
TraesCS4D01G009600LC.
1 AT3G06340.4 DNAJ heat shock N-terminal domain-containing protein 
TraesCS4D01G009700LC.
1 tr|Q5SMW3|Q5SMW3_ORYSJ Cyst nematode resistance protein-like 
TraesCS4D01G009800LC.
1 sp|A1TDK2|KGD_MYCVP Multifunctional 2-oxoglutarate metabolism enzyme 
TraesCS4D01G009900LC.
1 tr|A0A1J3HNP1|A0A1J3HNP1_NOCCA Glutathione S-transferase T3 
TraesCS4D01G010000LC.
1 AT2G02520.1 RNA-directed DNA polymerase (reverse transcriptase)-related family protein 
TraesCS4D01G010100LC.
1 tr|Q2QUR7|Q2QUR7_ORYSJ Retrotransposon protein, putative, LINE subclass 
TraesCS4D01G010200LC.
1 tr|Q53NJ9|Q53NJ9_ORYSJ Retrotransposon protein, putative, unclassified 
TraesCS4D01G010300LC.
1 sp|O31971|YOMM_BACSU SPBc2 prophage-derived recombinase-like protein YomM 
TraesCS4D01G010400LC.
1 tr|W9SBM0|W9SBM0_9ROSA E3 ubiquitin-protein ligase SINA-like 2 
TraesCS4D01G010500LC.
1 sp|Q6A7M5|IF2_PROAC Translation initiation factor IF-2 
TraesCS4D01G010600LC.
1 tr|A0A072VES6|A0A072VES6_MEDTR Endonuclease/exonuclease/phosphatase family protein 
TraesCS4D01G010700LC.
1 tr|F4IJA9|F4IJA9_ARATH TTF-type zinc finger protein with HAT dimerisation domain 
TraesCS4D01G010800LC.
1 tr|Q2QQZ1|Q2QQZ1_ORYSJ Retrotransposon protein, putative, Ty3-gypsy subclass 
TraesCS4D01G010900LC.
1 tr|Q6ATT7|Q6ATT7_ORYSJ Cytochrome P450, putative 
TraesCS4D01G011000LC.
1 AT1G48090.6 calcium-dependent lipid-binding family protein 
TraesCS4D01G011100LC.
1 tr|A0A151SVR7|A0A151SVR7_CAJCA Gag polyprotein 
TraesCS4D01G011200LC.
1 sp|Q4A0G2|COPZ_STAS1 Copper chaperone CopZ 
TraesCS4D01G011300LC.
1 tr|Q2VEY8|Q2VEY8_PENAM Transposase 
TraesCS4D01G011400LC.
1 tr|Q2QWY8|Q2QWY8_ORYSJ Transposon protein, putative, CACTA, En/Spm sub-class 
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TraesCS4D01G011500LC.
1 tr|A0A072VES6|A0A072VES6_MEDTR Endonuclease/exonuclease/phosphatase family protein 
TraesCS4D01G011600LC.
1 

tr|A0A199UNR3|A0A199UNR3_ANAC
O LINE-1 retrotransposable element ORF2 protein 

TraesCS4D01G011700LC.
1 tr|Q2QZN1|Q2QZN1_ORYSJ Retrotransposon protein, putative, unclassified 
TraesCS4D01G011800LC.
1 sp|Q9SN43|CIPKC_ARATH CBL-interacting serine/threonine-protein kinase 12 
TraesCS4D01G011900LC.
1 AT2G04420.1 Polynucleotidyl transferase, ribonuclease H-like superfamily protein 
TraesCS4D01G012000LC.
1 tr|A2Q338|A2Q338_MEDTR RNA-directed DNA polymerase (Reverse transcriptase) 
TraesCS4D01G012100LC.
1 sp|Q06702|CDA1_YEAST Chitin deacetylase 1 
TraesCS4D01G012200LC.
1 AT1G35530.4 DEAD/DEAH box RNA helicase family protein 
TraesCS4D01G012300LC.
1 tr|Q2R3P6|Q2R3P6_ORYSJ Transposon protein, putative, Mutator sub-class 
TraesCS4D01G012400LC.
1 tr|A0A199V9F3|A0A199V9F3_ANACO LINE-1 reverse transcriptase 
TraesCS4D01G012500LC.
1 tr|A0A0B2R0V5|A0A0B2R0V5_GLYSO LINE-1 reverse transcriptase like 
TraesCS4D01G012600LC.
1 AT2G01280.2 Cyclin/Brf1-like TBP-binding protein 
TraesCS4D01G012700LC.
1 tr|A0A072VES6|A0A072VES6_MEDTR Endonuclease/exonuclease/phosphatase family protein 
TraesCS4D01G012800LC.
1 tr|Q7G4Q3|Q7G4Q3_ORYSJ Retrotransposon protein, putative, unclassified 
TraesCS4D01G012900LC.
1 tr|Q2QUC2|Q2QUC2_ORYSJ Retrotransposon protein, putative, unclassified 
TraesCS4D01G013000LC.
1 tr|A0A1J3FWP0|A0A1J3FWP0_NOCCA LINE-1 reverse transcriptase-like protein 
TraesCS4D01G013100LC.
1 sp|C0Q4M9|KEFF_SALPC Glutathione-regulated potassium-efflux system ancillary protein KefF 
TraesCS4D01G013200LC.
1 AT2G41590.1 Ta11-like non-LTR retrotransposon 
TraesCS4D01G013300LC.
1 AT4G10590.4 ubiquitin-specific protease 10 
TraesCS4D01G013400LC.
1 sp|P42291|DRD1C_XENLA D(1C) dopamine receptor 
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TraesCS4D01G013500LC.
1 tr|Q53KL9|Q53KL9_ORYSJ Retrotransposon protein, putative, unclassified 
TraesCS4D01G013600LC.
1 tr|M8C2B7|M8C2B7_AEGTA Retrovirus-related Pol polyprotein from transposon TNT 1-94 
TraesCS4D01G013700LC.
1 tr|B9I5G6|B9I5G6_POPTR Ankyrin repeat family protein 
TraesCS4D01G013800LC.
1 tr|A0A151RQU3|A0A151RQU3_CAJCA Zinc finger MYM-type protein 1 
TraesCS4D01G013900LC.
1 AT5G42400.8 SET domain protein 25 
TraesCS4D01G014000LC.
1 AT3G50380.4 vacuolar protein sorting-associated protein, putative (DUF1162) 
TraesCS4D01G014100LC.
1 

tr|A0A0B2SAW9|A0A0B2SAW9_GLYS
O LINE-1 reverse transcriptase like 

TraesCS4D01G014200LC.
1 tr|A0A072VD17|A0A072VD17_MEDTR Endonuclease/exonuclease/phosphatase family protein 
TraesCS4D01G014300LC.
1 AT4G30110.2 heavy metal atpase 2 
TraesCS4D01G014400LC.
1 tr|M8C940|M8C940_AEGTA DNA (Cytosine-5)-methyltransferase 1 
TraesCS4D01G014400LC.
2 tr|M8C940|M8C940_AEGTA DNA (Cytosine-5)-methyltransferase 1 
TraesCS4D01G014500LC.
1 tr|Q10IA6|Q10IA6_ORYSJ Retrotransposon protein, putative, unclassified 
TraesCS4D01G014600LC.
1 tr|A0A151QLV5|A0A151QLV5_CAJCA Retrovirus-related Pol polyprotein from transposon TNT 1-94 
TraesCS4D01G014700LC.
1 tr|A0A151R424|A0A151R424_CAJCA Zinc finger MYM-type protein 1 
TraesCS4D01G014800LC.
1 sp|P96178|RPOC_WEIPA DNA-directed RNA polymerase subunit beta' 
TraesCS4D01G014900LC.
1 AT2G43410.6 RNA binding protein 
TraesCS4D01G015000LC.
1 tr|W6JLH3|W6JLH3_LILLO Argonaute protein 
TraesCS4D01G015100LC.
1 tr|A0A059Q1J2|A0A059Q1J2_9POAL GATA transcription factor 
TraesCS4D01G015100LC.
2 tr|A0A059Q1J2|A0A059Q1J2_9POAL GATA transcription factor 
TraesCS4D01G015200LC.
1 sp|Q0UY20|ATG1_PHANO Serine/threonine-protein kinase atg1 
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TraesCS4D01G015300LC.
1 tr|G4WH81|G4WH81_ARALY Serine/threonine-protein kinase 
TraesCS4D01G015400LC.
1 tr|W5EPD6|W5EPD6_WHEAT WAT1-related protein 
TraesCS4D01G015500LC.
1 tr|A0A151QY44|A0A151QY44_CAJCA Transposon TX1 uncharacterized 
TraesCS4D01G015600LC.
1 tr|Q10IA6|Q10IA6_ORYSJ Retrotransposon protein, putative, unclassified 
TraesCS4D01G015700LC.
1 tr|A0A1D1Y9G7|A0A1D1Y9G7_9ARAE 26S protease regulatory subunit 6B 
TraesCS4D01G015800LC.
1 tr|Q53MP1|Q53MP1_ORYSJ Retrotransposon protein, putative, unclassified 
TraesCS4D01G015900LC.
1 AT4G14760.4 kinase interacting (KIP1-like) family protein 
TraesCS4D01G016000LC.
1 

tr|A0A1D1YMQ7|A0A1D1YMQ7_9AR
AE NADH-ubiquinone oxidoreductase subunit 

TraesCS4D01G016100LC.
1 sp|Q5M1F4|SSTT_STRT1 Serine/threonine transporter SstT 
TraesCS4D01G016200LC.
1 tr|A0A0B2Q563|A0A0B2Q563_GLYSO Non-specific serine/threonine protein kinase 
TraesCS4D01G016300LC.
1 tr|A0A1J3HNP1|A0A1J3HNP1_NOCCA Glutathione S-transferase T3 
TraesCS4D01G016400LC.
1 AT5G62150.1 peptidoglycan-binding LysM domain-containing protein 
TraesCS4D01G016500LC.
1 AT1G10000.1 Ribonuclease H-like superfamily protein 
TraesCS4D01G016600LC.
1 tr|Q10MY0|Q10MY0_ORYSJ Transposon protein, putative, Mutator sub-class, expressed 
TraesCS4D01G016700LC.
1 tr|Q2R1G5|Q2R1G5_ORYSJ Transposon protein, putative, Mutator sub-class, expressed 
TraesCS4D01G016800LC.
1 tr|Q2R3J1|Q2R3J1_ORYSJ Transposon protein, putative, Mutator sub-class 
TraesCS4D01G016900LC.
1 tr|A0A151SHP6|A0A151SHP6_CAJCA Serine/threonine protein phosphatase 7 long form isogeny 
TraesCS4D01G017000LC.
1 tr|S5R947|S5R947_9ROSA NAC domain protein 
TraesCS4D01G017100LC.
1 tr|Q2QX51|Q2QX51_ORYSJ Transposon protein, putative, Pong sub-class 
TraesCS4D01G017200LC.
1 tr|A0A151RQB0|A0A151RQB0_CAJCA ATP-dependent DNA helicase PIF1 
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TraesCS4D01G017300LC.
1 tr|Q2R0Z1|Q2R0Z1_ORYSJ AT hook motif-containing protein, putative 
TraesCS4D01G017400LC.
1 tr|Q2R0Z1|Q2R0Z1_ORYSJ AT hook motif-containing protein, putative 
TraesCS4D01G017500LC.
1 tr|Q9AYF0|Q9AYF0_ORYSJ Helicase-like protein 
TraesCS4D01G017600LC.
1 tr|A0A0V0IM05|A0A0V0IM05_SOLCH Importin subunit alpha 
TraesCS4D01G017700LC.
1 tr|Q5JLQ0|Q5JLQ0_ORYSJ F-box domain containing protein-like 
TraesCS4D01G017800LC.
1 tr|Q2QYQ5|Q2QYQ5_ORYSJ Retrotransposon protein, putative, unclassified, expressed 
TraesCS4D01G017900LC.
1 

tr|A0A151QMR0|A0A151QMR0_CAJC
A Transposon TX1 uncharacterized 

TraesCS4D01G018000LC.
1 tr|A0A072VGJ8|A0A072VGJ8_MEDTR Endonuclease/exonuclease/phosphatase family protein 
TraesCS4D01G018100LC.
1 tr|A0A151SQ16|A0A151SQ16_CAJCA Retrovirus-related Pol polyprotein LINE-1 
TraesCS4D01G018200LC.
1 tr|A0A059Q2Q5|A0A059Q2Q5_9POAL DNA-(apurinic or apyrimidinic site) lyase 
TraesCS4D01G018300LC.
1 tr|M8BU25|M8BU25_AEGTA Protein FAR1-RELATED SEQUENCE 5 
TraesCS4D01G018400LC.
1 tr|A2Q1A3|A2Q1A3_MEDTR RNA-directed DNA polymerase (Reverse transcriptase) 
TraesCS4D01G018500LC.
1 

tr|A0A0A9BDB4|A0A0A9BDB4_ARUD
O Calcium-dependent protein kinase, isoform 2 

TraesCS4D01G018600LC.
1 AT1G27090.1 glycine-rich protein 
TraesCS4D01G018700LC.
1 tr|M8B215|M8B215_AEGTA Heat stress transcription factor A-9 
TraesCS4D01G018800LC.
1 tr|B6SWD0|B6SWD0_MAIZE Light-mediated development protein DET1 
TraesCS4D01G018800LC.
2 sp|B2AHC1|SUCC_CUPTR Succinate--CoA ligase [ADP-forming] subunit beta 
TraesCS4D01G018900LC.
1 tr|Q7XE51|Q7XE51_ORYSJ Retrotransposon protein, putative, unclassified 
TraesCS4D01G019000LC.
1 sp|A4IZJ6|SYGA_FRATW Glycine--tRNA ligase alpha subunit 
TraesCS4D01G019100LC.
1 sp|B3LY22|EIF3A_DROAN Eukaryotic translation initiation factor 3 subunit A 
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TraesCS4D01G019200LC.
1 tr|Q6YUC1|Q6YUC1_ORYSJ F-box protein family-like 
TraesCS4D01G019300LC.
1 AT3G24255.3 RNA-directed DNA polymerase (reverse transcriptase)-related family protein 
TraesCS4D01G019400LC.
1 sp|P0C6X3|R1AB_CVHN2 Replicase polyprotein 1ab 
TraesCS4D01G019500LC.
1   Unknown protein 
TraesCS4D01G019600LC.
1 sp|Q8PQ19|PUR9_XANAC Bifunctional purine biosynthesis protein PurH 
TraesCS4D01G019700LC.
1 tr|Q2QS92|Q2QS92_ORYSJ Transposable element protein, putative, Retrotrans_gag 
TraesCS4D01G019800LC.
1 sp|B2S334|NTPA_TREPS Non-canonical purine NTP pyrophosphatase 
TraesCS4D01G019900LC.
1 tr|Q53L77|Q53L77_ORYSJ Transposable element protein, putative 
TraesCS4D01G020000LC.
1 tr|A0A199UJV5|A0A199UJV5_ANACO RING finger and transmembrane domain-containing protein 2 
TraesCS4D01G020100LC.
1 tr|A0A061FVD3|A0A061FVD3_THECC BED zinc finger,hAT family dimerization domain 
TraesCS4D01G020200LC.
1 tr|A0A061G8Z6|A0A061G8Z6_THECC BED zinc finger,hAT family dimerization domain 
TraesCS4D01G020300LC.
1 tr|Q109Y5|Q109Y5_ORYSJ Retrotransposon protein, putative, Ty3-gypsy subclass 
TraesCS4D01G020400LC.
1 tr|Q2QZQ1|Q2QZQ1_ORYSJ Retrotransposon protein, putative, Ty3-gypsy subclass 
TraesCS4D01G020500LC.
1 tr|Q109Y4|Q109Y4_ORYSJ Retrotransposon protein, putative, Ty3-gypsy subclass 
TraesCS4D01G020600LC.
1 AT5G63570.2 glutamate-1-semialdehyde-2,1-aminomutase 
TraesCS4D01G020700LC.
1 tr|B9HLX2|B9HLX2_POPTR Glycine-rich family protein 
TraesCS4D01G020800LC.
1 tr|S5R947|S5R947_9ROSA NAC domain protein 
TraesCS4D01G020900LC.
1 tr|A0A1J3J691|A0A1J3J691_NOCCA Retrovirus-related Pol polyprotein from transposon TNT 1-94 
TraesCS4D01G021000LC.
1 tr|D8UEJ6|D8UEJ6_VOLCA Ankyrin-repeat protein 
TraesCS4D01G021100LC.
1 tr|Q8H2A6|Q8H2A6_ANACO Germin-like protein 
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TraesCS4D01G021200LC.
1 AT3G04030.3 Homeodomain-like superfamily protein 
TraesCS4D01G021300LC.
1 AT1G55265.1 DUF538 family protein, putative (Protein of unknown function, DUF538) 
TraesCS4D01G021400LC.
1 sp|Q9SW11|PUB35_ARATH U-box domain-containing protein 35 
TraesCS4D01G021500LC.
1 tr|G7LC68|G7LC68_MEDTR Ubiquitin carboxyl-terminal hydrolase 
TraesCS4D01G021600LC.
1 sp|Q7NY13|IF2_CHRVO Translation initiation factor IF-2 
TraesCS4D01G021700LC.
1 

tr|A0A0B0MZ94|A0A0B0MZ94_GOSA
R tRNA (Ile)-lysidine synthase 

TraesCS4D01G021800LC.
1 AT4G16990.9 disease resistance protein (TIR-NBS class) 
TraesCS4D01G021900LC.
1 AT2G45540.6 WD-40 repeat family protein / beige-like protein 
TraesCS4D01G022000LC.
1 tr|A0A0A9JBG3|A0A0A9JBG3_ARUDO 50S ribosomal protein L18 
TraesCS4D01G022100LC.
1 tr|Q10M31|Q10M31_ORYSJ Transposon protein, putative, Mutator sub-class 
TraesCS4D01G022200LC.
1 tr|Q9FH11|Q9FH11_ARATH Mutator-like transposase-like 
TraesCS4D01G022300LC.
1 tr|Q10M31|Q10M31_ORYSJ Transposon protein, putative, Mutator sub-class 
TraesCS4D01G022400LC.
1 tr|Q7XDU8|Q7XDU8_ORYSJ GRF zinc finger family protein, expressed 
TraesCS4D01G022500LC.
1 sp|P21979|SPAA_STRDO Cell surface antigen I/II 
TraesCS4D01G022600LC.
1 tr|A0A151QXP1|A0A151QXP1_CAJCA B3 domain-containing protein family 
TraesCS4D01G022700LC.
1 tr|A0A1D1YX54|A0A1D1YX54_9ARAE La-related protein 
TraesCS4D01G022700LC.
2 tr|Q5NBG8|Q5NBG8_ORYSJ La related protein-like 
TraesCS4D01G022800LC.
1 AT1G03080.3 kinase interacting (KIP1-like) family protein 
TraesCS4D01G022900LC.
1 AT4G10613.1 RNA-directed DNA polymerase (reverse transcriptase)-related family protein 
TraesCS4D01G023000LC.
1 sp|P16087|GAG_FIVPE Gag polyprotein 
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TraesCS4D01G023100LC.
1   Unknown protein 
TraesCS4D01G023200LC.
1 sp|Q1A250|GAG_SIVEK Gag polyprotein 
TraesCS4D01G023300LC.
1 AT4G33240.7 1-phosphatidylinositol-3-phosphate 5-kinase FAB1A 
TraesCS4D01G023400LC.
1 tr|I3NM41|I3NM41_WHEAT Oleosin 
TraesCS4D01G023500LC.
1 tr|A0A1D1YR54|A0A1D1YR54_9ARAE Retrovirus-related Pol polyprotein from transposon TNT 1-94 
TraesCS4D01G023600LC.
1 sp|Q8CQ56|ADH_STAES Alcohol dehydrogenase 
TraesCS4D01G023700LC.
1 AT2G03150.2 ATP/GTP-binding protein family 
TraesCS4D01G023800LC.
1 sp|Q8BND5|QSOX1_MOUSE Sulfhydryl oxidase 1 
TraesCS4D01G023900LC.
1 tr|A0A151SUT9|A0A151SUT9_CAJCA Serine/threonine protein phosphatase 7 long form isogeny 
TraesCS4D01G024000LC.
1 tr|A0A0B2RSH3|A0A0B2RSH3_GLYSO 3-epi-6-deoxocathasterone 23-monooxygenase 
TraesCS4D01G024100LC.
1 sp|Q63TM6|SYFA_BURPS Phenylalanine--tRNA ligase alpha subunit 
TraesCS4D01G024200LC.
1 tr|A0A072TKF9|A0A072TKF9_MEDTR Ycf15 protein, putative 
TraesCS4D01G024300LC.
1 sp|O83971|THYX_TREPA Flavin-dependent thymidylate synthase 
TraesCS4D01G024400LC.
1 sp|Q5P2L1|COAX_AROAE Type III pantothenate kinase 
TraesCS4D01G024500LC.
1 AT2G41350.1 HAUS augmin-like complex subunit 
TraesCS4D01G024600LC.
1 tr|Q2QSZ7|Q2QSZ7_ORYSJ Retrotransposon protein, putative, Ty3-gypsy subclass 
TraesCS4D01G024700LC.
1 tr|Q2VEY8|Q2VEY8_PENAM Transposase 
TraesCS4D01G024800LC.
1 AT5G55980.1 serine-rich protein-like protein 
TraesCS4D01G024900LC.
1 sp|B5FBM2|ASTD_VIBFM N-succinylglutamate 5-semialdehyde dehydrogenase 
TraesCS4D01G025000LC.
1 tr|A0A059Q1J1|A0A059Q1J1_9POAL Ralf-like protein 
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TraesCS4D01G025100LC.
1 AT1G12620.1 Pentatricopeptide repeat (PPR) superfamily protein 
TraesCS4D01G025200LC.
1 tr|B9SBS8|B9SBS8_RICCO Cysteine protease, putative 
TraesCS4D01G025300LC.
1 tr|Q10D55|Q10D55_ORYSJ Retrotransposon protein, putative, unclassified 
TraesCS4D01G025400LC.
1 AT3G24255.5 RNA-directed DNA polymerase (reverse transcriptase)-related family protein 
TraesCS4D01G025500LC.
1 sp|B5FBM2|ASTD_VIBFM N-succinylglutamate 5-semialdehyde dehydrogenase 
TraesCS4D01G025600LC.
1 tr|M8BMY5|M8BMY5_AEGTA Palmitoyl-protein thioesterase 1 
TraesCS4D01G025700LC.
1 sp|Q8FW07|UGPC_BRUSU sn-glycerol-3-phosphate import ATP-binding protein UgpC 
TraesCS4D01G025800LC.
1 sp|Q9Z1R2|BAG6_MOUSE Large proline-rich protein BAG6 
TraesCS4D01G025800LC.
2 sp|P0A125|RSMG_PSEPU Ribosomal RNA small subunit methyltransferase G 
TraesCS4D01G025900LC.
1   Unknown protein 
TraesCS4D01G026000LC.
1 tr|Q0GJY9|Q0GJY9_9POAL Transposase 
TraesCS4D01G026100LC.
1 AT3G19990.2 E3 ubiquitin-protein ligase 
TraesCS4D01G026200LC.
1 AT1G23180.2 ARM repeat superfamily protein 
TraesCS4D01G026300LC.
1 tr|Q53NE2|Q53NE2_ORYSJ Retrotransposon protein, putative, unclassified 
TraesCS4D01G026400LC.
1 tr|M8C2B7|M8C2B7_AEGTA Retrovirus-related Pol polyprotein from transposon TNT 1-94 
TraesCS4D01G026500LC.
1 sp|Q89928|POL_HV2EH Gag-Pol polyprotein 
TraesCS4D01G026600LC.
1 tr|A0A151RAE6|A0A151RAE6_CAJCA Transposon Ty3-G Gag-Pol polyprotein 
TraesCS4D01G026700LC.
1 tr|M8AUX6|M8AUX6_TRIUA ATP synthase subunit alpha 
TraesCS4D01G026800LC.
1 AT3G12640.3 RNA binding (RRM/RBD/RNP motifs) family protein 
TraesCS4D01G026900LC.
1 tr|Q2RB42|Q2RB42_ORYSJ Transposon protein, putative, Mutator sub-class 
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TraesCS4D01G027000LC.
1 tr|Q2R0C2|Q2R0C2_ORYSJ Transposon protein, putative, Mutator sub-class 
TraesCS4D01G027000LC.
2 tr|Q2QXK8|Q2QXK8_ORYSJ Transposon protein, putative, Mutator sub-class 
TraesCS4D01G027000LC.
3 tr|Q2R0C2|Q2R0C2_ORYSJ Transposon protein, putative, Mutator sub-class 
TraesCS4D01G027000LC.
4 tr|Q2QXK8|Q2QXK8_ORYSJ Transposon protein, putative, Mutator sub-class 
TraesCS4D01G027100LC.
1 AT1G79950.7 RAD3-like DNA-binding helicase protein 
TraesCS4D01G027200LC.
1 sp|Q9QYF3|MYO5A_RAT Unconventional myosin-Va 
TraesCS4D01G027300LC.
1 tr|D0U5T0|D0U5T0_9LAMI NADH dehydrogenase subunit F 
TraesCS4D01G027400LC.
1 tr|M8CJZ3|M8CJZ3_AEGTA Protein FAR1-RELATED SEQUENCE 5 
TraesCS4D01G027500LC.
1 tr|M8CJZ3|M8CJZ3_AEGTA Protein FAR1-RELATED SEQUENCE 5 
TraesCS4D01G027600LC.
1 sp|Q5HAJ4|RS6_EHRRW 30S ribosomal protein S6 
TraesCS4D01G027700LC.
1 sp|Q8CSV3|RECG_STAES ATP-dependent DNA helicase RecG 
TraesCS4D01G027800LC.
1 AT3G58930.5 F-box/RNI-like superfamily protein 
TraesCS4D01G027900LC.
1 tr|A0A072UK42|A0A072UK42_MEDTR No-apical-meristem-associated carboxy-terminal domain protein 
TraesCS4D01G028000LC.
1 tr|B9GG09|B9GG09_POPTR Serine-rich family protein 
TraesCS4D01G028100LC.
1 AT4G09660.1 zinc finger MYM-type-like protein 
TraesCS4D01G028200LC.
1 tr|A0A151THK7|A0A151THK7_CAJCA Retrovirus-related Pol polyprotein from transposon TNT 1-94 
TraesCS4D01G028300LC.
1 AT3G25490.1 Protein kinase family protein 
TraesCS4D01G028400LC.
1 tr|Q6H7K3|Q6H7K3_ORYSJ Wall-associated kinase-like 
TraesCS4D01G028500LC.
1 sp|O64032|SUNI_BPSPB Sublancin immunity protein sunI 
TraesCS4D01G028600LC.
1 AT3G04580.2 Signal transduction histidine kinase, hybrid-type, ethylene sensor 
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TraesCS4D01G028700LC.
1 sp|E9Q784|ZC3HD_MOUSE Zinc finger CCCH domain-containing protein 13 
TraesCS4D01G028800LC.
1 tr|W5IF96|W5IF96_9ROSI Cytochrome b6-f complex subunit 8 
TraesCS4D01G028900LC.
1 AT1G08060.3 ATP-dependent helicase family protein 
TraesCS4D01G029000LC.
1 tr|A0A0U1WZI1|A0A0U1WZI1_9ORYZ DNA-directed RNA polymerase subunit beta 
TraesCS4D01G029100LC.
1 tr|A0A0M5I8Y8|A0A0M5I8Y8_ALLSE DNA-directed RNA polymerase subunit beta 
TraesCS4D01G029200LC.
1 tr|R7WAX4|R7WAX4_AEGTA DNA-directed RNA polymerase subunit beta 
TraesCS4D01G029300LC.
1 tr|K4PMN2|K4PMN2_FESPR DNA-directed RNA polymerase subunit beta 
TraesCS4D01G029400LC.
1 AT5G56640.2 myo-inositol oxygenase 5 
TraesCS4D01G029500LC.
1 tr|E9KJ86|E9KJ86_9ORYZ DNA-directed RNA polymerase subunit 
TraesCS4D01G029600LC.
1 tr|M0VEC4|M0VEC4_HORVV DNA-directed RNA polymerase subunit 
TraesCS4D01G029700LC.
1 tr|A0A193DAC0|A0A193DAC0_9POAL DNA-directed RNA polymerase subunit 
TraesCS4D01G029800LC.
1 tr|A0A090AKN1|A0A090AKN1_TRITI DNA-directed RNA polymerase subunit beta'' 
TraesCS4D01G029900LC.
1 tr|A0A142G8K5|A0A142G8K5_AEGTA DNA-directed RNA polymerase subunit beta'' 
TraesCS4D01G030000LC.
1 tr|A0A142G8K5|A0A142G8K5_AEGTA DNA-directed RNA polymerase subunit beta'' 
TraesCS4D01G030100LC.
1 tr|A0A090AKN1|A0A090AKN1_TRITI DNA-directed RNA polymerase subunit beta'' 
TraesCS4D01G030200LC.
1 sp|Q8P5Z4|PGK_XANCP Phosphoglycerate kinase 
TraesCS4D01G030300LC.
1 sp|B1WQR5|RL22_CYAA5 50S ribosomal protein L22 
TraesCS4D01G030400LC.
1 tr|M7ZKL2|M7ZKL2_TRIUA ATP synthase subunit a, chloroplastic 
TraesCS4D01G030500LC.
1 AT1G18900.4 Pentatricopeptide repeat (PPR) superfamily protein 
TraesCS4D01G030600LC.
1 tr|M8AUX6|M8AUX6_TRIUA ATP synthase subunit alpha 
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TraesCS4D01G030700LC.
1 

tr|A0A1B1W5B5|A0A1B1W5B5_ECLP
R Photosystem I P700 chlorophyll a apoprotein A2 

TraesCS4D01G030800LC.
1 tr|A0A1B1MSE8|A0A1B1MSE8_9APIA Photosystem I P700 chlorophyll a apoprotein A2 
TraesCS4D01G030900LC.
1 tr|S4Z1X0|S4Z1X0_HORVV Photosystem I P700 chlorophyll a apoprotein A1 
TraesCS4D01G031000LC.
1 tr|L7NPH8|L7NPH8_MAGGA Photosystem I P700 chlorophyll a apoprotein A1 
TraesCS4D01G031100LC.
1 tr|A0A0M4B318|A0A0M4B318_9ARAE Photosystem I reaction center subunit IX 
TraesCS4D01G031200LC.
1 tr|A0A077RRC9|A0A077RRC9_WHEAT 50S ribosomal protein L20 
TraesCS4D01G031300LC.
1 sp|Q0BYA9|RS12_HYPNA 30S ribosomal protein S12 
TraesCS4D01G031400LC.
1 

tr|A0A0U2KUN5|A0A0U2KUN5_9POA
L ATP-dependent Clp protease proteolytic subunit 

TraesCS4D01G031400LC.
2 tr|A0A126KBF6|A0A126KBF6_9POAL ATP-dependent Clp protease proteolytic subunit 
TraesCS4D01G031500LC.
1 tr|A0A075VZ19|A0A075VZ19_AEGSP Photosystem II CP47 reaction center protein 
TraesCS4D01G031600LC.
1 tr|A0A0F6NNB0|A0A0F6NNB0_9POAL Photosystem II CP47 reaction center protein 
TraesCS4D01G031700LC.
1 tr|A0A075BCK1|A0A075BCK1_9POAL Photosystem II CP47 reaction center protein 
TraesCS4D01G031800LC.
1 tr|A0A0Q3GQP6|A0A0Q3GQP6_BRADI Photosystem II CP47 reaction center protein 
TraesCS4D01G031900LC.
1 sp|Q5R8S4|ERLEC_PONAB Endoplasmic reticulum lectin 1 
TraesCS4D01G032000LC.
1 tr|U5TXC9|U5TXC9_SETIT Cytochrome b6 
TraesCS4D01G032100LC.
1 tr|A0A072TJJ2|A0A072TJJ2_MEDTR DNA-directed RNA polymerase subunit alpha 
TraesCS4D01G032200LC.
1 tr|A0A0H3V7R1|A0A0H3V7R1_9ORYZ Ribosomal protein L36 
TraesCS4D01G032300LC.
1 tr|W5ZNJ6|W5ZNJ6_DESAN Translation initiation factor IF-1 
TraesCS4D01G032400LC.
1 sp|Q110B7|RL14_TRIEI 50S ribosomal protein L14 
TraesCS4D01G032500LC.
1 tr|A0A072TKH5|A0A072TKH5_MEDTR 50S ribosomal protein L16 
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TraesCS4D01G032600LC.
1 tr|S4Z3B2|S4Z3B2_WHEAT 30S ribosomal protein S3, chloroplastic 
TraesCS4D01G032700LC.
1 tr|S4Z8B0|S4Z8B0_HORVV 30S ribosomal protein S3, chloroplastic 
TraesCS4D01G032800LC.
1 sp|Q8YPI4|RL22_NOSS1 50S ribosomal protein L22 
TraesCS4D01G032900LC.
1 tr|G0YEB2|G0YEB2_SARHE Protein Ycf2 
TraesCS4D01G033000LC.
1 tr|A0A090ARM8|A0A090ARM8_TRITI Ycf2 protein 
TraesCS4D01G033100LC.
1 tr|A0A078FY29|A0A078FY29_BRANA BnaA06g35060D protein 
TraesCS4D01G033200LC.
1 

tr|A0A1D8KWP2|A0A1D8KWP2_9POA
L NAD(P)H-quinone oxidoreductase subunit 2, chloroplastic 

TraesCS4D01G033300LC.
1 tr|B9SUC9|B9SUC9_RICCO Receptor-kinase, putative 
TraesCS4D01G033400LC.
1 AT1G30590.3 RNA polymerase I specific transcription initiation factor RRN3 protein 
TraesCS4D01G033500LC.
1 tr|Q7G4Q3|Q7G4Q3_ORYSJ Retrotransposon protein, putative, unclassified 
TraesCS4D01G033600LC.
1 AT2G13980.1 Polynucleotidyl transferase, ribonuclease H-like superfamily protein 
TraesCS4D01G033700LC.
1   Unknown protein 
TraesCS4D01G033800LC.
1 sp|Q7RTP6|MICA3_HUMAN [F-actin]-methionine sulfoxide oxidase MICAL3 
TraesCS4D01G033900LC.
1 tr|A0A072TSI0|A0A072TSI0_MEDTR Myb/SANT-like DNA-binding domain protein 
TraesCS4D01G034000LC.
1 tr|G7ZV85|G7ZV85_MEDTR FAR1-related sequence protein, putative 
TraesCS4D01G034000LC.
2 sp|C5BW62|MRAY_BEUC1 Phospho-N-acetylmuramoyl-pentapeptide-transferase 
TraesCS4D01G034100LC.
1 tr|M8CG74|M8CG74_AEGTA 50S ribosomal protein L18 
TraesCS4D01G034200LC.
1 tr|M8D7W2|M8D7W2_AEGTA Exonuclease 3'-5' domain-containing protein 1 
TraesCS4D01G034300LC.
1 tr|A0A1J3IDE7|A0A1J3IDE7_NOCCA Serine/threonine-protein phosphatase 7 long form-like protein 
TraesCS4D01G034400LC.
1 AT5G16120.4 alpha/beta-Hydrolases superfamily protein 
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TraesCS4D01G034500LC.
1 tr|A0A0B2P0Q4|A0A0B2P0Q4_GLYSO Ubiquitin-like-specific protease ESD4 
TraesCS4D01G034500LC.
2 tr|A0A151STM7|A0A151STM7_CAJCA Ubiquitin-like-specific protease 1 
TraesCS4D01G034600LC.
1 tr|M8BH66|M8BH66_AEGTA Protein FAR1-RELATED SEQUENCE 5 
TraesCS4D01G034700LC.
1 AT3G13690.3 kinase with adenine nucleotide alpha hydrolases-like domain-containing protein 
TraesCS4D01G034800LC.
1 tr|B9ICZ7|B9ICZ7_POPTR Gibberellin 20-oxidase family protein 
TraesCS4D01G034900LC.
1 tr|A0A151R8A5|A0A151R8A5_CAJCA Transposon Ty3-G Gag-Pol polyprotein 
TraesCS4D01G035000LC.
1 tr|J3SDF5|J3SDF5_BETVU Ty3/gypsy retrotransposon protein 
TraesCS4D01G035100LC.
1 tr|A0A151RSW7|A0A151RSW7_CAJCA Transposon Ty3-G Gag-Pol polyprotein 
TraesCS4D01G035200LC.
1 tr|Q2HS45|Q2HS45_MEDTR RNA-directed DNA polymerase (Reverse transcriptase) 
TraesCS4D01G035300LC.
1 tr|M8A244|M8A244_TRIUA Methylthioribose kinase 1 
TraesCS4D01G035400LC.
1 tr|A0A0B2R0Q2|A0A0B2R0Q2_GLYSO LINE-1 reverse transcriptase like 
TraesCS4D01G035500LC.
1 sp|O19137|CPSF4_BOVIN Cleavage and polyadenylation specificity factor subunit 4 
TraesCS4D01G035600LC.
1 AT1G74040.2 2-isopropylmalate synthase 1 
TraesCS4D01G035700LC.
1 AT3G61680.3 alpha/beta-Hydrolases superfamily protein 
TraesCS4D01G035800LC.
1 tr|M8AVB1|M8AVB1_AEGTA Exportin-1 
TraesCS4D01G035900LC.
1 tr|B9GG09|B9GG09_POPTR Serine-rich family protein 
TraesCS4D01G036000LC.
1 tr|W9R2A9|W9R2A9_9ROSA Signal recognition particle 54 kDa protein 
TraesCS4D01G036100LC.
1 AT3G09510.1 Ribonuclease H-like superfamily protein 
TraesCS4D01G036200LC.
1 AT4G09660.1 zinc finger MYM-type-like protein 
TraesCS4D01G036300LC.
1 AT4G04650.1 RNA-directed DNA polymerase (reverse transcriptase)-related family protein 
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TraesCS4D01G036400LC.
1 tr|Q9SKD4|Q9SKD4_ARATH Polynucleotidyl transferase, ribonuclease H-like superfamily protein 
TraesCS4D01G036500LC.
1 tr|A2Q338|A2Q338_MEDTR RNA-directed DNA polymerase (Reverse transcriptase) 
TraesCS4D01G036600LC.
1 tr|A0A144LHE8|A0A144LHE8_9BRYO Dehydration-responsive element-binding protein 5-8 
TraesCS4D01G036700LC.
1 AT5G63650.1 SNF1-related protein kinase 2.5 
TraesCS4D01G036800LC.
1 tr|M7ZCC7|M7ZCC7_TRIUA E3 ubiquitin-protein ligase UBR2 
TraesCS4D01G036900LC.
1 tr|A0A0H3V7R1|A0A0H3V7R1_9ORYZ Ribosomal protein L36 
TraesCS4D01G037000LC.
1 AT2G02520.1 RNA-directed DNA polymerase (reverse transcriptase)-related family protein 
TraesCS4D01G037100LC.
1 tr|A0A199V9F3|A0A199V9F3_ANACO LINE-1 reverse transcriptase 
TraesCS4D01G037200LC.
1 tr|B9H7F4|B9H7F4_POPTR BTB/POZ domain-containing family protein 
TraesCS4D01G037300LC.
1 tr|M8AN05|M8AN05_TRIUA LRR receptor-like serine/threonine-protein kinase EFR 
TraesCS4D01G037400LC.
1 tr|A0A072VES6|A0A072VES6_MEDTR Endonuclease/exonuclease/phosphatase family protein 
TraesCS4D01G037500LC.
1 

tr|A0A0K9PGX3|A0A0K9PGX3_ZOSM
R DNA-(Apurinic or apyrimidinic site) lyase 

TraesCS4D01G037600LC.
1 tr|A0A1J3JXT5|A0A1J3JXT5_NOCCA Glutathione S-transferase T3 
TraesCS4D01G037700LC.
1 AT1G76170.7 2-thiocytidine tRNA biosynthesis protein, TtcA 
TraesCS4D01G037800LC.
1 tr|M8BGQ5|M8BGQ5_AEGTA Protein FAR1-RELATED SEQUENCE 3 
TraesCS4D01G037900LC.
1 tr|A0A059Q135|A0A059Q135_9POAL Pentatricopeptide repeat-containing protein 
TraesCS4D01G038000LC.
1 sp|B1KU74|FABH_CLOBM 3-oxoacyl-[acyl-carrier-protein] synthase 3 
TraesCS4D01G038100LC.
1 tr|A0A072VES6|A0A072VES6_MEDTR Endonuclease/exonuclease/phosphatase family protein 
TraesCS4D01G038200LC.
1 tr|Q10LP8|Q10LP8_ORYSJ Retrotransposon protein, putative, unclassified 
TraesCS4D01G038300LC.
1 AT2G26170.2 cytochrome P450, family 711, subfamily A, polypeptide 1 
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TraesCS4D01G038400LC.
1 sp|P66849|SSB_NEIMB Single-stranded DNA-binding protein 
TraesCS4D01G038500LC.
1 sp|Q6D9D2|ARGR_PECAS Arginine repressor 
TraesCS4D01G038600LC.
1 tr|A0A151RPT4|A0A151RPT4_CAJCA Retrovirus-related Pol polyprotein from transposon TNT 1-94 
TraesCS4D01G038700LC.
1 tr|A0A151TPU3|A0A151TPU3_CAJCA Retrovirus-related Pol polyprotein from transposon TNT 1-94 
TraesCS4D01G038800LC.
1 AT4G25440.3 zinc finger WD40 repeat protein 1 
TraesCS4D01G038900LC.
1 tr|Q10LD3|Q10LD3_ORYSJ Retrotransposon protein, putative, Ty3-gypsy subclass 
TraesCS4D01G039000LC.
1 AT1G60060.2 Serine/threonine-protein kinase WNK (With No Lysine)-like protein 
TraesCS4D01G039100LC.
1 AT3G48330.4 protein-l-isoaspartate methyltransferase 1 
TraesCS4D01G039200LC.
1 AT5G65500.2 U-box domain-containing protein kinase family protein 
TraesCS4D01G039300LC.
1 AT1G10000.1 Ribonuclease H-like superfamily protein 
TraesCS4D01G039400LC.
1 tr|Q2QSK7|Q2QSK7_ORYSJ Retrotransposon protein, putative, LINE subclass 
TraesCS4D01G039500LC.
1 sp|Q5EA76|VWA9_BOVIN von Willebrand factor A domain-containing protein 9 
TraesCS4D01G039600LC.
1 

tr|A0A072URD1|A0A072URD1_MEDT
R GATA transcription factor-like protein 

TraesCS4D01G039700LC.
1 sp|Q5WVN2|MSBA_LEGPL Lipid A export ATP-binding/permease protein MsbA 
TraesCS4D01G039800LC.
1 tr|A0A1E5VD34|A0A1E5VD34_9POAL Mediator of RNA polymerase II transcription subunit 4 
TraesCS4D01G039900LC.
1 tr|A0A1D6AP76|A0A1D6AP76_WHEAT Peptidyl-prolyl cis-trans isomerase 
TraesCS4D01G040000LC.
1 AT1G80270.5 PENTATRICOPEPTIDE REPEAT 596 
TraesCS4D01G040100LC.
1 sp|P0C220|SNX2_MACFA Sorting nexin-2 
TraesCS4D01G040200LC.
1 tr|A0A151SA71|A0A151SA71_CAJCA Protein FAR1-RELATED SEQUENCE 5 
TraesCS4D01G040300LC.
1 tr|Q2R446|Q2R446_ORYSJ Retrotransposon protein, putative, unclassified 
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TraesCS4D01G040400LC.
1 

tr|A0A0K9PWT3|A0A0K9PWT3_ZOSM
R Protein kinase 

TraesCS4D01G040500LC.
1 tr|A0A151TAT3|A0A151TAT3_CAJCA Retrovirus-related Pol polyprotein from transposon TNT 1-94 
TraesCS4D01G040600LC.
1 sp|O54889|RPA1_RAT DNA-directed RNA polymerase I subunit RPA1 
TraesCS4D01G040700LC.
1 tr|A0A1J3HNP1|A0A1J3HNP1_NOCCA Glutathione S-transferase T3 
TraesCS4D01G040800LC.
1 tr|Q60DK1|Q60DK1_ORYSJ Transposon protein, putative, CACTA, En/Spm sub-class 
TraesCS4D01G040900LC.
1 tr|Q2RB42|Q2RB42_ORYSJ Transposon protein, putative, Mutator sub-class 
TraesCS4D01G041000LC.
1 sp|Q9Z1B3|PLCB1_MOUSE 1-phosphatidylinositol 4,5-bisphosphate phosphodiesterase beta-1 
TraesCS4D01G041100LC.
1 tr|A0A061EBG3|A0A061EBG3_THECC Ribonuclease H-like superfamily protein 
TraesCS4D01G041200LC.
1 tr|G7J9T6|G7J9T6_MEDTR Transmembrane protein, putative 
TraesCS4D01G041300LC.
1 tr|A0A1J3J691|A0A1J3J691_NOCCA Retrovirus-related Pol polyprotein from transposon TNT 1-94 
TraesCS4D01G041400LC.
1 tr|Q2QP27|Q2QP27_ORYSJ Transposon protein, putative, Pong sub-class 
TraesCS4D01G041500LC.
1 sp|Q9HR49|PURL_HALSA Phosphoribosylformylglycinamidine synthase subunit PurL 
TraesCS4D01G041600LC.
1 tr|Q53KF9|Q53KF9_ORYSJ Transposon protein, putative, CACTA, En/Spm sub-class 
TraesCS4D01G041700LC.
1 sp|Q8AAP9|CYSN_BACTN Sulfate adenylyltransferase subunit 1 
TraesCS4D01G041800LC.
1 tr|Q9FEI4|Q9FEI4_9POAL Receptor-like kinase extracellular domain LRKA14A3 
TraesCS4D01G041900LC.
1 sp|C1D0Z0|PDXH_DEIDV Pyridoxine/pyridoxamine 5'-phosphate oxidase 
TraesCS4D01G042000LC.
1 tr|B6TCG7|B6TCG7_MAIZE Transposon protein Pong sub-class 
TraesCS4D01G042100LC.
1 AT3G25270.1 Ribonuclease H-like superfamily protein 
TraesCS4D01G042200LC.
1 tr|M5X554|M5X554_PRUPE 3-ketoacyl-CoA synthase 
TraesCS4D01G042300LC.
1 tr|Q2QNF1|Q2QNF1_ORYSJ Retrotransposon protein, putative, unclassified 
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TraesCS4D01G042400LC.
1 tr|Q10LY2|Q10LY2_ORYSJ Ulp1 protease family, C-terminal catalytic domain containing protein, expressed 
TraesCS4D01G042500LC.
1 sp|B3Q5Z7|AROA_RHOPT 3-phosphoshikimate 1-carboxyvinyltransferase 
TraesCS4D01G042600LC.
1 tr|M8CJZ3|M8CJZ3_AEGTA Protein FAR1-RELATED SEQUENCE 5 
TraesCS4D01G042700LC.
1 tr|V4ST04|V4ST04_9ROSI Methionine aminopeptidase 
TraesCS4D01G042800LC.
1 tr|O80781|O80781_ARATH Polynucleotidyl transferase, ribonuclease H-like superfamily protein 
TraesCS4D01G042900LC.
1 tr|E5RPJ4|E5RPJ4_NICBE Malic enzyme 
TraesCS4D01G042900LC.
2 sp|P80691|LSPI_CARPA Latex serine proteinase inhibitor 
TraesCS4D01G043000LC.
1 AT2G21390.1 Coatomer, alpha subunit 
TraesCS4D01G043000LC.
2 AT2G21390.1 Coatomer, alpha subunit 
TraesCS4D01G043100LC.
1 

tr|A0A0D3EQN3|A0A0D3EQN3_9ORY
Z Serine/threonine-protein kinase 

TraesCS4D01G043200LC.
1 tr|Q37681|Q37681_WHEAT ATP synthase subunit 9, mitochondrial 
TraesCS4D01G043300LC.
1 AT2G34320.1 Polynucleotidyl transferase, ribonuclease H-like superfamily protein 
TraesCS4D01G043400LC.
1 tr|A2Q338|A2Q338_MEDTR RNA-directed DNA polymerase (Reverse transcriptase) 
TraesCS4D01G043500LC.
1 tr|A0A0B2R0V5|A0A0B2R0V5_GLYSO LINE-1 reverse transcriptase like 
TraesCS4D01G043600LC.
1 AT3G12540.2 ternary complex factor MIP1 leucine-zipper protein (Protein of unknown function, DUF547) 
TraesCS4D01G043700LC.
1 tr|P93369|P93369_TOBAC Glutamate decarboxylase 
TraesCS4D01G043800LC.
1 AT3G19500.3 basic helix-loop-helix (bHLH) DNA-binding superfamily protein 
TraesCS4D01G043900LC.
1 sp|Q03EI3|G6PI_PEDPA Glucose-6-phosphate isomerase 
TraesCS4D01G044000LC.
1 tr|A0A151TB60|A0A151TB60_CAJCA Retrovirus-related Pol polyprotein from transposon TNT 1-94 
TraesCS4D01G044100LC.
1 

tr|A0A0D3CKF5|A0A0D3CKF5_BRAO
L Phospholipid-transporting ATPase 
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TraesCS4D01G044200LC.
1 tr|R7WCR4|R7WCR4_AEGTA Translational activator GCN1 
TraesCS4D01G044300LC.
1 AT5G52790.4 CBS domain protein with a domain protein (DUF21) 
TraesCS4D01G044400LC.
1 tr|G7L3R3|G7L3R3_MEDTR Myb-like transcription factor family protein 
TraesCS4D01G044500LC.
1 sp|Q1HG44|DOXA2_HUMAN Dual oxidase maturation factor 2 
TraesCS4D01G044600LC.
1 tr|M8ASQ8|M8ASQ8_TRIUA Mitotic checkpoint protein BUB3 
TraesCS4D01G044700LC.
1 

tr|A0A072VQA2|A0A072VQA2_MEDT
R Cysteine-rich receptor-kinase-like protein 

TraesCS4D01G044800LC.
1 sp|Q8DQ18|GLMU_STRR6 Bifunctional protein GlmU 
TraesCS4D01G044900LC.
1 tr|B9RX67|B9RX67_RICCO Kinase, putative 
TraesCS4D01G045000LC.
1 tr|A0A1J3HNP1|A0A1J3HNP1_NOCCA Glutathione S-transferase T3 
TraesCS4D01G045100LC.
1 AT2G02520.1 RNA-directed DNA polymerase (reverse transcriptase)-related family protein 
TraesCS4D01G045200LC.
1 

tr|A0A072UHA7|A0A072UHA7_MEDT
R Endonuclease/exonuclease/phosphatase family protein 

TraesCS4D01G045300LC.
1 tr|Q2R1G5|Q2R1G5_ORYSJ Transposon protein, putative, Mutator sub-class, expressed 
TraesCS4D01G045400LC.
1 tr|A0A078I2C4|A0A078I2C4_BRANA DNA helicase 
TraesCS4D01G045500LC.
1 tr|A0A1J3HNP1|A0A1J3HNP1_NOCCA Glutathione S-transferase T3 
TraesCS4D01G045600LC.
1 tr|A0A151RB35|A0A151RB35_CAJCA Retrovirus-related Pol polyprotein from transposon TNT 1-94 
TraesCS4D01G045600LC.
2 tr|A0A151RB35|A0A151RB35_CAJCA Retrovirus-related Pol polyprotein from transposon TNT 1-94 
TraesCS4D01G045700LC.
1 AT1G23230.2 mediator of RNA polymerase II transcription subunit 
TraesCS4D01G045800LC.
1 tr|F2DNL2|F2DNL2_HORVV Xylose isomerase 
TraesCS4D01G045900LC.
1 sp|B1XN45|CLPX_SYNP2 ATP-dependent Clp protease ATP-binding subunit ClpX 
TraesCS4D01G046000LC.
1 sp|P02520|HSP12_SOYBN Class I heat shock protein 

99



TraesCS4D01G046100LC.
1 tr|S4Z1A8|S4Z1A8_HORVV 50S ribosomal protein L23, chloroplastic 
TraesCS4D01G046200LC.
1 AT5G12350.1 

Regulator of chromosome condensation (RCC1) family with FYVE zinc finger domain-
containing protein 

TraesCS4D01G046200LC.
2 AT2G27080.2 Late embryogenesis abundant (LEA) hydroxyproline-rich glycoprotein family 
TraesCS4D01G046300LC.
1 tr|Q53PH7|Q53PH7_ORYSJ Retrotransposon protein, putative, unclassified 
TraesCS4D01G046400LC.
1 tr|Q2QUY9|Q2QUY9_ORYSJ Retrotransposon protein, putative, LINE subclass 
TraesCS4D01G046500LC.
1 AT2G13510.1 Ta11-like non-LTR retrotransposon 
TraesCS4D01G046600LC.
1 tr|Q2QTW9|Q2QTW9_ORYSJ Retrotransposon protein, putative, Ty1-copia subclass 
TraesCS4D01G046700LC.
1 tr|A0A151SIM4|A0A151SIM4_CAJCA Retrovirus-related Pol polyprotein from transposon TNT 1-94 
TraesCS4D01G046800LC.
1 AT3G25270.1 Ribonuclease H-like superfamily protein 
TraesCS4D01G046900LC.
1 tr|M8CRM6|M8CRM6_AEGTA Anthocyanin 5-aromatic acyltransferase 
TraesCS4D01G047000LC.
1 sp|Q5H4Y7|ATPD_XANOR ATP synthase subunit delta 
TraesCS4D01G047100LC.
1 tr|Q2R1G5|Q2R1G5_ORYSJ Transposon protein, putative, Mutator sub-class, expressed 
TraesCS4D01G047200LC.
1 tr|S4TKN2|S4TKN2_PINPO Ycf1 
TraesCS4D01G047300LC.
1 AT2G01430.2 homeobox-leucine zipper protein 17 
TraesCS4D01G047400LC.
1 tr|F1DGA5|F1DGA5_COFAR Ethylene-responsive transcription factor 
TraesCS4D01G047500LC.
1 tr|A0A1E5W1C7|A0A1E5W1C7_9POAL F-box/LRR-repeat protein 17 
TraesCS4D01G047600LC.
1 sp|Q4P9Z3|CLP1_USTMA mRNA cleavage and polyadenylation factor CLP1 
TraesCS4D01G047700LC.
1 tr|A0A151T2X6|A0A151T2X6_CAJCA Retrovirus-related Pol polyprotein from transposon TNT 1-94 
TraesCS4D01G047800LC.
1 sp|Q8TRU6|RL4_METAC 50S ribosomal protein L4 
TraesCS4D01G047900LC.
1 tr|A0A151UAS3|A0A151UAS3_CAJCA Serine/threonine protein phosphatase 7 long form isogeny 
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TraesCS4D01G048000LC.
1 tr|Q53K65|Q53K65_ORYSJ Retrotransposon protein, putative, unclassified 
TraesCS4D01G048100LC.
1 AT3G58040.3 seven in absentia of Arabidopsis 2 
TraesCS4D01G048200LC.
1 sp|A3QK16|ERLN2_DANRE Erlin-2 
TraesCS4D01G048300LC.
1 tr|M8BU25|M8BU25_AEGTA Protein FAR1-RELATED SEQUENCE 5 
TraesCS4D01G048400LC.
1 tr|A0A199VPY6|A0A199VPY6_ANACO Protein TOPLESS 
TraesCS4D01G048500LC.
1 

tr|A0A0A9A4K7|A0A0A9A4K7_ARUD
O Mitochondrial 60S ribosomal protein L6 

TraesCS4D01G048600LC.
1 sp|Q28UY2|RL11_JANSC 50S ribosomal protein L11 
TraesCS4D01G048700LC.
1 AT3G11960.4 Cleavage and polyadenylation specificity factor (CPSF) A subunit protein 
TraesCS4D01G048800LC.
1 tr|M8CJZ3|M8CJZ3_AEGTA Protein FAR1-RELATED SEQUENCE 5 
TraesCS4D01G048900LC.
1 tr|B9HPF8|B9HPF8_POPTR Scarecrow transcription factor family protein 
TraesCS4D01G049000LC.
1 sp|Q3MFA8|RS8_ANAVT 30S ribosomal protein S8 
TraesCS4D01G049100LC.
1 AT1G67120.2 midasin-like protein 
TraesCS4D01G049200LC.
1 tr|Q49KC9|Q49KC9_PEA Transposase 
TraesCS4D01G049300LC.
1 tr|M8BU25|M8BU25_AEGTA Protein FAR1-RELATED SEQUENCE 5 
TraesCS4D01G049400LC.
1 tr|M8BGQ5|M8BGQ5_AEGTA Protein FAR1-RELATED SEQUENCE 3 
TraesCS4D01G049500LC.
1 AT3G12040.1 DNA-3-methyladenine glycosylase (MAG) 
TraesCS4D01G049600LC.
1 tr|S5R947|S5R947_9ROSA NAC domain protein 
TraesCS4D01G049700LC.
1 sp|Q6F0K3|SYA_MESFL Alanine--tRNA ligase 
TraesCS4D01G049800LC.
1 tr|K7UGJ4|K7UGJ4_MAIZE 50S ribosomal protein L2 
TraesCS4D01G049900LC.
1 tr|A0A1C9II81|A0A1C9II81_9GENT Ribosomal protein S19 
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TraesCS4D01G050000LC.
1 sp|Q8ZR29|ENTH_SALTY Proofreading thioesterase EntH 
TraesCS4D01G050100LC.
1 tr|A0A158N6F3|A0A158N6F3_CERCN Photosystem I reaction center subunit IX 
TraesCS4D01G050200LC.
1 tr|A0A0F6NMI4|A0A0F6NMI4_9POAL ATP synthase subunit beta 
TraesCS4D01G050300LC.
1 AT3G24255.7 RNA-directed DNA polymerase (reverse transcriptase)-related family protein 
TraesCS4D01G050400LC.
1 tr|A0A1J3FWP0|A0A1J3FWP0_NOCCA LINE-1 reverse transcriptase-like protein 
TraesCS4D01G050500LC.
1 tr|A0A151RC87|A0A151RC87_CAJCA Transposon TX1 uncharacterized 
TraesCS4D01G050600LC.
1 tr|Q7XFG3|Q7XFG3_ORYSJ Retrotransposon protein, putative, unclassified, expressed 
TraesCS4D01G050700LC.
1 AT3G24255.5 RNA-directed DNA polymerase (reverse transcriptase)-related family protein 
TraesCS4D01G050800LC.
1 tr|A2Q4L4|A2Q4L4_MEDTR RNA-directed DNA polymerase (Reverse transcriptase) 
TraesCS4D01G050900LC.
1 tr|A0A199V9F3|A0A199V9F3_ANACO LINE-1 reverse transcriptase 
TraesCS4D01G051000LC.
1 tr|Q338Z2|Q338Z2_ORYSJ Retrotransposon protein, putative, unclassified 
TraesCS4D01G051100LC.
1 tr|A0A151SQ16|A0A151SQ16_CAJCA Retrovirus-related Pol polyprotein LINE-1 
TraesCS4D01G051200LC.
1 tr|Q5SMW3|Q5SMW3_ORYSJ Cyst nematode resistance protein-like 
TraesCS4D01G051300LC.
1 tr|A0A1J3HNP1|A0A1J3HNP1_NOCCA Glutathione S-transferase T3 
TraesCS4D01G051400LC.
1 tr|Q2QYQ5|Q2QYQ5_ORYSJ Retrotransposon protein, putative, unclassified, expressed 
TraesCS4D01G051500LC.
1 AT5G39410.1 Saccharopine dehydrogenase 
TraesCS4D01G051600LC.
1 tr|B9GHT3|B9GHT3_POPTR Plant basic secretory family protein 
TraesCS4D01G051700LC.
1 tr|A0A072TJY9|A0A072TJY9_MEDTR Endonuclease/exonuclease/phosphatase family protein 
TraesCS4D01G051800LC.
1 AT2G40030.2 nuclear RNA polymerase D1B 
TraesCS4D01G051900LC.
1 tr|Q53PB1|Q53PB1_ORYSJ Serine carboxypeptidase 
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TraesCS4D01G052000LC.
1 tr|Q10DG1|Q10DG1_ORYSJ Serine carboxypeptidase family protein, expressed 
TraesCS4D01G052100LC.
1 tr|Q2QP96|Q2QP96_ORYSJ Transposon protein, putative, CACTA, En/Spm sub-class 
TraesCS4D01G052200LC.
1 tr|Q10HY9|Q10HY9_ORYSJ Retrotransposon protein, putative, unclassified 
TraesCS4D01G052300LC.
1 AT5G45260.3 Disease resistance protein (TIR-NBS-LRR class) 
TraesCS4D01G052400LC.
1 tr|U5GRI5|U5GRI5_POPTR Oxysterol-binding family protein 
TraesCS4D01G052500LC.
1 sp|Q145F1|DNAK_BURXL Chaperone protein DnaK 
TraesCS4D01G052600LC.
1 

tr|A0A1E5WHY8|A0A1E5WHY8_9POA
L Linolenate hydroperoxide lyase, chloroplastic 

TraesCS4D01G052700LC.
1 

tr|A0A072VDU8|A0A072VDU8_MEDT
R Endo-1,4-beta-xylanase A-like protein 

TraesCS4D01G052800LC.
1 

tr|A0A1D5X4U4|A0A1D5X4U4_WHEA
T Endonuclease III homolog 

TraesCS4D01G052900LC.
1 AT1G63770.7 Peptidase M1 family protein 
TraesCS4D01G053000LC.
1 sp|A6T221|PANB_JANMA 3-methyl-2-oxobutanoate hydroxymethyltransferase 
TraesCS4D01G053100LC.
1 AT4G29090.1 Ribonuclease H-like superfamily protein 
TraesCS4D01G053200LC.
1 tr|W9RW78|W9RW78_9ROSA F-box protein 
TraesCS4D01G053300LC.
1 tr|Q5D214|Q5D214_ORYSJ Cathepsin B-like cysteine protease 
TraesCS4D01G053400LC.
1 tr|S5R947|S5R947_9ROSA NAC domain protein 
TraesCS4D01G053500LC.
1 tr|Q5D214|Q5D214_ORYSJ Cathepsin B-like cysteine protease 
TraesCS4D01G053600LC.
1 tr|Q2QZV1|Q2QZV1_ORYSJ Retrotransposon protein, putative, unclassified 
TraesCS4D01G053700LC.
1 tr|A0A199V9F3|A0A199V9F3_ANACO LINE-1 reverse transcriptase 
TraesCS4D01G053800LC.
1 tr|A0A199VZT9|A0A199VZT9_ANACO Peptide-N4-(N-acetyl-beta-glucosaminyl)asparagine amidase A 
TraesCS4D01G053900LC.
1 tr|Q94LG5|Q94LG5_ORYSJ Transposon protein, putative, CACTA, En/Spm sub-class 
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TraesCS4D01G054000LC.
1 tr|Q2R455|Q2R455_ORYSJ Transposon protein, putative, CACTA, En/Spm sub-class 
TraesCS4D01G054100LC.
1 tr|A0A061G9M1|A0A061G9M1_THECC Non-LTR retroelement reverse transcriptase 
TraesCS4D01G054200LC.
1 AT4G29090.1 Ribonuclease H-like superfamily protein 
TraesCS4D01G054300LC.
1 sp|Q07889|SOS1_HUMAN Son of sevenless homolog 1 
TraesCS4D01G054400LC.
1 AT1G58410.4 Disease resistance protein (CC-NBS-LRR class) family 
TraesCS4D01G054500LC.
1 AT4G18020.9 CheY-like two-component responsive regulator family protein 
TraesCS4D01G054600LC.
1 sp|Q9NXW9|ALKB4_HUMAN Alpha-ketoglutarate-dependent dioxygenase alkB homolog 4 
TraesCS4D01G054700LC.
1   Unknown protein 
TraesCS4D01G054800LC.
1 tr|G4XYW2|G4XYW2_BRAJU Orf115b 
TraesCS4D01G054900LC.
1 tr|Q2QVI6|Q2QVI6_ORYSJ Transposon protein, putative, Pong sub-class 
TraesCS4D01G055000LC.
1 sp|O97176|ESM1_DROME Enhancer of split M1 protein 
TraesCS4D01G055100LC.
1 tr|M8C787|M8C787_AEGTA B3 domain-containing protein 
TraesCS4D01G055200LC.
1 tr|Q33AJ4|Q33AJ4_ORYSJ Retrotransposon protein, putative, unclassified 
TraesCS4D01G055300LC.
1 tr|R7WBG9|R7WBG9_AEGTA 50S ribosomal protein L7/L12 
TraesCS4D01G055400LC.
1 tr|A0A0B0MS63|A0A0B0MS63_GOSAR Glyceraldehyde-3-phosphate dehydrogenase 
TraesCS4D01G055500LC.
1 tr|Q7XD58|Q7XD58_ORYSJ Ulp1 protease family, C-terminal catalytic domain containing protein 
TraesCS4D01G055600LC.
1 tr|E9KJ97|E9KJ97_9ORYZ NAD(P)H-quinone oxidoreductase subunit J, chloroplastic 
TraesCS4D01G055700LC.
1 sp|O01501|CCNE_CAEEL G1/S-specific cyclin-E 
TraesCS4D01G055800LC.
1 tr|A0A151QRU6|A0A151QRU6_CAJCA Retrovirus-related Pol polyprotein from transposon TNT 1-94 
TraesCS4D01G055900LC.
1 sp|P03355|POL_MLVMS Gag-Pol polyprotein 
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TraesCS4D01G056000LC.
1 sp|P10272|POL_BAEVM Pol polyprotein 
TraesCS4D01G056100LC.
1 tr|S5R952|S5R952_9ROSA NAC domain protein 
TraesCS4D01G056200LC.
1 tr|A0A151UBY9|A0A151UBY9_CAJCA Retrovirus-related Pol polyprotein from transposon TNT 1-94 
TraesCS4D01G056300LC.
1 AT4G09660.1 zinc finger MYM-type-like protein 
TraesCS4D01G056400LC.
1 tr|A0A151S3H8|A0A151S3H8_CAJCA Transposon Ty3-G Gag-Pol polyprotein 
TraesCS4D01G056500LC.
1 tr|Q0WZC2|Q0WZC2_WHEAT RNA ligase isoform 1 
TraesCS4D01G056600LC.
1 tr|Q0WZC1|Q0WZC1_WHEAT RNA ligase isoform 2 
TraesCS4D01G056700LC.
1 AT5G63930.1 Leucine-rich repeat protein kinase family protein 
TraesCS4D01G056800LC.
1 sp|Q30T61|ILVC_SULDN Ketol-acid reductoisomerase (NADP(+)) 
TraesCS4D01G056900LC.
1 tr|Q6US98|Q6US98_9ASPA Transposase 
TraesCS4D01G057000LC.
1 tr|A0A072VJB5|A0A072VJB5_MEDTR Myb/SANT-like DNA-binding domain protein 
TraesCS4D01G057100LC.
1 tr|G7KQY4|G7KQY4_MEDTR Beta-fructofuranosidase, insoluble protein 
TraesCS4D01G057200LC.
1 tr|Q60DJ3|Q60DJ3_ORYSJ Transposon protein, putative, mutator sub-class 
TraesCS4D01G057300LC.
1 AT5G61020.2 evolutionarily conserved C-terminal region 3 
TraesCS4D01G057400LC.
1 AT4G01020.1 

helicase domain-containing protein / IBR domain-containing protein / zinc finger protein-like 
protein 

TraesCS4D01G057500LC.
1 tr|M7YSL0|M7YSL0_TRIUA Retrovirus-related Pol polyprotein from transposon TNT 1-94 
TraesCS4D01G057600LC.
1 tr|Q2HS45|Q2HS45_MEDTR RNA-directed DNA polymerase (Reverse transcriptase) 
TraesCS4D01G057700LC.
1 sp|Q7MZ25|SYV_PHOLL Valine--tRNA ligase 
TraesCS4D01G057800LC.
1 sp|B1KD83|GLAA_SHEWM Alpha-1,3-galactosidase A 
TraesCS4D01G057900LC.
1 sp|B7GTU6|GATA_BIFLS Glutamyl-tRNA(Gln) amidotransferase subunit A 
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TraesCS4D01G058000LC.
1 tr|A0A061DTI0|A0A061DTI0_THECC ERD (Early-responsive to dehydration stress) family protein 
TraesCS4D01G058100LC.
1 AT4G24230.6 acyl-CoA-binding domain 3 
TraesCS4D01G058200LC.
1 AT3G19820.3 cell elongation protein / DWARF1 / DIMINUTO (DIM) 
TraesCS4D01G058300LC.
1 AT4G04650.1 RNA-directed DNA polymerase (reverse transcriptase)-related family protein 
TraesCS4D01G058400LC.
1 AT2G34660.3 multidrug resistance-associated protein 2 
TraesCS4D01G058500LC.
1 tr|A0A1D1XPP2|A0A1D1XPP2_9ARAE Protein EMSY 
TraesCS4D01G058600LC.
1 AT1G07670.2 endomembrane-type CA-ATPase 4 
TraesCS4D01G058700LC.
1 tr|A0A1D6KVJ2|A0A1D6KVJ2_MAIZE Phospholipid-transporting ATPase 
TraesCS4D01G058800LC.
1 AT2G04420.1 Polynucleotidyl transferase, ribonuclease H-like superfamily protein 
TraesCS4D01G058900LC.
1 AT2G28290.6 P-loop containing nucleoside triphosphate hydrolases superfamily protein 
TraesCS4D01G059000LC.
1 tr|A0A1J3HNP1|A0A1J3HNP1_NOCCA Glutathione S-transferase T3 
TraesCS4D01G059100LC.
1 AT4G27370.4 P-loop containing nucleoside triphosphate hydrolases superfamily protein 
TraesCS4D01G059200LC.
1 tr|Q5ZCW4|Q5ZCW4_ORYSJ F-box domain containing protein-like 
TraesCS4D01G059300LC.
1 tr|A0A1D1Y1D5|A0A1D1Y1D5_9ARAE Retrovirus-related Pol polyprotein from transposon TNT 1-94 
TraesCS4D01G059400LC.
1 sp|A4IQU0|MNTR_GEOTN Transcriptional regulator MntR 
TraesCS4D01G059500LC.
1 sp|Q2KI97|GPR84_BOVIN G-protein coupled receptor 84 
TraesCS4D01G059600LC.
1 tr|A0A061GX88|A0A061GX88_THECC Fasciclin-like arabinogalactan family protein 
TraesCS4D01G059700LC.
1 AT4G33110.2 S-adenosyl-L-methionine-dependent methyltransferases superfamily protein 
TraesCS4D01G059800LC.
1 sp|Q92796|DLG3_HUMAN Disks large homolog 3 
TraesCS4D01G059900LC.
1 tr|Q2QPB0|Q2QPB0_ORYSJ Transposon protein, putative, Mutator sub-class 
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TraesCS4D01G060000LC.
1 tr|A0A0K0XR78|A0A0K0XR78_TOBAC Serine/threonine-protein kinase 
TraesCS4D01G060100LC.
1 

tr|A0A0K9PGX3|A0A0K9PGX3_ZOSM
R DNA-(Apurinic or apyrimidinic site) lyase 

TraesCS4D01G060200LC.
1 sp|Q8BJW7|EME1_MOUSE Crossover junction endonuclease EME1 
TraesCS4D01G060300LC.
1 

tr|A0A199W1B4|A0A199W1B4_ANAC
O LINE-1 retrotransposable element ORF2 protein 

TraesCS4D01G060400LC.
1 sp|Q8FXT2|IF2_BRUSU Translation initiation factor IF-2 
TraesCS4D01G060500LC.
1 tr|A0A072VJB5|A0A072VJB5_MEDTR Myb/SANT-like DNA-binding domain protein 
TraesCS4D01G060600LC.
1 sp|Q8FM78|DNAK_COREF Chaperone protein DnaK 
TraesCS4D01G060700LC.
1 tr|W9S8P3|W9S8P3_9ROSA Ribosomal RNA large subunit methyltransferase N 1 
TraesCS4D01G060800LC.
1 

tr|A0A087HMA2|A0A087HMA2_ARAA
L Phytochrome-interacting factor 

TraesCS4D01G060900LC.
1 tr|Q2QYQ5|Q2QYQ5_ORYSJ Retrotransposon protein, putative, unclassified, expressed 
TraesCS4D01G061000LC.
1 tr|A0A1J3FWP0|A0A1J3FWP0_NOCCA LINE-1 reverse transcriptase-like protein 
TraesCS4D01G061100LC.
1 tr|Q7XFG3|Q7XFG3_ORYSJ Retrotransposon protein, putative, unclassified, expressed 
TraesCS4D01G061200LC.
1 tr|Q5SMW3|Q5SMW3_ORYSJ Cyst nematode resistance protein-like 
TraesCS4D01G061300LC.
1 tr|Q2QZV1|Q2QZV1_ORYSJ Retrotransposon protein, putative, unclassified 
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Supplementary Table S3. Comparison of identified QTL with previously reported ones 

 QTLs in this study   QTLs in previous study      Distance 

Chr Major QTLs Position Other reported 
QTLs Flanking Markers Position Traits Stress No. of 

QTLs Reference Physical 
Distance 

2D QRl.uwa.2D 34894665-
Xcdo1379 MQTL2D.3 wsnp_Ex_c29666_38670435 – 

Tdurum_contig5311_112 
62288723–
75506740 

GY-all; GN; 
HSI(TGW) HS 5 Liu et al., 

2020 27394058 

   Q.Irwc.cgb-2D P3176.1–P1123.1  Index of leaves relative 
water content HS  Li et al., 2013  

   QTdl.tam09-2D Xcfd56  Temperature 
depression of flag leaf HS  Mondal et al., 

2015 
 

3D QRlhti.uwa.3D 39413890-
XksuA6 MQTL3D.1 IAAV2729–GENE-1919_120 51042786–

86353210 
GY-DS;GN-DH;HI-
DS DS + HS 3 Liu et al., 

2020 11628896 

   Q.Yld.aww-3D Xcfd34–Xwmc0533  Grain yield   Bennett et al., 
2012 

 

   QWax.tam09-3D Xgwm191  Flag leaf cuticular 
waxes HS  Mondal et al., 

2015 
 

   Q.Itgw.cgb-3D Xgwm456–Xgdm8  Index of thousand-grain 
weight HS  Li et al., 2013  

   QGwt.crc3D tplb0029j24_2118- 
wsnp_Ex_rep_c101732_87042471  Grain weight     

4D QSlhti.uwa.4D  3327302-
37048569 MQTL4D.3 BobWhite_c4264_200 – 

RAC875_c40619_130 
121181572–
348798389 HI-all; SN-all; GY-HS HS 3 Liu et al., 

2020 84133003 

 QRlhti.uwa.4D  3327302-
37048569 Q.Yld.aww-4D Xwmc0457–Xbarc0288 Xwmc0457–

121414029 Grain yield   Bennett et al., 
2012 84365460 

 QWlhti.uwa.4D  3327302-
37048569 MQTL35   

HD, 2CI D, 4Col, HI, 
KN, Mat, Photo, Sm2, 
SG, TW, 3TKW, Yld 

DS + HS  Andrea 
Acuña-
Galindo et al., 
2015 

 

 QSl.uwa.4D 3327302-
37048569 MQTL36   Col, Hgt, Yld HS   

 QRl.uwa.4D 3327302-
37048569 

        

 QWl.uwa.4D 3327302-
37048569 

        

           

5A QWl.uwa.5A 560132505-
Xbod183 MQTL5A.3 GENE-3493_612 – 

wsnp_Ex_c19647_28632894 
461519115–
470033346 GY-all;GN-DH DS + HS 2 Liu et al., 

2020 90099159 

   MQTL5A.5 Kukri_c40919_372 – 
BS00109052_51 

445287898–
504759564 GY-all;GN-DH DS + HS 3 Liu et al., 

2020 55372941 

   MQTL5A.6 Kukri_rep_c107435_940 – 
BobWhite_c5917_529 

46621851–
47459518 

GY-DS;GN-HS;GN-
DH;GY-DH 

HS,DS + 
HS 4 Liu et al., 

2020 512672987 

   Xgwm293-linked 
QTL Xgwm293  GFD HS  Yang et al., 

2002  
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   QTds.tam09-5A Xgwm293 105903106-
105902907 

Temperature 
depression of main 
spike 

HS  Mondal et al., 
2015 454229598 

   QWax.tam09-5A Xgwm205  Flag leaf cuticular 
waxes HS  Mondal et al., 

2015 
 

   QWax.tam08-5A Xwmc713  Flag leaf cuticular 
waxes HS  Mondal et al., 

2015 
 

      QTdl.tam09-5A Xbarc141 469408810-
469408446 

Temperature 
depression of flag leaf HS   Mondal et al., 

2015 90723695 

GY grain yield per unit (square meter or plant), TGW thousand-grain weight or grain weight per grain, HSI heat susceptibility index, DS drought 
stress, GFD grain filling duration; HS heat stress, NS non-stress, all all environments with no specific stress description 
CI D, carbon isotope discrimination; Col, coleoptile vigor; HD, Heading/Anthesis; hgt, height; HI, harvest index; KN, kernel number; Mat, 
maturity; Photo, photosynthesis; SG, stay-green; sm2, spike density; TW, test weight; Yld, yield. 
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Supplementary Table S4. Reported Yield-related genomic regions within the chromosome 4D hotspot 
 
QTL or 
MTA Traits Flanking markers Physical positionon Reference 
MQTL         

MQTL-4D-1 GW, GFR, GN, GY 
Kukri_rep_c106474_293–
Excalibur_c91022_193 6.02–7.65 Mbp Yang et al., 2021 

MQTL-4D-2 
GW, GY, SLN, TN, GN, SL, 
HI   1076436–1672793 Yang et al., 2021 

MQTL4D.1 SN-all; TGW-all Rht2–GENE-3024_59 19189381–19301407 Liu et al., 2020 

MQTL4D.2 GN-all; TGW-all;SN-all Xwmc48–BS00094770_51 
335782060–
361802106 Liu et al., 2020 

MQTL4D.3 HI-all; SN-all;GY-HS BobWhite_c4264_200–RAC875_c40619_130 
121181572–
348798389 Liu et al., 2020 

MQTL4D.4 GY-all; HI-all BS00065818_51–Xcfd23 
126644126–
281881023 Liu et al., 2020 

Original 
QTL         

4DQTL1 GN-all  Xwmc48 - Xcfd23   
McIntyre et al. 
2010 

4DQTL2 HI-all Xwmc48 - Xcfd23   
McIntyre et al. 
2010 

4DQTL3 GW-all Xwmc48 - Xcfd23   
McIntyre et al. 
2010 

4DQTL4 SN-all Xwmc48 - Xcfd23   
McIntyre et al. 
2010 

4DQTL5 SN Rht2   Guan et al. 2018 
4DQTL6 SN wsnp_Ex_c13859_21713144   Guan et al. 2018 
4DQTL7 GW Rht2   Guan et al. 2018 
4DQTL8 GW Xbarc105   Guan et al. 2018 
4DQTL9 TGW Kukri_c3489_714   Guan et al. 2018 
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4DQTL10 GY-HS WMC0457-BARC0288   
Bennett et al. 
2012 

4DQTL11 GY psp3103   
Czyczylo-Mysza 
et al. 2013 

4DQTL12 TGW-all wmc617c - wMAS000002   
Cabral et al. 
2018 

4DQTL13 TGW-all X1004846–X1161775   Tura et al. 2020 
MTA         
4DMTA1 YLD 

  
2985475 Juliana et al. 

2019 
4DMTA2 GN   3983968 Li et al. 2019 
4DMTA3 GN   474583434 Li et al. 2019 
4DMTA4 TGW 

  
509426797-
509429279 

Bhatta et al. 
2018 

CI, confidence interval; SN, spike number per unit (square meter or plant); GN, grain number per unit (square meter, spike or plant); GW, Grain 
weight; GY, grain yield per unit (square meter or plant); TN, Tiller number; SL, Spike length; SLN, Spikelet number; TGW, thousand-grain 
weight or grain weight per grain; GFR; grain filling rate; HI, harvest index; HS, heat stress; all, all environments with no specific stress 
description. 
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Figure S1. Illustration of the hydroponic growth system (modified from Fig. S1 in Lu et al., 2022). The folders were marked in sequence. The 
holder system with clip folders inside is shown on the left, and an example of plant growth inside the folder is shown on the right of the figure. 
Only 27 seeds for 9 lines on one clip folder under one condition was shown in the figure as a representative. In this study, a total of 339 
individual plants (two parents and 111 ITMI lines with three replications for each genotype per treatment) were grown for data collection.  
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Appendix2 Supplementary Materials for Chapter 5  

Table S1 Extreme wheat cultivars with known adult stage heat response 

No. Cultivar Name No. Cultivar Name 

1 Livingston 13 Espada 

2 Zebu 14 Guardian 

3 Yitpi 15 Mace 

4 Westonia 16 Frame 

5 Tamarin Rock 17 Dakota 

6 Gile 18 Oxley 

7 Sunvale 19 Clearfield JNZ 

8 EGA Wills 20 Sunleg 

9 Sunstate 21 Kennedy 

10 Sokoll 22 Bolac 

11 Gladius 23 Halberd 

12 Peake 24 Ventura 

 

Table S2 Extreme wheat cultivars with known seedling stage heat response 

No. Tolerant Cultivars No. Susceptible Cultivars 

1 Perenjori 1 synthetic wheat 

2 Tevere 2 Stiletto 

3 Arrino 3 Preston 

4 India227 4 Blanco Sin Barbillas 

5 W156 5 Brazil32 

6 Nobre 6 Cascades 

7 Ananda 7 Maravilla 

8 Mitre 8 Isareal A 
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Fig. S1 Growth system for heat tolerance screening at seedling stage. This system is space-

saving and convenient for carrying out treatment, non-destructive observation and 

measurement. Small plastic holders were glued to the inside walls and base of a plastic 

container (58.5 cm length × 42.0 cm width × 33.0 cm height). A specially assembled unit was 

placed between each pair of plastic holders on the wall. Each unit contained a piece of A4 clip 

folder of 24.0 cm length by 33.0 cm width to hold two sheets of Whatman filter paper or black 

cloth together, in the middle of which wheat seeds spaced 1cm apart were positioned on a 

horizontal line.
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Fig. S2 Comparison of root traits for treatment and control. For each cultivar, measured data 

under heat treatment was shown by red bars and data of control was shown by blue bars. 

Difference significances were analysed using Mann-Whitney U test indicated by asterisk on 

the right side of the bars (*P ≤0.05) 
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Fig. S3 Rank of seedling DI. The seedling DI was calculated from the root length and showed 

by blue bar. The cultivars were ranked from the most tolerant one “Kennedy” numbered 1 at 

the top to the most susceptible one “Zebu” numbered 24 at the bottom.
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Fig. S4 Damage index (DI) of chlorophyll content (CC), grain number (GN) and Yield. The 

statistics was done using Mann-Whitney U test. Bigger DI means more damage and vice 

vasa.  Significant difference between traits under heat stress treatment and control was 

showed by * (P ≤ 0.05). 
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Fig. S5 Expression information of the eleven identified genes (from expVIP) 
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