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ABSTRACT 

Wheat grain quality and yield are seriously affected by pre-harvest sprouting (PHS). 

Many quantitative trait loci (QTL) for PHS resistance have been identified on wheat 

chromosomes, but only a few underlying genes have been cloned. This research project 

used genomic, transcriptomic and bioinformatic tools to elucidate the mechanisms of 

PHS resistance in wheat and identify the candidate genes involved. 

The first experiment evaluated gene pyramiding effects for four major genes or QTL, 

which validated the efficacy of the genetic markers for selection in Australian wheats 

and confirmed the pyramiding effect of the resistant alleles. The second experiment 

reported on the fast generation and validation of near isogenic-lines (NILs) targeting a 

major 3AL QTL responsible for PHS resistance. Genotype-phenotype association 

analysis confirmed five contrasting pairs of NILs for PHS performance between the 

resistant and susceptible isolines. The third experiment developed putative NILs 

targeting a 4BL QTL for PHS resistance. Genomic profiling was conducted on the 

confirmed NILs using high-throughput 90k Illumina iSelect SNP arrays, which 

identified eight SNPs on 4BL associated with five candidate genes. The fourth 

experiment used RNA sequencing technology to compare the transcriptomic profiling 

of two pairs of the most contrasting NILs targeting the 3AL QTL, which resulted in the 

identification of six candidate genes.  

In summary, genomic and transcriptomic analyses of the contrasting genotypes 

revealed candidate genes and molecular mechanism responsible for PHS resistance. 

The confirmed NIL pairs targeting the two major QTL will be valuable resources for 

fine mapping the targeted QTL, and for cloning and functionally characterising the 

genes responsible for PHS resistance in wheat.
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Chapter 1 General Introduction 

1.1 Background of the research 

Wheat (Triticum aestivum L.) is a major cereal crop worldwide, including Australia. 

The increasing global consumption of wheat for feed and food has resulted in an 

increased demand for the crop (Edgerton 2009). 

Pre-harvest sprouting (PHS), seeds germinating on the intact spike before harvest, is a 

serious problem in wheat. It usually occurs just before or during harvest, after 

continuous rain or when the air humidity remains close to saturation. PHS significantly 

reduces grain quality for processing and consuming and decreases grain yield. It is a 

quantitative trait controlled by multiple genes and affected by environmental factors. 

Seed dormancy and germination are the two major processes involved in PHS, which 

are regulated by numerous environmental and molecular signals. Hormone signalling, 

especially that of abscisic acid (ABA) and gibberellic acid (GA), plays a crucial role in 

regulating PHS (Nonogaki et al. 2018). The two phytohormones antagonistically 

mediate seed dormancy and germination in cereal grains. ABA is involved in dormancy 

development and inhibition of hydrolytic enzyme synthesis in mature seeds, whereas 

GA has an antagonistic role to ABA in dormancy and germination by inducing the 

synthesis of cell wall hydrolytic enzymes that favour cell elongation, particularly in the 

embryo radicle and in the micropilar area, the latter to further favour cell 

elongation/seed germination (Steinbach et al. 1997, Li et al. 2018).  

QTL underlying PHS resistance or seed dormancy have been reported on most 

chromosomes in wheat, and consistently on chromosomes 3A, 3B, 4A and 4B in 

different studies. Candidate genes have been identified for a major 4AL locus (Barrero 

et al. 2015a; Torada et al. 2016b). However, the genes underlying the other QTL for 
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PHS resistance, especially the two major QTL on chromosome 3AL and 4BL, have not 

been reported.  

Near-isogenic lines (NILs) are ideal for studying phenotypic effects attributable to a 

particular gene or locus since the isolines have identical genetic backgrounds except at 

the targeted locus (Pumphrey et al. 2007). NILs allow the conversion of a quantitative 

trait into a Mendelian factor. Through genotype-phenotype association analysis of the 

NILs, candidate gene(s) underlying the QTL can be identified (Liu et al. 2006), which 

facilitate the development of functional markers for marker-assisted selection. In recent 

years, high-throughput genotyping platforms have been developed, including 90k SNP 

array (Wang et al. 2014b)  and next-generation sequencing, that along with the recently 

available  reference wheat genome (Appels et al. 2018) have enabled fast-paced gene 

identification (Barrero et al. 2015). Transcriptomic profiling using RNA sequencing 

can be  used to study gene regulation; the expression trends of all genes from the 

transcriptomic analysis enable an in-depth understanding of gene regulations and their 

interaction networks in complex biological processes (Jia et al. 2018). 

1.2 Research objective  

This research project was to investigate PHS tolerance in bread wheat using genotyping 

and phenotyping association analyses of natural populations and specially developed 

cross populations. The specific objectives were:  

a) Validate the genetic effects of four major PHS resistance loci located on 

chromosomes 3A, 3B, 4A, and 4B in a natural population comprising a wide range 

of cultivars. 
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b) Develop putative NILs targeting major QTL loci on chromosomes 3AL and 4BL, 

responsible for PHS resistance, and confirm of these NILs by genotype-phenotype 

association analyses. 

c) Identify candidate genes underlying the major 4BL QTL through high-throughput 

genotyping characterization of the confirmed NILs using 90k SNP arrays. 

d) Identify candidate genes underlying the major 3AL QTL through RNA sequencing 

of the confirmed NIL and differently expressed gene (DEG) analysis. 

1.3 Thesis outline  

This thesis is presented as a series of scientific papers following the regulations of the 

Graduate Research School at The University of Western Australia. The thesis 

comprises six chapters. Chapter 1 is a general introduction and Chapter 2 is the 

literature review. Chapters 3 to 6 present the findings of the four experiments 

investigating the targeted objectives. Each experimental chapter is presented in the form 

of a research paper addressing the relevant chapter topics, with each containing an 

independent introduction, review of relevant literature, experimental procedure and 

methods, key results, discussion of major findings, and summary. The four 

experimental chapters can be read as a part of the whole thesis or as separate original 

research articles. Chapter 7 contains an overall summary, general discussion and 

concluding remarks. 

Chapter 1 General Introduction outlines the background information and rationale for 

this research, puts forward the research questions and objectives, and outlines the 

overall structure of the thesis.  

Chapter 2 Literature Review summarises the published findings related to wheat 

hormone signalling pathways and reports on identified PHS QTL and genes.  
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Chapter 3 investigates the gene pyramiding effects for four major genes or QTL in 42 

Australian cultivars with diverse genetic backgrounds. The results validated the 

efficacy of the genetic markers for selection in Australian wheats and confirmed the 

pyramiding effect of the resistant allele, i.e. the more resistance alleles, the higher the 

PHS resistance in the cultivars. 

Chapter 4 describes the development of NILs targeting a major QTL on 3AL for PHS 

resistance in wheat. Putative NILs were developed using the heterogeneous inbred 

family (HIF) method (Tuinstra et al. 1997) combining a fast generation cycle system 

and DNA marker-assisted selection. NILs were confirmed by genotype-phenotype 

association analysis. 

Chapter 5 reports the development of NILs targeting a major QTL on 4BL for PHS 

resistance in wheat. These putative NILs were evaluated for several other 

morphological traits to identify true NILs. The confirmed NILs were genotyped using 

a 90k Illumina iSelect array and candidate genes underlying the QTL were identified. 

Chapter 6 describes transcriptomic profiling of two pairs of NILs with contrasting 

phenotypes for PHS performances. Genes expressed differentially between the isolines 

were identified, and their relevant pathways were investigated to explore the underlying 

mechanism. Gene expression analysis by quantitative RT-PCR was performed to 

further validate the DEGs. 

Chapter 7 contains a general discussion of the key findings of this research and areas 

for further study. 
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Chapter 2 Literature Review 

2.1 Wheat 

2.1.1 Wheat - the global food crop 

Wheat (Triticum aestivum L.) is a major cereal crop worldwide in terms of production 

and area coverage, which is the third most-produced (after rice and maize) cereal, and 

is grown in more than 128 countries across the five continents worldwide (Shewry 

2009). In 2016, the world wheat acreage was about 220,107,600 hectares, which was 

approximately 30.7% of the global cereal growing area. More than 700 million 

tonnes/year of wheat was produced globally from 2013, most of which was produced 

in Asia, Europe and North America (FAO 2018). Recently, FAO Cereal Supply and 

Demand Brief (02/07/2020) forecast wheat production of 761.5 million tonnes, which 

would make a significant increase compared to the previous two years. However, the 

increasing urbanization of developing countries and the use of wheat for feed and food 

are expecting to rise by 15% in the next decade (Edgerton 2009).  

Wheat, as one of the most important food sources for human life, provides 20% of the 

global calorie intake, which could be processed into leavened and unleavened bread, 

pasta, noodles, cakes, pastries and the like. Also, wheat provides protein, vitamins and 

numerous of beneficial minerals, playing an important but often underestimated 

nutritional role in human diets (Shewry 2009). 

2.1.2 Development of wheat caryopsis/grain 

Caryopsis/grain refers to the dry indehiscent seed produced by many cereal crops 

following sexual reproduction. The grain starts to develop at the end of the wheat 

growth stage. Grain development in wheat generally divides into three stages:  (1) cell 
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division, differentiation and expansion; (2) grain filling, when photosynthates (mainly 

sucrose) and protein are transported from the leaf and stem to the grain in a tightly 

regulated way (Borrill et al. 2015). The accumulation of starch and storage protein in 

the central endosperm cells results in substantial expansion of the grain (Shewry 2009; 

Shewry et al. 2012) before the end of the grain filling when grain reaches its maximum 

dry weight with ~40% moisture content (physiological maturity); and (3) maturation, 

when the grain desiccates to < 20% moisture content within next 1-2 weeks (harvest 

ripeness). Therefore, the fully developed wheat grain comprises the diploid embryo and 

triploid endosperm surrounded by the bran (Radchuk and Borisjuk 2014). 

2.2 Pre-harvest sprouting in wheat 

Pre-harvest sprouting (PHS) is a phenomenon (or an agronomical problem problem) 

that occurs when the seeds germinate on the intact spike before harvest of the matured 

grains. It usually occurs when rain or air humidity persists close to saturation just before 

or during harvest. PHS has been reported in many plants including rapeseed (Feng et 

al. 2009), barley (Li et al. 2003), rye (Masojć and Milczarski 2009), rice (Fang et al. 

2008), durum wheat (Singh et al. 2014; Chao et al. 2015) and bread wheat (Singh et al. 

2012). Because of the severe damage caused by PHS, global concern was raised by 

researchers from the early 20th century before the International Symposium of Pre-

harvest Sprouting in Cereals (ISPHSC) was established in 1973. 

PHS in wheat is a serious worldwide problem that mainly occurs in rain-prone areas 

during harvest. Wheat grown in coastal areas of Northern and Western Europe, the 

United States, Canada, Australia, Brazil, Argentina, Japan, China, and the Eastern part 

of New Zealand are highly susceptible to PHS damage (McMaster 1987; Derera 1990, 

2018). Worldwide losses to PHS have been estimated at $1.2 billion a year (Biddulph 
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et al. 2008). In Australia, PHS came at an enormous cost to the wheat industry, after a 

wet harvest in 2010 that resulted in crop losses of ~$100 million in South Australia, 

New South Wales and Queensland, according to a Grains Research and Development 

Corporation (GRDC) report released in 2016 (Braidotti 2016). The proportion of the 

Australian wheat crop affected by PHS ranges from 5–7% annually (Braidotti 2016). 

In wheat, PHS often causes significant damage by reducing yield and downgrading 

grains as unqualified quality for milling and baking (Wahl and Desmond O'Rourke 

1994). A series of physiological reactions occur within PHS-affected grains, including 

the activation of hydrolytic enzymes such as carbohydrate-degrading enzymes (α-

amylase) and proteolytic enzymes (endopeptidase and carboxypeptidase). The 

increased activities of these enzymes breakdown the starch and protein stored in the 

embryo and endosperm, which in turn lead to a dramatic decrease in yield, test weight 

and milling yield. The processing quality and seed value are also greatly reduced. The 

flour from PHS-affected grains often has weakened gluten intensity and the ratio of 

gluten and prolamin is changed, resulting in deterioration of flour baking quality, sticky 

crumb and collapsed loaves (Imtiaz et al. 2008). Loaves with sticky crumb create a 

slicing problem, which is usually unacceptable to the consumer (Moot and Every 1990). 

The hydrolysed starch in the endosperm reduces of noodle toughness and elasticity, 

which influences the processing value and final taste. Often, despite no sign of 

germination at harvest, α-amylase activity can be high inside the grains, causing mildew 

during storage, and a subsequent slow seedling development. In PHS-affected years, 

some wheat-growing regions have 30–50% or more of severely damaged grains (Stoy 

1983). Late maturity α-amylase (LMA) is another important issue affecting wheat and 

is also related to the production of α-amylase, which impacts falling number test 

(Newberry et al. 2018). 
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2.3 Seed dormancy and PHS 

Seed dormancy refers to the post-maturing stage in which seeds are prevented from 

germinating even under favourable environmental conditions. Dormancy is conditioned 

by both genetic and environmental factors (Derera et al. 1977; Torada et al. 2008; 

Barrero et al. 2015a; Nakamura S 2018). Even for the same genotype, the depth of 

dormancy or the speed of dormancy release can differ under different environmental 

conditions. Derera et al. (1977) reported a significant positive correlation between seed 

dormancy and pre-harvest sprouting resistance. Generally, under the suitable 

environmental conditions for germination, the wheat genotype with deep dormancy was 

not prone to germination on spikes (PHS resistance), while seeds of the genotype with 

weak or no dormancy were easy to germinate (PHS susceptibility). Further research 

identified that PHS was considered the lack of a normal dormancy levels during seed 

development and maturation (Tuttle et al. 2015). A notable phenomenon is that in many 

species, such as Arabidopsis, mutants with no dormancy have viviparous phenotypes 

(Raghavan 2002). 

In general, dormancy can be classified into two types based on the cause of dormancy: 

(1) coat-imposed dormancy and (2) embryo dormancy (Bewely and Black 1994). In 

coat-imposed dormancy, dormancy results from the seed coat and other enclosing 

tissues, including endosperm, pericarp and extra-floral organs (Bewley et al. 2012), 

inhibiting embryo growth, preventing water absorption and gas exchange, or secreting 

inhibiting substances to the embryo. Coat-imposed dormancy is found in most cereals, 

conifers and many dicots (Kermode 2005). Wellington (1956) conducted a germination 

research between red-grained dormant and white-grained non-dormant wheat 

genotypes showing the grains with different seed coat colour had different degrees of 
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elongation after water absorption, which indicated that seed dormancy is highly 

correlated with seed coat colour. 

Further research found that the inhibitors from wheat seed coats (catechins and tannins) 

might be the precursors to the red pigment for seed coat (Bewely and Black 1994). 

Studies by Flintham et al. (2002) suggested that the red colour of seed coats was 

controlled by the same alleles as seed dormancy. Different seed coat colours were 

regulated by the expression of the R dominant gene; the R gene could affect the 

expression of other genes involved in the synthesis of flavonoids to regulate seed 

dormancy (Himo et al. 2002; Himi and Noda, 2005; Bassoi and Flintham 2005). In 

embryo dormancy, seed germination is inhibited due to the lack of after-ripening or the 

presence of germination inhibitors in the seed, with little influence of seed coat or other 

surrounding tissues. For wild oats, the presence of soluble sugar (fructose) can induce 

germination in highly dormant embryos; however, on artificial medium containing 

glucose analogues, the isolated embryos cannot germinate with or without gibberellin 

(GA) (Foley 2001). Embryo dormancy may be related to endogenous hormone balance 

and specific gene expression in seeds (Derera et al. 1977; Shu et al. 2016). Species that 

exhibit embryo dormancy include Rosaceae, several woody species and some grass 

species like wild oats (Kermode 2005). 

2.4 Mechanisms of PHS resistance 

2.4.1 Role of ABA and GA 

The dormancy and germination of wheat seeds are highly affected by their endogenous 

hormone content, sensitivity, and the balance among different types of hormones, 

where ABA and GA are crucially important. In cereal grains, the main role of ABA is 

to regulate germination and promote embryo development in immature grains, and to 
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develop dormancy and inhibit the synthesis of hydrolytic enzymes (mainly α-amylase) 

in mature seeds (Li et al. 2003; Li et al. 2004). During seed development, ABA can 

directly affect the synthesis of GA and inhibit germination, for example, ABA 

reportedly inhibited expression of the GA 20‐oxidases gene, SbGA 20ox (Pérez‐Flores 

et al. 2003). Further studies showed no significant difference in ABA content between 

dormant and non-dormant seed embryos, suggesting the importance of ABA sensitivity 

in embryos when regulating dormancy (Gubler et al. 2005). Corbineau et al. (2000) 

found that ABA sensitivity of PHS-susceptible genotypes decreased rapidly at maturity, 

while dormant varieties maintained high sensitivity. Therefore, ABA is responsible for 

inducing the maturation program: the accumulation of reserves, the preparation for 

dehydration, and the acquisition of dormancy 

2.4.2 Transcriptional regulation of dormancy 

In addition to the hormones, dormancy is also regulated at the transcriptional and post-

transcriptional level. Vp1 gene functions as ABA-related transcription factor ABI3/VP1 

(ABA INSENSITIVE3/VIVIPAROUS1) which is widespread among green plants 

(Graeber et al. 2010). Research showed that the mutation in Reduced Dormancy 2 

(RDO2) (Léon‐Kloosterziel et al. 1996), encoding a Transcription Elongation Factor 

II (Liu et al. 2011b) , caused a reduced dormancy phenotype. Also, Peeters et al. (2002) 

indicated another mutation in RDO4 encoded the H2B MONOUBIQUITINATION1 

(HUB1), which reduce dormancy (Liu et al. 2007). However, the histone H2B was 

found to be associated with the increased transcription of a dormancy promoting-gene 

(Bourbousse et al. 2012). Guo et al. (2013) found a germinaton-defective1 (gd 1) 

mutant through extensive screening of T-DNA insertion mutants in rice. Apart from 

severe germination defects, this mutant showed the significant increase of GA 
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inactivation gene OsGA2ox3 and the decrease of GA synthesis genes OsGA20ox1, 

OsGA20ox2 and OsGA3ox3. Molecular and biochemical analysis revealed that GD1 

was directly or indirectly involved in GA regulation through carbohydrate balance in 

seed stage (Guo et al. 2013). These together provide strong evidence for the regulation 

of dormancy at the transcriptional level. 

2.4.3 Other possible regulation of seed dormancy 

During seed maturation processes, several genes, like LEAFY COTYLEDON (LEC1 

and LEC2), FUSCA3, and ABA Insentive 3 (ABI3), might be related to dormancy 

initiation, and mutations of the genes might result in precocious seed germination s 

(Holdsworth et al. 2008). However, the roles of these critical genes in seed dormancy 

regulation are not yet fully understood. Besides, there are also other hormones involved 

in dormancy such as Jasmonates and Nitric Oxide (Andryka-Dudek et al. 2019). 

2.4.4 Influence of seed structure and spike morphology on PHS 

The morphology of seeds and spikes are important factors affecting PHS resistance in 

wheat. Seed germination can be affected by different water absorption and oxygen 

permeability in different wheat genotypes. Several other morphological characteristics 

can influence seed germination, such as the bending degree of the spikes, absence of 

wheat awns, and tightness between grain and glume (King 1984; Derera 2018). The 

PHS resistance of wheat genotypes with erect spikes and without awns was higher than 

other genotypes because the spike structure could keep the inside of the spikes dry 

(King 1984). Davidson (1984) indicated that the absence of awns could weaken the 

adhesion of rain on the spikes, thus reducing the potential imbibition for germination. 

Glume differences among wheat cultivars can influence PHS resistance by affecting 
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water absorption, oxygen permeability and water transfer to the grain. Germination 

inhibitor in the wheat glume was on both on-plant and harvested spikes (Gatford et al. 

2002; Kato et al. 2003). Gatford et al. (2002) identified water-soluble germination 

inhibitors in the bracts’ leachate from Triticum tauschii, which could significantly delay 

germination in bread wheat. 

2.5 The influence of environmental factors on PHS 

It is well known that both PHS resistance and dormancy in crops are highly influenced 

by external environmental conditions. Temperature influences seed development and 

therefore affects dormancy and PHS directly, while humidity influences the expression 

of the PHS phenotype. In general, temperature during seed physiological maturation is 

the most important factor affecting the depth of dormancy and speed of dormancy 

release. Walker-Simmons and Sesing (1990) found that grains developed at 15°C were 

more dormant than those at 25°C. Similar results from Romagosa et al. (2001) and 

Gerjets et al. (2009) indicated that warm to hot ripening conditions (20–30°C) increased 

susceptibility to PHS, while cool ripening (12–18°C) environments induced seed 

dormancy and enhanced PHS resistance. Humidity during grain development and 

harvest was strongly correlated with PHS (Thomason et al. 2009). During grain 

development, extended high humidity increased the risk of PHS in the spikelet, due to 

a decline in grain drying rate (King 1993). Mares (1993) found that rainfall and high 

relative humidity in the 20- days prior to harvest explained almost 85% of the variation 

in PHS resistance. Some non-dormant wheat genotypes treated with drought and high 

temperature during grain filling showed the same seed dormancy as dormant genotypes 

(Biddulph et al. 2005). The effects of temperature, rainfall and humidity on PHS need 
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to be considered for the breeding of PHS-resistant cultivars to maximize genetic 

inheritance and minimize environmental effects. 

2.6 Phenotypic assessment of PHS 

The germination index (GI) is used to measure seed dormancy. The most commonly 

used protocol is that reported in Walker-Simmons (1987). At physiological maturity, 

hand-threshed seeds are evenly distributed in a Petri dish with two layers of filter paper. 

The Petri dish is sealed with Para film in order to prevent water evaporation and keep 

100% humidity, and then wrapped in two layers of aluminium foil for dark environment 

incubating at 20°C for 7 days. Germinated seeds are counted daily and removed. The 

germination index is calculated according to the following equation: 

𝐺𝐺𝐺𝐺 =
7 × 𝑛𝑛1 + 6 × 𝑛𝑛2 + 5 × 𝑛𝑛3 + 4 × 𝑛𝑛4 + ⋯+ 1 × 𝑛𝑛7

7 × 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 𝑡𝑡𝑜𝑜 𝑔𝑔𝑛𝑛𝑡𝑡𝑔𝑔𝑛𝑛𝑔𝑔  

where n1, n2, …, n7 are the number of seeds germinated on the first, second, and 

subsequent days until the seventh day, respectively. The maximum index is 1.0 if all 

grains germinate on the first day. As seed germination is negatively correlated to the 

degree of seed dormancy, GI can predict the susceptibility of genotypes to PHS 

(Nyachiro et al. 2002). Due to its ease and convenience to measure, dormancy by GI is 

one of the main methods used by plant breeders and researchers to improve PHS 

resistance in cereals (Biddulph et al. 2008). 

The sprouting index (SI) is another method for measuring PHS, which involves a 

germination test using intact spikes. At physiological maturity, intact spikes are 

artificially wetted and arranged standing upright in a sealed box for 7 days under 100% 

humidity (Hagemann and Ciha 1984). The sealed box is placed in a controlled 

temperature room at a constant temperature of 22°C and 16 h light/8 h dark. After 7 
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days, the spikes are dried and gently threshed to count germinated and un-germinated 

grains, which are used to calculate SI. Since a germination test on intact spikes best 

simulates field conditions, SI can reflect the complex effects of factors other than seed 

dormancy, for example, substances present in the glume that inhibit germination 

(Salmon et al. 1986), physical barriers to water penetration in the spike (Gale 1989), 

and spike morphology (King 1984). 

Germination tests using individual seeds or intact spikes only reflect the grain’s ability 

to germinate; it is difficult to identify the endosperm status in the grain. While some 

kernels do not show obvious signs of germination, the activity of α-amylase can be high 

inside, causing starch degradation. Therefore, the evaluation of α-amylase activity is 

also measured in the breeding programs. Falling number is the standard and accepted 

method in the cereal industry worldwide that is based on a quick gelatinisation of flour 

suspension in a boiling water-bath and subsequent measurement of starch degradation 

by α-amylase under a condition similar to that in baking (Perten 1964). For dormant 

grains, α-amylase activity is low, with falling number values between 350 and 400. The 

falling number value can drop to <80 for PHS-affected grains. LMA is also related to 

the production of α-amylase, which impacts falling number test (Newberry et al. 2018). 

2.7 Genetics of PHS 

As previously reported, PHS is the lack of normal dormancy levels during seed 

development and maturation. Seed dormancy in wheat helps to reduce PHS damage. 

However, too much dormancy can reduce seed germination and uniformity. Therefore, 

wheat production needs a delicate regulation or fine balance for seed dormancy and 

germination (Kumar et al. 2015; Rodríguez et al. 2015). Like PHS resistance, seed 

dormancy is expressed as a quantitative trait that is regulated by several genes or QTLs 
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and influenced by environmental factors (Anderson et al. 1993). Genes and QTLs 

underlying PHS resistance or seed dormancy have been reported in most chromosomes 

in bread wheat (Anderson et al. 1993; Mares and Mrva 2001; Mares et al. 2002; 

Lohwasser et al. 2005; Kumar et al. 2015); QTLs on chromosome group 3 and 4 have 

been detected consistently in different genetic backgrounds under diverse environments 

and in both tetraploid and hexaploid wheat species (Chao et al. 2010; Singh et al. 2010; 

M 2011; Chao et al. 2015). 

Both short and long arms of chromosome 3A have been detected with QTLs for PHS 

resistance and dormancy. Using a red- by red-grained wheat cross-derived RIL 

population, a major QTL from ‘Zenkoujikomugi’ (Japanese wheat variety), explained 

23–38% of the phenotypic variation on the short arm of 3A (Osa et al. 2003). Liu et al. 

(2013) identified and cloned a gene (TaPHS1, a wheat homolog of a MOTHER OF 

FLOWERING TIME (TaMFT)) from the 3AS QTL, Qphs.pseru-3AS. QTLs on the long 

arms of group 3 chromosomes have been linked to genes (R) controlling red seed colour 

(Chang et al. 2010a). Kulwal et al. (2005) reported a major PHS resistance QTL 

(QPhs.ccsu-3A.1) on 3AL from RILs of SPR8198 (PHS resistant) and HD2329 (PHS 

susceptible), explained up to 78% of the phenotypic variation across the six tested 

environments (pooled data), and it was located at a genetic distance of ~183cM from 

the centromere, between markers Xwmc153 and Xgwm155. Another important gene 

on group 3 was the viviparous (Vp-1) gene (McCarty et al. 1991). A study reported a 

positive correlation between the expression level of Vp-1 in mature seeds and seed 

dormancy in wheat (Bailey et al. 1999). Yang et al. (2007) developed an efficient Vp-

1 STS marker, namely Vp1B3, mapped to chromosome 3BL using Chinese Spring nulli-

tetrasomic and ditelosomic lines, which was useful for discriminating PHS resistance 
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in Chinese wheat varieties when combined with one 3AL-QTL linked SSR marker 

Xgwm155. 

Other major genetic factors for PHS resistance and dormancy are QTLs located on 

group 4 chromosomes which have been consistently detected in numerous studies (Kato 

et al. 2000; Mori et al. 2005; Imtiaz et al. 2008; Torada et al. 2008; Chao et al. 2010; 

Singh et al. 2010; Kulwal et al. 2012; Lohwasser et al. 2013; Albrecht et al. 2015; 

Barrero et al. 2015a; Kumar et al. 2015; Lin et al. 2015; Torada et al. 2016b). Kato et 

al. (2001) identified three QTLs on group 4 chromosomes of wheat using 119 doubled 

haploid (DH) lines from a cross between AC Domain and Haruyutaka. One of the three 

QTLs, QPhs.ocs-4A.1, was a major QTL explaining 77.2%, 70.8% and 33% of 

phenotypic variation in the field, glasshouse and growth chamber, respectively. 

Another QTL, Qphs.ocs-4B.2, located within the telomere region of 4BL, had 

consistent effects on seed dormancy in seeds produced in both glasshouse and growth 

chamber trials, and was homoeologous with a PHS QTL on 4D. Later, Zhang et al. 

(2008) developed a PCR marker Xzxq118 close to the peak of QPhs.ocs-4A.1. Barrero 

et al. (2015a) identified two adjacent candidate genes, PM19-A1 and PM19-A2, close 

to Xzxq118 from a four-way MAGIC population by intercrossing four Australian wheat 

cultivars, and confirmed them as positive regulators of seed dormancy. Torada et al. 

(2016b) identified and cloned a causal gene, MKK3, located next to PM19, for the seed 

dormancy locus Phs1 on chromosome 4A in bread wheat. A QTL within the 

centromeric region of the long arm of chromosome 4B, QPhs.ocs-4B.1, located 

between markers Xgwm495 and Xgwm375, was identified as a major QTL for grain 

dormancy from the medium-dormant wheat Chinese Spring, and explained about 20% 

of the variation (). Kumar et al. (2015) located a major QTL, QPhs.spa-4B, explaining 

35–60% of the phenotypic Mori et al. 2005variation in field environments. Furthermore, 
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using composite interval mapping, Lin et al. (2015) detected a minor QTL on 4B, 

Qphs.pseru-4B.1, between markers Xbarc20 and Xwmc238 for both PHS resistance 

and seed dormancy, which explained 6.3–8.7% of the phenotypic variance. 

2.8 Near-isogenic lines 

Near-isogenic lines (NILs) are a pair of lines that have identical genetic backgrounds 

except at one or a few genetic loci. NILs are ideal for studying phenotypic effects 

attributable to a particular gene or locus since the genetic background that affects 

phenotypic assessments of quantitative traits is essentially fixed (Pumphrey et al. 2007). 

Multiple pairs of isolines can be used to assess the effect of an allele on different genetic 

backgrounds. Therefore, NILs have been used to investigate the effects of various genes 

of interest (Miedaner and Voss 2008; Liu et al. 2010a). NIL-derived populations, 

segregating primarily for a targeted locus, allow the conversion of a quantitative trait 

into a Mendelian factor, to accurately identify the location of a QTL (Liu et al. 2006). 

NILs can be constructed using various methods depending on the available resources 

with backcrossing and selfing the most common. For backcrossing, two genetically 

distinct parental lines are crossed to heterozygous offspring; by backcrossing the 

heterozygote to the recipient parent, the proportion of donor parental genome is reduced 

by 50% each generation. In recurrent backcrosses, heterozygosity is further reduced to 

a small introgression resulting in NILs. The heterogeneous inbred family (HIF) method 

(Tuinstra et al. 1997) can also be used to construct NILs through repeated selfing of 

heterozygotes in several generations. Using this approach, the population is derived 

from a cross between two inbred lines. Progeny with the target heterozygous gene is 

selected from the F2 population to self. From F3 onwards, progenies that are 

heterozygous at the target gene are selected in each generation. As a result, the genetic 
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background, except the target gene or locus, becomes homozygous by selfing. In the F8 

generation, heterozygotes are selfed to produce a pair of NILs that are homozygous 

(either positive or negative) at the target gene.  

2.9 Genomic and transcriptomic studies of wheat 

Common wheat is a heterologous hexaploid (AABBDD) from two cross-breedings. 

Compared to other crops, the wheat genome is quite large (about 17 Gb) or about 5.5 

Gb per subgenome (Consortium 2014), with a complex structure comprising more than 

80% repeats (Shi and Ling 2018) that can be challenging for sequencing and assembly. 

Advanced sequencing technology has recently enabled accurate de novo assembly of 

the genomic sequences of common wheat and its diploid and tetraploid ancestors 

(Appels et al. 2018).   

Assembly of the wheat genome sequence begins with the 7DS chromosome. Using the 

sequencing and assembly of low copy repeats and gene regions, a schematic 7DS 

chromosome is constructed, showing syntenic relationship with rice and Brachypodium 

serrata (Berkman et al. 2011). In wheat, the largest chromosome is 3B, which is 995 

Mb. Paux et al. (2008) constructed a 3B BAC (bacterial artificial chromosome) library, 

containing 1036 contigs and covering 82% of chromosomes, and a physical map of 3B. 

Later, Choulet et al. (2014) published a high-quality sequence of 3B chromosomes, 

containing 5326 protein-coding genes, 1938 pseudogenes, and 85% transposable 

elements.  

In 2012, Brenchley et al. (2012) analysed the common wheat Chinese Spring genome 

and compared it with the diploid ancestral genome using 454 sequencing technology. 

The integrated data of 5.32 Gb identified 94,000–96,000 genes, two-thirds of which 



19 
 

were assigned to the A, B, and D genomes (Brenchley et al. 2012). In 2014, the 

International Wheat Genome Sequencing Consortium (IWGSC) sequenced and 

assembled the genome of Chinese Spring (Consortium 2014). To overcome difficulties 

with the large, complex genome, each chromosome was isolated before the BAC 

libraries and physical map were constructed. A total of 10.2 Gb of the genomic 

sequence was obtained, with 124,201 genes annotated that were evenly distributed on 

each genome and chromosome (Consortium 2014). Compared to the genome-wide 

shotgun sequencing by Brenchley et al. (2012), IWGSC identified more conserved 

genes on each chromosome. Using the optimised data types and assembly algorithms, 

Clavijo et al. (2017) created a new Chinese Spring assembly sequence, which accounted 

for more than 78% of the genome, or about 49% more than that published by IWGSC 

in 2014. Zimin et al. (2017) combined the second-generation sequencing with the third 

generation sequencing technology to create a more complete wheat genome assembly, 

with a final assembly of >15 Gb, with more than 90% of the Chinese Spring genome. 

The IWGSC has published the most complete wheat genome sequence, with an 

estimated coverage of 94% of the genome, containing 107,891 high-confidence genes 

(Consortium 2018).  

In the past, forward genetics was commonly used to identify genes for plant 

development or specific traits. By studying gene interactions during plant development 

or among different phenotypes, it is possible to obtain multiple related genes accurately 

and efficiently. With the development of high-throughput sequencing technology and 

the completion of wheat genome sequencing, transcriptomic sequencing has become a 

promising tool for elucidating wheat gene regulation. The expression trends of all genes 

from transcriptomic analysis will be valuable for in-depth studies of gene function and 

regulation and their interaction networks in complex biological processes (Jia et al. 
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2018). Li et al. (2014) published the mRNA and small RNA transcriptomic profiles of 

three growth stages (seedling, young spike and young seed) in nascent allohexaploid 

wheat and its following generations, their progenitors, and the natural allohexaploid 

cultivar Chinese Spring, with the assistance of published A and D genome sequences. 

Analysing the expression of cell-specific genes during wheat grain development from 

IWGSC genomic data, Pfeifer et al. (2014) identified different co-expression clusters 

for the spatiotemporal expression of genes during endosperm development. Wang et al. 

(2017) analysed the gene expression regulation network of young spike development 

through transcriptome association analysis and gene co-expression networks using 90 

winter wheat lines. Public database such as gene expression atlas (http://www.wheat-

expression.com/ ; https://wheat.pw.usda.gov/WheatExp/) are also useful resources for 

transcriptomic studies. 

2.10 Genetic marker-assisted selection for breeding 

Molecular marker-assisted breeding refers to the indirect selection of target traits on 

wheat using molecular markers closely linked to the target traits (Koebner and 

Summers 2003). Using molecular marker-assisted selection (MAS), the target genes 

can be selected in the early stage accurately and stably; also, the difficulty to identify 

recessive genes can be overcome. Therefore, it allows breeders to speed up the process 

of wheat breeding, to improve the breeding efficiency and to select new varieties or 

strains with disease-resistant, high-quality and high-yield. In the last two decades, 

molecular markers turn into the main marker system for genetic analysis. Comparing 

with morphological markers or biochemical markers, molecular markers show more 

advantages. They can be detected in multiple tissues and developmental stages, which 

are not limited by time and space or influenced by environmental factors (Koebner and 
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Summers 2002; Koebner and Summers 2003). Also, molecular markers are abundant 

across genome and exhibit greater level of polymorphism than other markers (Gupta et 

al. 1999; Gupta and Rustgi 2004). Furthermore, MAS is commonly used in gene 

stacking, where multiple genes are accumulated to improve the performance of specific 

trait (Huang et al. 1997; Barloy et al. 2007). However, comparing to the high efficiency 

in selection of qualitative traits, MAS showed less effectiveness for quantitative traits 

due to the influence of gene × gene and gene × environment interactions (Podlich et al. 

2004).  

MAS in wheat breeding programs is being widely practiced in both public and private 

sectors. In 1996, Australia was the first country that started to develop National Wheat 

Molecular Marker Program (NWMMP), which became Australian Winter Cereal 

Molecular Marker Program (AWCMMP) combined with barley program in 2001 

(https://grdc.com.au/research/reports/report?id=353). This program involved 20 

different traits, including quality traits, resistance against disease and abiotic stress, in 

order to develop and enhance high-quality germplasm sources (Gupta et al. 2010). 

Several other countries, including USA, Mexico (CIMMYT), Canada, Europe countries, 

also developed national breeding programs to improve wheat germplasm (Dubcovsky 

2004; Sorrells 2007; William et al. 2007) 
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3.1 Abstract 

Pre-harvest sprouting (PHS) resistance is one of the most important economically trait 

in wheat breeding. Developing effective markers to assist selection of PHS resistance 

genotypes is an important means of improving the selection efficiency in breeding 

process. The objectives of this study were to validate the efficacy of the genetic markers 

associated with four major quantitative trait loci (QTL) for PHS resistance in Australian 

wheat background, and to investigate the pyramiding effect of the resistant alleles. The 

Australian National Variety Trial data were used as phenotypic data. The results 

confirmed the usefulness of four markers Xgwm155, Vp1B3, Xzxq118 and Xgwm495 

associated with alleles located on 3AL, 3BL, 4AL and 4BL, respectively, that each 

resistant allele contributed positively to pre-harvest sprouting (PHS) resistance. 

Moreover, a pyramiding effect, i.e. the more resistance alleles, the higher the PHS 

resistance, of the PHS resistant alleles were observed indicating the positive 

interactions among the resistance alleles. While cultivars with no resistant allele had a 

mean PHS resistance of 1.00, cultivars having any combination of three resistant alleles, 

out of the four markers had highest mean PHS resistance of 3.34. Results of the study 

demonstrated the studied markers may be suitable for marker assisted selection and 

gene/QTL stacking for PHS resistance in Australian wheat, although additional markers 

are needed to achieve high selection accuracy. 

Keywords: wheat, pre-harvest sprouting, marker-assisted selection (MAS), QTL 

3.2 Introduction 

Pre-harvest sprouting (PHS) is a phenomenon that grains germinate on spikes before 

harvest when they encounter rain or an air-humidity close to saturation. In wheat, PHS 

not only causes severe damage to grain yield, but also limits the end-use of the grain 
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because of the downgrades flour functionability by decreasing falling number. PHS 

occurs in many wheat-planting regions, including Australia, China, Canada, USA, 

European countries and Japan (Yang et al. 2007), resulting in severe economic losses. 

It was estimated that annual worldwide losses caused by PHS in wheat exceeded US$ 1 

billion (Black M 2006). Therefore, resistance to PHS is an economically important trait 

for breeding purpose (Biddulph et al. 2005).  

PHS is considered as a lack of dormancy level during seed developing and maturation 

process. Therefore, seed dormancy is one of the main factors affecting PHS 

performance (Kumar et al. 2015). Appropriate dormancy was reported to be beneficial 

for reducing PHS damage in wheat (Rodríguez et al. 2015). Both PHS resistance and 

seed dormancy in crops are quantitative traits, which are influenced by environmental 

conditions and controlled by multiple genes (Derera et al. 1977; Anderson et al. 1993; 

Gong et al. 2014). Among the environmental factors, temperature and rainfall during 

seed physiological maturation are the most important factors affecting the depth of 

dormancy and the speed of germination. Mares (1993) found that rainfall and high 

relative humidity during the 20-day period prior to harvest explained almost 85% 

variation of the PHS resistance. Research also showed that non-dormant wheat 

genotypes treated with drought and high temperature during grain-filling stage showed 

same PHS performances as dormant genotypes grown in cool environments (Biddulph 

et al. 2005). 

Genes and QTL underlying PHS resistance or seed dormancy were reported on almost 

all chromosomes in bread wheat (Anderson et al. 1993; Mares and Mrva 2001; Mares 

et al. 2002; Lohwasser et al. 2005; Kumar et al. 2015), in which QTL on 3A, 3B and 

4AL were detected consistently in different genetic backgrounds under diverse 

environments and in both tetraploid and hexaploid wheat species (Chao et al. 2010; 
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Singh et al. 2010; Dilawari 2012; Chao et al. 2015). QTL on long arms of group 3 

chromosomes were reported to be linked with genes (R) controlling red seed color 

(Chang et al. 2010b). Using a red- by red-grained wheat cross-derived RIL population, 

a major QTL from ‘Zenkoujikomugi’, a Japanese wheat variety, explaining 23 to 38% 

phenotypic variation was identified on the short arm of 3A (Osa et al. 2003). Kulwal et 

al. (2005) reported a major PHS resistance QTL (QPhs.ccsu-3A.1) on 3AL from RILs 

of ‘SPR8198’ (PHS resistant) and ‘HD2329’ (PHS susceptible). The QPhs.ccsu-3A.1 

was significant (p<0.01) in all six environments tested, and explained up to 78.03% of 

the phenotypic variation across the six environments (pooled data). The linkage map 

showed this QPhs.ccsu-3A.1 was located at a genetic distance of ~183 cM from 

centromere, between markers Xwmc153 and Xgwm155. Study indicated that the 

expression level of Vp-1 in mature seeds had a positive correlation with seed dormancy 

in wheat (Bailey et al. 1999). Yang et al. (2007) developed an efficient Vp-1 STS 

marker, namely Vp1B3, mapped to chromosome 3BL using Chinese Spring nulli-

tetrasomic and ditelosomic lines. Research on Chinese white-grained wheat cultivars 

also showed that marker Vp1B3 had strong association with PHS resistance in the 

Chinese germplasm, amplifying either an 845 bp or a 569 bp product from the resistant 

varieties and a 652 bp fragment from the susceptible genotypes (Yang et al. 2007). 

Vp1B3 was reported to be useful in discriminating PHS resistance in Chinese wheat 

varieties when combined with one 3AL-QTL linked SSR marker Xgwm155 (Yang Y 

2008). However, its usefulness in MAS of PHS in wider wheat cultivars is yet to be 

investigated. 

Other major genetic factors for PHS resistance and dormancy are the QTL located on 

the group 4 chromosomes which was consistently detected in different studies (Kato et 

al. 2001; Mori et al. 2005; Ogbonnaya et al. 2008; Singh et al. 2010; Lohwasser et al. 
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2013; Albrecht et al. 2015; Barrero et al. 2015a; Torada et al. 2016b). Kato et al. (2001) 

identified three QTL on group 4 chromosomes of wheat using 119 doubled haploid 

(DH) lines from a cross between AC Domain and Haruyutaka. One of those three QTL, 

QPhs.ocs-4A.1, was reported as a major QTL explaining 77.2%, 70.8% and 33.0% of 

phenotypic variation in the field, glasshouse and growth chamber, respectively. Then, 

Zhang et al. (2008) developed a gene-based marker Xzxq118 close to the peak of 

QPhs.ocs-4A.1. Close to Xzxq118, Barrero et al. (2015a) identified two adjacent 

candidate genes, PM19-A1 and PM19-A2, from a four-way MAGIC population by 

intercrossing four Australian wheat cultivars, and confirmed that they were positive 

regulators of seed dormancy. Also, Torada et al. (2016b) identified and cloned a causal 

gene for the seed dormancy locus Phs1 on chromosome 4A in bread wheat. Except for 

the 4AL QTL, another QTL on 4BL, QPhs.ocs-4BL, which located between markers of 

Xgwm495 and Xgwm375, was also identified as a major QTL explaining 19.8% of 

variation from the highly dormant wheat Zenkoujikomugi (Mori et al. 2005). 

Due to the complexity of multiple genetic factors controlling PHS resistance, marker-

assisted selection (MAS) could significantly improve selection efficiency in breeding 

of PHS resistance (Kumar et al. 2010). Although markers associated with the major 

QTL for PHS resistance have been reported in different studies, there has been little 

report for testing their applicability and pyramiding effects for breeding purposes. 

Therefore, incorporating the Australian National Variety Trials (NVT) data, the 

objectives of the study were: 1) to validate the effect of four major QTL on 3A, 3B, 4A 

and 4B in Australian wheat accessions for their efficiency on selecting PHS resistant 

cultivars; 2) to test the pyramiding effects of the markers and explore the interactions 

among the major PHS resistance alleles; and 3) to develop efficient method for MAS 

of PHS resistance. 
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3.3 Material and methods 

3.3.1 Plant materials and their PHS resistance Scoring 

A total of 42 Australian commercial wheat cultivars having varying degree of PHS 

resistance were selected based on their PHS performances from Australian National 

Variety Trials (NVT) database (https://www.nvtonline.com.au). PHS resistance score 

(1-Highly susceptible, 2-Susceptible, 3-Moderately susceptible, 4-Resistant) of all the 

cultivars were obtained from the NVT database.  According to the NVT PHS resistance 

score, seven of the cultivars were resistant (R); eight were moderately susceptible (MS); 

19 were susceptible (S); and the remaining eight were very susceptible (VS) to post-

harvest sprouting. 
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Table 3. 1 The four PCR-based markers used in this study 

 

Marker names Primer sequences (5’-3’) Chromosome 
locations 

Product size (bp) Annealing 
temperatures 
(ºC) 

 
References 

Resistance 
allele 

Susceptible 
allele 

Xgwm155 Forward: CAATCATTTCCCCCTCCC 3AL 115 140 60 Kulwal et 
al. (2005) 

 Reverse: AATCATTGGAAATCCATATGCC     

Vp1B3 Forward: TGCTCCTTTCCCAATTGG 3BL 569 652 60 Yang et al. 
(2007) 

 Reverse: ACCCTCCTGCAGCTCATTG     

Xzxq118 Forward: CTGACTGATATACGGCAATC 4AL 341 504 56 Zhang et 
al. (2008) 

 Reverse: ATGTGATTGGTTGATCAAGCG     

Xgwm495 Forward: GAGAGCCTCGCGAAATATAGG  4BL 145 175 60 Mori et al. 
2005 

 Reverse: TGCTTCTGGTGTTCCTTCG     
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3.3.2 DNA extraction and PCR amplification 

Healthy seeds, free from discoloration and damage, were selected, and crushed into 

grain powder. Genomic DNA was isolated from those grain powder using the CTAB 

method (Murray and Thompson 1980). SSR markers Xgwm155, Vp1B3, Xzxq118 and 

Xgwm495, targeting the major QTL for PHS resistance on different chromosomes, were 

used for screening (Table 3.1). PCR reactions were performed in 15 µl volumes 

containing 50 ng template DNA, 200 nM of each primer, 1.5 µl 10 × PCR buffer, 2 mM 

MgCl2, 0.2 mM dNTPs, and 1 unit TaqDNA polymerase (Fisher Biotec) with the 

following program: denatured at 94ºC for 5 min, followed by 35 cycles of 94ºC for 30 

sec, annealing for 30 sec at different temperatures for different primers, and 72ºC for 

45 sec, with a final extension at 72ºC for 7 min. Amplified fragments were 

electrophoresed on 2% agarose gel, stained with ethidium bromide and visualized under 

UV light.  

3.3.3 Statistical analysis 

Data were analysed with GenStat 17 package (VSN International Ltd, 2014). Pair-wise 

t-test analysis was used to determine the association between molecular marker and 

PHS resistance score.  

3.4 Results 

3.4.1 Evaluation of the four markers for their efficacy in selecting PHS resistance 

in Australian wheat cultivars 

Four markers, targeting four major PHS resistance QTL, were tested in 42 Australian 

wheat cultivars to validate their usefulness for identifying PHS resistance cultivars.  For 

marker Xgwm155, two different fragments (115 bp and 140 bp) were amplified in the 

tested genotypes. Among the 42 cultivars, the 140 bp PHS susceptible allele was 
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amplified in 35 genotypes with a mean resistance score of 2.17, whereas the 115 bp 

PHS resistant allele was amplified in the remaining seven genotypes with a mean 

resistance score of 3.14, which indicating an 44.7% of increase of the PHS resistance 

by the resistant allele. For marker Vp1B3, two alleles (569 bp and 652 bp) were 

amplified in the cultivars. Among the 42 cultivars, 36 accessions were amplified with 

the 569 bp resistant allele, and the remaining six were amplified with the 652 bp 

susceptible allele. The mean resistance scores for the 569 bp group and the 652 bp group 

were 2.47 and 1.50, respectively. The cultivars possessing the resistant allele increased 

the resistance by 64.8%. For marker Xzxq118, two alleles (341 bp and 504 bp) were 

amplified, as reported by Zhang et al. (2008). The susceptible 504 bp allele was detected 

in 34 genotypes with a mean resistance score of 2.15, whereas the resistant 341 bp allele 

was detected in the remaining 8 genotypes with a mean resistance score of 3.13 leading 

to a 45.5% increase of the PHS resistance. For marker Xgwm495, two alleles of 145 bp 

and 175 bp were amplified, with the 145 bp resistant allele amplified in 18 genotypes 

and the 175bp susceptible allele amplified in the remaining 24 genotypes. The mean 

resistance scores for the two allele groups were 2.78 (145 bp) and 2.00 (175 bp), 

respectively (Table 3.2). The cultivars possessing the resistant allele increased the 

resistance by 38.9%. The mean scores of resistant allele group and susceptible allele 

group showed highly significant difference (p<0.01) for the markers Xzxq118 and 

Xgwm495, while for Xgwm155 and Vp1B3, the difference between the resistant group 

and susceptible group was significant (p<0.05) (Fig. 3.1).  
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Table 3. 2 Polymorphisms of the four markers in the 42 Australian cultivars with 

different level of PHS resistance 

No Cultivar Category of 

PHS 

resistance 

PHS 

Scor

e 

Xgwm155 

product 

(bp) 

Vp1B3 

product 

(bp) 

Xzxq118 

product 

(bp) 

Xgwm495 

product 

(bp) 

1 AGT Katana MS 3 140 652 341 145 

2 Annuello MS 3 140 569 504 145 

3 Arrino VS 1 140 569 504 175 

4 Axe VS 1 140 652 504 175 

5 Binnu MS 3 140 569 504 175 

6 Bullaring VS 1 140 652 504 175 

7 Calingiri MS 3 140 569 504 175 

8 Caparoi R 4 115 569 504 145 

9 Chara S 2 115 569 504 175 

10 Clearfield Stl R 4 140 569 341 175 

11 Cobra S 2 140 569 504 175 

12 Corack S 2 140 569 504 175 

13 Derrimut S 2 140 569 504 145 

14 DM5638B*8 R 4 140 569 341 145 

15 EGA 2248 S 2 140 569 504 175 

16 EGA Bellaroi S 2 115 569 504 145 

17 EGA Gregory S 2 140 569 504 145 

18 Emu Rock S 2 140 569 341 175 

19 Endure S 2 140 569 504 175 
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20 Fang MS 3 140 569 341 175 

21 Fortune VS 1 140 652 504 175 

22 Gladius VS 1 140 569 504 175 

23 Harper MS 3 140 569 341 175 

24 Hyperno R 4 115 569 504 145 

25 Impala S 2 140 652 504 145 

26 Jandaroi R 4 115 569 504 145 

27 Janz S 2 140 569 504 145 

28 KingRock S 2 140 569 504 145 

29 Lang S 2 140 569 504 145 

30 Lincoln VS 1 140 652 504 175 

31 Livingston S 2 140 569 504 145 

32 Mace S 2 140 569 504 175 

33 Saintly S 2 115 569 504 145 

34 Spear MS 3 140 569 341 175 

35 Strzelecki  S 2 140 569 504 145 

36 SUN326AE R 4 140 569 504 145 

37 Sunco S 2 140 569 504 175 

38 Westonia VS 1 140 569 504 175 

39 Wollaroi R 4 115 569 504 145 

40 Wyalkatchem S 2 140 569 504 175 

41 Yandanooka VS 1 140 569 504 175 

42 Yitpi MS 3 140 569 341 175 
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Figure 3. 1 PHS resistance scores of the 42 wheat cultivars in different allele (resistance 

and susceptibility) groups of the four markers (Xgwm155, Vp1B3, Xzxq118 and 

Xgwm495).  The mean PHS scores of resistant allele group and susceptible allele group 

showed highly significant difference (p<0.01) for the markers Xzxq118 and Xgwm495, 

and significant difference (p<0.05) for the markers Xgwm155 and Vp1B3.  

3.4.2 Stacking the favourable alleles provided better PHS resistance 

Of the 42 Australian wheat cultivars screened, four cultivars (Axe, Bullaring, Fortune 

and Lincoln) under the VS category of PHS phenotype, were amplified with the four 

markers associated with the susceptible alleles targeting the four loci. The seven 

cultivars in the resistant category, each showed at least two resistance alleles out of the 

four targeted loci. Among them, Caparoi, Hyperno, Jandaroi and Wollaroi each 

amplified three resistance alleles for markers Xgwm155, Vp1B3 and Xgwm495.  
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In order to test the hypothesis that stacking of the favourable alleles might deliver 

higher PHS resistance, the mean PHS resistance score of the Australian wheat cultivars 

having different numbers of PHS resistance allele were compared. Cultivars having no 

resistant allele had a mean PHS resistance of 1.00, lowest among the four groups. On 

the other hand, cultivars possessing single resistance allele from any of the four markers, 

Xgwm155, Vp1B3, Xzxq118 and Xgwm495, increased the mean PHS resistance by 

85.7%. Similarly, cultivars with any combination of two resistant alleles of the four 

markers showed significantly increased resistance to PHS than those having only a 

single resistant allele, with an average increase rate of 39.4%. But, highest mean PHS 

resistance (3.34) was observed in the group of the cultivars having any combination of 

three resistant alleles, out of the four markers, Xgwm155, Vp1B3, Xzxq118 and 

Xgwm495. However, among the 42 Australia wheat cultivars investigated, no cultivar 

was found to have all the four resistant alleles. 

The significant difference (p<0.05) among those groups indicated that the more 

resistance alleles, the higher resistance to pre-harvest sprouting in the cultivars. (Fig. 

3.2). Moreover, the increase of PHS resistance among the groups “cultivars without 

resistance allele”, “cultivars with any of the four resistance allele”, “cultivars with any 

two resistance alleles” and “cultivars with any three resistance alleles” showed the trend 

of a linear relationship between PHS resistance and the numbers of resistant alleles.  
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Figure 3. 2 PHS resistance scores of the 42 wheat cultivars grouped by possessing 

different combinations of the four markers. A indicated the group “without resistance 

allele cultivars”; B indicated the group “with any one resistance allele cultivars”; C 

indicated the group “with any two resistance alleles cultivars”; and D indicated the 

group “with any three resistance alleles cultivars”. The statistic analysis showed the 

significant difference (p<0.05) between any of the two groups. The trend line among 

the four groups indicated the linear increase of the PHS scores along with the increased 

numbers of the resistance alleles. 

3.5 Discussion 

Improving PHS resistance is a priority in many parts of the wheat growing regions 

where conditions favorable for PHS exist. However, the quantitative inheritance nature 

of PHS resistance made the conventional breeding approach primarily based on 

phenotypic selection less technically feasible. MAS is a preferred way of improving the 

selection efficiency; but availability of effective molecular markers is the limiting factor 
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for MAS in breeding propose. The usefulness of molecular markers identified in one 

population was not guaranteed in other populations which originated from distantly 

germplasm (Singh et al. 2012). In this study, we validated four genetic markers 

associated with four major QTL on different chromosomes (3AL, 3BL, 4AL and 4BL) 

for screening PHS resistance of 42 Australia wheat cultivars, and the combined effect 

of the four selected loci on PHS resistance in those cultivars. Among the four molecular 

markers used in this study, Xgwm155, Vp1B3 and Xgwm495 were reported to be the 

closest markers associated with the target genes or QTL on 3AL, 3BL and 4BL, 

respectively (Kato et al. 2001; Kulwal et al. 2005; Yang et al. 2007). For the 4AL QTL, 

Zhang et al. (2008) developed markers (Xzxq118) close to the peak of the QTL, while 

Barrero et al. (2015a) developed TaCD920298 which was a genic marker very close to 

Xzxq118, based on the candidate genes they identified. However, our preliminary study 

(data not shown) found that marker Xzxq118 showed more consistency for the 

correlation between phenotypic and genotypic data than marker TaCD920298 in 

Australian cultivars. In this study, Xgwm155, Vp1B3, Xzxq118 and Xgwm495 

successfully selected the cultivars with alleles matching their phenotypes among the 

wide range of Australian wheat cultivars. Therefore it confirmed the usefulness of these 

four makers representing the associated loci for selecting PHS resistant genotypes in 

wheat improvement programs.  

Results from this study also showed that resistance to PHS had an additive effect of the 

four markers, indicating that the cultivars with more resistance alleles of the markers 

performed better in PHS resistance than those with less resistant alleles in Australian 

common wheat. The presence of resistance alleles from each of the four genes or QTL 

significantly increased PHS resistance in the cultivars; the cultivars with resistant 

alleles from any two of the markers were on average significantly more resistant than 
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those with a single resistant allele only; and the cultivars with three resistant alleles 

showed the most PHS resistance among the tested cultivars. Mori et al. (2005) found 

the combined effect of three resistance alleles in RILs population. However, they 

remained the question whether this combined effect still working on different cross 

combinations. This study used the markers developed from specific genotype, and 

tested on common wheat cultivars which were from different genomic backgrounds. 

The results indicated that the specific marker for the QTL detected in one mapping 

population can effectively select genotypes in other breeding populations. Also, the 

more QTL alleles combined the higher PHS resistance was shown among different 

breeding population, which demonstrated that gene stacking can be an effective strategy 

to improve PHS resistance in wheat breeding.   

Of the 42 Australian wheat cultivars, the alleles on chromosome 3AL, 3BL, 4AL and 

4BL are additive and no negative interaction between the resistance alleles was detected. 

Although most of the tested genotypes showed good consistency in their marker-trait 

associations, few cultivars had the phenotypic results contradictive to marker-based 

genotypes. For example, ‘EGA Bellaroi’ and ‘Saintly’ are PHS susceptible cultivars in 

phenotype, however, PHS resistance alleles were detected in three of the four QTLs. 

For ‘Binnu’ and ‘Calingiri’, only the resistance allele of marker Xzxq118 was detected 

in them, while their phenotypes are moderately susceptible. In the study conducted by 

Zhang et al. (Zhang et al. 2008), three cultivars and one breeding line showed dormant 

phenotypes, but with the so-called “susceptible” genotype. Also, similar results were 

obtained from several other studies (Xia et al. 2008; Chang et al. 2010a; Singh et al. 

2012; Graybosch et al. 2013; Yang et al. 2014; Chono et al. 2015). There are several 

reasons for this inconsistency between the marker-based genotype and the observed 

phenotype. Firstly, the separation of genotyping and phenotyping data may be due to 
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the incomplete linkage between the marker and the gene(s) controlling the trait, which 

separated the two loci during recombination. Determination of the recombination rate 

between the marker and gene/QTL in different crosses may improve breeding 

efficiency by choosing specific crosses with a more tightly linked (or lower 

recombination rate) marker of the QTL. Secondly, it may be due to the existence of 

multiple QTLs contributing to PHS performance, since QTLs regulating PHS 

performance are present on almost all wheat chromosomes, not to mention the 

undetected QTLs with small effects. To achieve maximum detection accuracy, 

additional markers closely linked with other major QTLs needed to be combined, for 

example, QTLs on 2BS, 3AS, 3DL and 5BL (Groos et al. 2002; Osa et al. 2003; Liu et 

al. 2008; Liu et al. 2011a), to enhance MAS efficiency for PHS improvement in wheat. 

Finally, the level of allelic diversity is higher in natural populations than in the bi-

parental crosses where the QTLs were originally identified. Many genome-wide 

association studies (Jaiswal et al. 2012; Kulwal et al. 2012; Rehman Arif et al. 2012; 

Albrecht et al. 2015) have shown that not only physical linkages between loci result in 

genetic associations, but factors such as mutations, genetic drift and natural selection 

could lead to association between certain loci. Of these, mutation and chromosome 

translocation can cause a loss of linkage between loci. More research is needed to 

further characterize this type of linkage disequilibrium. 

Therefore, to increase the accuracy of selection, it is necessary to combine more 

additional markers closely associated with other major QTL. The development of more 

tightly-linked DNA markers for the target loci and genome-based selection using single 

nucleotide polymorphism (SNP) markers may also be a critical step to enhance the 

MAS efficiency for wheat PHS improvement.  
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4.1 Abstract 

Resistance to pre-harvest sprouting (PHS) in wheat (Triticum aestivum L.) is one of the 

most valuable traits in many breeding programs. However, the quantitative nature of 

inheritance of PHS resistance challenges the study of this trait. Near-isogenic lines 

(NILs) can turn a complicated quantitative trait into a Mendelian factor (qualitative) 

and are, therefore, valuable materials for identification of the gene(s) responsible for a 

specific phenotypic trait and for functional studies of specific loci. Five pairs of NILs 

were developed and confirmed for a major quantitative trait locus (QTL) located on the 

long arm of chromosome 3A contributing to PHS resistance in wheat. These NILs were 

generated by using the heterogeneous inbred family method and a fast generation-

cycling system. Significant differences in PHS resistance between the isolines were 

detected in the NILs. The presence of the PHS-resistance allele from the resistant parent 

increased resistance to sprouting on spikes by 26.7–96.8%, with an average of 73.8%, 

and increased seed dormancy by 36.9–87.2%, with an average of 59.9% across the NILs. 

These NILs are being used for the identification of candidate genes responsible for this 

major PHS-resistance locus on wheat chromosome arm 3AL. 

Keywords: pre-harvest sprouting resistance, quantitative trait loci, seed dormancy 

4.2 Introduction 

Pre-harvest sprouting (PHS) is known as seed germination on the intact spike or on the 

mother plant before harvest when unharvested grains encounter prolonged rainfall or 

high air humidity. PHS has been reported in many plants including Arabidopsis 

(Bentsink et al. 2006), rapeseed (Brassica napus L.) (Feng et al. 2009), barley 

(Hordeum vulgare L.) (Li et al. 2003), rye (Secale cereale L.) (Masojć and Milczarski 

2009), rice (Oryza sativa L.) (Fang et al. 2008), durum wheat (Triticum turgidum L.) 
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(Singh et al. 2014; Chao et al. 2015) and bread wheat (Triticum aestivum L.) (Barrero 

et al. 2015a; Lin et al. 2016). 

In bread wheat, continuous wet conditions before harvest cause breakdown of 

dormancy and induce grains to germinate while on the spike, causing severe reduction 

in grain yield and decreasing nutritional and processing quality of the crops, which 

limits their end-use. In wheat, the annual losses caused by PHS were estimated to 

exceed US$1 billion worldwide (Black M 2006). Therefore, resistance to PHS is an 

economically important trait for breeding purposes (Biddulph 2006). PHS has been 

reported as a complex trait in crops, conditioned by both genetic and environmental 

factors (Derera et al. 1977). Several studies have suggested seed dormancy as one of 

the major genetic factors associated with PHS resistance (Torada et al. 2008; Barrero 

et al. 2015a). Generally, plants with stronger seed dormancy exhibit higher PHS 

resistance (Gerjets et al. 2010). Seed dormancy itself is a quantitative trait, strongly 

influenced by environmental conditions and controlled by multiple genes (Gong et al. 

2014; Wang et al. 2014a). Temperature and rainfall during the physiological maturation 

of seeds are the most important environmental factors affecting the depth of dormancy 

and the speed of dormancy release (Biddulph et al. 2005). In addition to seed dormancy, 

PHS resistance can be associated with grain colour, with red-grained wheat appearing 

to be more resistant to PHS than white-grained genotypes (Soper et al. 1989; Flintham 

2000). In red-grained wheat, for example, sprouting-resistance quantitative trait loci 

(QTLs) have been co-localised with the grain-colour loci R-A1, R-B1 and R-D1 on 

chromosomes 3A, 3B and 3D, respectively (Groos et al. 2002; Fofana et al. 2009). 

However, many studies have also shown no significant correlations between grain 

colour and PHS resistance (Osa et al. 2003; Kulwal et al. 2005; Santos et al. 2010). 
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Generally, white-coloured wheat cultivars are preferred. Therefore, PHS-resistant 

white-grained wheat should be targeted. 

For the characterisation of PHS resistance, two methods are most commonly used: one 

measures germination index (GI) by a germination test using threshed seeds in Petri 

dishes; the other tests germination rate using intact spikes (Hagemann and Ciha 1984). 

The GI reflects the level of seed dormancy as tested seeds are exposed to a 

microenvironment similar to natural germination, whereas the sprouting test using 

intact spikes simulates natural conditions where glume structure or head type may 

influence the seed germination on spikes, and is therefore more suitable for testing PHS 

resistance. 

Quantitative trait loci controlling seed dormancy and PHS have been found on almost 

all of the 21 wheat chromosomes. For example, important loci have been identified on 

chromosome arms 1AS, 2AL, 2DL, 3AS, 3AL, 3BL, 3DL, 4AL, 5DL and 6BL from 

different wheat populations (Anderson et al. 1993; Mares and Mrva 2001; Mares et al. 

2002; Lohwasser et al. 2005; Barrero et al. 2015a). Among them, QTLs on both the 

short arm and long arm of chromosome 3A have been detected consistently in different 

genetic backgrounds under diverse environments, and in both tetraploid and hexaploid 

wheat species (Osa et al. 2003; Kulwal et al. 2005; Liu et al. 2013b; Lin et al. 2016). 

One of the 3AS QTLs, Qphs.pseru-3AS, has been cloned and a gene (TaPHS1) 

identified (Liu et al. 2013b). However, the 3AL QTLs, although reported to be major 

loci responsible for PHS resistance by bi-parental mapping analyses (Kulwal et al. 

2005; Lohwasser et al. 2005) and among the most frequently identified QTLs across 

environments by genome-wide association analysis (Lin et al. 2016), have never been 

characterised and exploited. One of the 3AL QTLs, designated QPhs.ccsu-3A.1, was 

reported to explain 24.7–35.2% of the phenotypic variation in six individual 
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environments and 78.03% in pooled data over all environments (Kulwal et al. 2005). 

Linkage mapping located the QTL in the marker interval between Xwmc153 and 

Xgwm155, at a genetic distance of ~183 cM from the centromere. No research has been 

conducted to further characterise this QTL and to identify the gene(s) underlying it. 

Development of near-isogenic lines (NILs) for the QTL will facilitate future research 

on gene identification and functional study and for marker-assisted breeding of PHS 

resistence. 

Near-isogenic lines are a pair of lines that have identical genetic background except at 

one or a few genetic loci. NILs are ideal for studying phenotypic effects attributable to 

a particular gene or locus because the genetic background that influences phenotypic 

assessments of quantitative traits is essentially fixed (Pumphrey et al. 2007). Multiple 

pairs of isolines with different genetic backgrounds can be used to assess the effect of 

a particular allele. Therefore, NILs have been used intensively for investigating the 

effects of various genes of interest (Miedaner and Voss 2008; Liu et al. 2010b). NIL-

derived populations, segregating primarily for a targeted locus, allow the conversion of 

a quantitative trait into a Mendelian factor, making possible the isolation of gene(s) 

underlying the QTL (Liu et al. 2006). 

Near-isogenic lines can be developed through a variety of methods in which backcross 

and selfing have been traditionally used. NIL development has been considered time 

consuming and tedious (Tuinstra et al. 1997); however, this situation has changed with 

the newly developed, fast generation-cycling system (Zheng et al. 2013) aided by DNA 

marker-assisted selection. In this study, NILs were developed through the 

heterogeneous inbred family (HIF) method combining repeated, fast selfing and DNA 

marker-assisted selection (Tuinstra et al. 1997). Here we report the development and 
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confirmation of five pairs of NILs for PHS for further characterisation of the major 3AL 

QTL responsible for PHS resistance in bread wheat. 

4.3 Materials and methods 

4.3.1 Plant material 

The HIF method (Tuinstra et al. 1997), combined with a fast generation-cycling system 

(Zheng et al. 2013), was used to develop NILs for the major 3AL PHS-resistance locus 

from two segregating populations: (i) 90 Chara/SUN326AE F2 lines, and (ii) 200 

Chara/DM5637B*8 F2 lines. 

The parents SUN326AE and DM5637B*8 are the two PHS-resistant, white-grained 

genotypes whose resistance QTL was from AUS1408 (Zhang et al. 2008), whereas 

Chara is a white-grained non-dormant, PHS-susceptible variety. For shortening the 

development period, the two populations were advanced to the F7 using a fast 

generation-cycling system grown in a controlled environment room, combined with 

DNA marker-assisted selection (Ma et al. 2011). The F8 generations of both populations 

were grown in a glasshouse at The University of Western Australia, Perth, Western 

Australia, for phenotyping. 

4.3.2 Molecular marker analysis 

For each plant in every generation, genomic DNA was isolated from leaves of 2-week-

old seedlings by using a modified CTAB method (Murray and Thompson 1980). The 

SSR marker Xgwm155, which was located at the peak of the major PHS-resistance 

QTL on 3AL (Kulwal et al. 2005), was used to identify heterozygous lines from these 

populations. The forward and reverse sequences of marker Xgwm155 are 

CAATCATTTCCCCCTCCC and AATCATTGGAAATCCATATGCC, respectively. 

PCR reactions were performed in 15-µL volumes containing 50 ng template DNA, 200 
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nM each primer, 1.5 µL 10× PCR buffer, 2 mM MgCl2, 0.2 mM dNTPs, and 1 unit Taq 

DNA polymerase (Fisher Biotec, Wembley. W. Aust.), with the following program: 

denatured at 94°C for 5 min, followed by 35 cycles of 94°C for 30 s, annealing for 30 

s at 60°C, and 72°C for 45 s, with a final extension at 72°C for 7 min. The amplified 

fragments were electrophoresed on 2% agarose gel, stained with ethidium bromide and 

visualised under a UV light. 

Heterozygous plants identified were selfed for next generation. Six to eight plants 

derived from each of the heterozygous plants were used for the next round of selection, 

from which a single heterozygous plant was selected and selfed. This process of 

selecting heterozygous individuals and selfing was repeated until the F7 generation. F8 

isolines, either homozygous for the marker for the resistance allele from SUN326AE 

or DM5637B*8, or for the susceptibility allele from Chara, were then identified from 

the progenies of the F7 heterozygous plants. Seeds from these putative NIL pairs were 

multiplied and their PHS response and seed dormancy were assessed. 

4.3.3 Sprouting test 

Putative NIL pairs were grown in the glasshouse at The University of Western Australia 

in 2017. Three individual plants for each line were grown as replicates. At the stage of 

physiological maturity (when the head and the peduncle lose their green colour, ~30 

days after flowering), four spikes from all of the putative NIL pairs were harvested. The 

spikes were immersed in distilled water for 6 h. After immersion, the spikes were 

wrapped in moist filter paper and arranged standing upright in a sealed box for 7 days 

under 100% humidity. The sealed box was placed in a controlled-temperature room 

with a constant temperature of 22°C under 16 h light, 8 h dark. After 7 days, ears were 

dried and gently threshed to collect grains, which were examined for the symptoms of 
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sprouting damage (breakage of the seed coat near the embryo). This was used to 

calculate the percentage of sprouting (Shorinola et al. 2016). 

4.3.4 Germination index assay 

The GI was assessed on grains in order to test further the seed dormancy between 

putative NIL lines. At physiological maturity, ears of all of the putative NIL pairs were 

harvested and gently threshed to maintain uniform seed condition. Three replicates 

were conducted for each genotype. For each replicate, 50 healthy seeds were evenly 

distributed in a 90-mm Petri dish containing 4 mL deionised water and two layers of 

filter paper incubated at 20°C for 7 days. The Petri dishes were sealed with Parafilm in 

order to prevent water evaporation, and wrapped in two layers of aluminium foil to 

provide a dark environment. Germinated seeds were counted daily and removed. 

Germination index was calculated according to GI values (Walker-Simmons 1988): 

𝐺𝐺𝐺𝐺 =
7 × 𝑛𝑛1 + 6 × 𝑛𝑛2 + 5 × 𝑛𝑛3 + 4 × 𝑛𝑛4 + ⋯+ 1 × 𝑛𝑛7

7 × 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 𝑡𝑡𝑜𝑜 𝑔𝑔𝑛𝑛𝑡𝑡𝑔𝑔𝑛𝑛𝑔𝑔  

where n1, n2, …, n7 are the number of seeds germinated on the first, second and 

subsequent days until the seventh day. The maximum index is 1.0 if all grains germinate 

by the first day. 

4.3.5 Measurements of other morphological traits 

During the growing period of putative NIL plants in the glasshouse, plant height, 

heading date and flowering date of each plant were measured to identify other possible 

morphological differences among the NILs. Plant height was determined with a tape 

measure at the grain-filling stage. Heading and flowering dates were recorded when 

50% of the spikes had emerged from the flag leaf and 50% of the spikes carried visible 

stamens, respectively. 
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4.3.6 Statistical analyses 

Statistical analyses were performed by using GENSTAT 17 package (VSN International, 

Hemel Hempstead, UK). The sprouting percentage for PHS resistance and GI for seed 

dormancy were used to measure the difference between the isolines with and without 

the resistance allele from the resistant genotypes SUN326AE and DM5637B*8 for each 

of the NIL pairs, and were analysed with the Student’s t-test. Linear regression analysis 

was conducted using Sigmaplot version 12.5 (Systat Software, San Jose, CA, USA) to 

identify relationships between sprouting percentage and GI. 

4.4 Results 

4.4.1 Development of NILs for PHS resistance and seed dormancy 

In total, nine F7 heterozygous lines, two from the Chara/SUN326AE population and the 

other seven from the Chara/DM5637B*8 population, were identified for developing F8 

isolines. From each heterozygous F7 line, two F8 isolines homozygous for the flanked 

marker of contrasting alleles were selected as a NIL pair (Fig. 4.1). These nine pairs of 

NILs were characterised for their PHS resistance following sprouting test and GI assay. 
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Figure 4. 1 A schematic showing the process of developing near-isogenic lines in this 

study. SSR marker Xgwm115 was used for the selection of heterozygous individuals 

for each generation from F2 to F7. 
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4.4.2 Evaluation of the NILs using sprouting test 

A sprouting test using whole spikes was conducted on all nine putative NIL pairs 

obtained, where the differences between the isolines were observed starting from the 

third day of the test. Young roots and coleoptiles were seen on the spikes of susceptible 

isolines growing through the wrapped filter paper. At the seventh day, numerous 

seedlings were growing out of filter paper on each spike of all susceptible isolines. For 

the spikes of isolines with a resistance allele, no or very few seedlings were observed 

on spikes even by the seventh days of the test (Fig. 4.2a). However, after removing the 

filter paper, drying and threshing those spikes, some additional germinated seeds were 

detected; their seed coats were broken and embryos started to grow. PHS-resistance 

phenotyping and statistical analysis showed significant differences in sprouting 

between five of the nine putative NIL isoline pairs (Table 4.1). 
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Figure 4. 2 Plants of a pair of near-isogenic lines (NIL_PHSR3AL_5R and 

NIL_PHSR3AL_5S) showing significant differences in (a) spike sprouting at day 7, 

and (b) seed germination at day 2. R, Isoline with the resistance allele; S, isoline with 

the susceptibility allele.
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Table 4. 1 Sprouting and germination tests of nine pairs of putative near-isogenic lines (NILs) developed for the major 3AL locus conferring PHS 

resistance in wheat 

NILs Genetic background SP (%) Difference in SP (%) GI Difference in GI (%) Height (cm) 

NIL_PHSR3AL_1R Chara/SUN326AE F8 9.6  
** 

84.6 0.10  
** 

87.2 74.3 ± 1.7  

NIL_PHSR3AL_1S  62.1  0.81  73.8 ± 0.6  

NIL_PHSR3AL_2R Chara/SUN326AE F8 4.1  16.7 0.17  6.6 77.8 ± 1.0  

NIL_PHSR3AL_2S  3.4   0.18   77.3 ± 5.2  

NIL_PHSR3AL_3R Chara/DM5637B*8 F8 22.2  
** 

75.8 0.34  
** 

55.3 71.9 ± 0.5  
** 

NIL_PHSR3AL_3S  92.0  0.75  78.3 ± 2.4 

NIL_PHSR3AL_4R Chara/DM5637B*8 F8 66.7  
** 

26.7 0.41  
** 

41.8 69.0 ± 0.3  

NIL_PHSR3AL_4S  90.9  0.71  72.1 ± 2.3  

NIL_PHSR3AL_5R Chara/DM5637B*8 F8 2.9  
** 

96.8 0.47  
** 

36.9 76.9 ± 2.8  

NIL_PHSR3AL_5S  90.6  0.74  77.6 ± 1.4  

NIL_PHSR3AL_6R Chara/DM5637B*8 F8 13.6  
** 

85.2 0.16  
** 

78.1 70.3 ± 2.9  

NIL_PHSR3AL_6S  92.1  0.75  69.3 ± 2.2  
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NIL_PHSR3AL_7R Chara/DM5637B*8 F8 77.5  2.1 0.70  6.0 71.0 ± 1.9  

NIL_PHSR3AL_7S  79.1   0.75   71.7 ± 1.3  

NIL_PHSR3AL_8R Chara/DM5637B*8 F8 43.9  6.2 0.67  1.2 69.9 ± 2.5  

NIL_PHSR3AL_8S  46.8   0.68   70.5 ± 3.1  

NIL_PHSR3AL_9R Chara/DM5637B*8 F8 7.7  18.7 0.25  9.3 73.9 ± 4.4  

NIL_PHSR3AL_9S  6.2   0.23   77.4 ± 1.5  

R lines are those with the allele from the resistant parent (SUN326AE or DM5637B*8), and S lines are those with the allele from the susceptible 

parent (Chara). SP, Sprouting percentage; GI, germination index; differences in SP and GI are relative differences, calculated as the actual 

differences between the susceptible and resistant isolines divided by the values of susceptible isoline. **P < 0.01: for differences between isoline 

pair 
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One of these five confirmed NIL pairs, NIL_PHSR3AL_1, was derived from the 

population Chara/SUN326AE, and the other four pairs, NIL_PHSR3AL_3, 

NIL_PHSR3AL_4, NIL_PHSR3AL_5 and NIL_PHSR3AL_6, were from the 

population Chara/DM5637B*8. As expected, for each of these five pairs of NILs, the 

isolines possessing the allele from the resistant parents all showed a lower sprouting 

percentage than did their respective counterparts with the susceptibility allele. For 

NIL_PHSR3AL_1, the sprouting percentage of the isoline with the resistance allele was 

9.6%, which was 84.6% lower than that of the isoline with the susceptibility allele 

(62.1%). For the four NIL pairs derived from the Chara/DM5637B*8 population, the 

average sprouting percentage for the isolines possessing the susceptible allele was 

91.4%, whereas it was 26.4% for the isolines with the resistance allele, which increased 

sprouting resistance by 71.1%. 

For the other four NIL pairs, which showed similar sprouting percentage between the 

two isolines, two of them, NIL_PHSR3AL_2 and NIL_PHSR3AL_9, showed low 

sprouting percentage with an average of ~5%, and the other two, NIL_PHSR3AL_7 

and NIL_PHSR3AL_8, showed relatively high sprouting percentage with an average 

of ~62%. 

4.4.3 Evaluation of the NILs using GI assay 

All of the five pairs of isolines confirmed by PHS test also showed significant 

differences in GI between the isolines (Table 4.1). A clear difference in GI between 

isolines with and without the resistance allele was observed (Fig. 4.2b). For isolines 

with the susceptibility allele, most of the seeds germinated on the second or third day, 

followed by a decrease in germination during the remaining four days. For the isolines 

with the resistance allele, no germination was observed on the first and second days of 
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the test; however, some seeds started to germinate from the third or fourth day onwards. 

Analysis of germination rates on individual days according to the GI data indicated that, 

except for the first day of the germination test, the germination rates on all other days 

were significantly different between the isolines with and without the resistance allele 

(Fig. 4.3). 

Figure 4. 3 Average germination rates of the five pairs of confirmed isolines (pooled 

data) during the 7 days in the germination index experiment. **P < 0.01: for differences 

between near-isogenic lines on different days. 

The GI analyses showed that, for each of the five pairs of NILs, the isoline with the 

allele from the resistant parent SUN326AE or M5637B*8 always had highly 

significantly (P < 0.01) lower GI than its counterpart. For the single pair of NILs 

derived from the Chara/SUN326AE population, NIL_PHSR3AL_1, the resistance 

allele from SUN326AE, increased seed dormancy by 87.2%. The effect of the 

resistance allele from DM5637B*8 varied among the different NILs, ranging from 

36.9% to 78.1% with an average of 53.0%. Combining the data of sprouting test and 

GI assay, five of the nine putative NIL pairs were significantly different in both assays, 

showing consistent PHS resistance. 
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For the other four NIL pairs, no significant differences in GI were observed between 

the two isolines, showing similar results to the sprouting test. All of the isolines from 

NIL_PHSR3AL_2 and NIL_PHSR3AL_9 showed low GI with an average of ~0.2, 

similar to the isolines with resistance alleles in the confirmed NIL pairs. By contrast, 

the GI of all the isolines from NIL_PHSR3AL_7 and NIL_PHSR3AL_8 showed an 

average of ~0.7, similar to the isolines with susceptibility alleles in the confirmed NILs. 

Linear regression analysis showed a significant positive relationship between sprouting 

percentage and GI of the nine putative NILs (r2 = 0.754, P < 0.001) (Fig. 4.4). 

Figure 4. 4 Regression between germination index and sprouting percentage in the nine 

pairs of putative near-isogenic lines. 

4.4.4 Morphological trait analyses 

No obvious differences were observed in heading date and flowering date between 

isolines in any of the putative NIL pairs tested. However, significant difference in plant 

height was observed between one pair of isolines (NIL_PHSR3AL_3) (Table 4.1). For 

this NIL pair, the taller isoline showed susceptibility to PHS and high GI, whereas the 

shorter isoline showed high PHS resistance and low GI. 
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4.5 Discussion 

We report here the production of five pairs of NILs targeting a major locus on 

chromosome arm 3AL conferring PHS resistance in wheat. As expected, the presence 

of the allele from the resistant source, SUN326AE or DM5637B*8, increased PHS 

resistance significantly. The large differences in PHS resistance between the isolines 

not only confirmed the significance of the major QTL, they will also facilitate further 

characterisation of the locus in studying its interactions with other important agronomic 

traits and in developing functional markers that can be reliably used for marker-assisted 

selection. The five NIL pairs with confirmed marker–QTL linkage will also greatly 

facilitate future efforts in cloning and functional studies of gene(s) underlying the 3AL 

QTL for PHS resistance. 

In our study, the HIF method was used for generating the NILs (Tuinstra et al. 1997) 

rather than the traditional backcrossing method. The HIF method provides an efficient 

means of developing sets of NILs with different genetic backgrounds from limited 

crosses, contrasting only at one QTL of interest. The five pairs of NILs with confirmed 

genotype–phenotype associations in this study were derived from two different cross 

populations. Therefore, the differences in genetic backgrounds among the NILs were 

further enhanced, allowing efficient and precise characterisation of the QTL. 

Traditionally, NIL development for crops such as wheat or barley is time consuming, 

with only two or three generations achieved per year. However, in this study we used a 

fast generation-cycling system (Zheng et al. 2013; Yan et al. 2017), which can offer 

the potential of producing up to eight generations of wheat genotypes per year. By using 

young embryos germinated on a particular medium, this procedure dramatically 

shortened the life cycles because short post-anthesis and no after-ripening stages were 
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required to proceed to the next generation. The fast generation-cycling system, assisted 

by DNA marker-assisted selection, allowed us to develop NILs quickly for this 

research. 

We used a single marker linked to the targeted QTL for developing the NILs, instead 

of using several markers flanking the QTL as previously reported (Pumphrey et al. 

2007). The advantage of using only one linked marker is that it can minimise the size 

of ‘non-desirable’ chromosomal fragments. The disadvantage is that recombination 

between the marker and its targeting gene, due to limited resolution of QTL mapping, 

could lead to false NILs that do not segregate at the targeted locus (Ma et al. 2011). 

This possible recombination could be the main reason why only five of the initial nine 

putative NIL pairs developed showed significant differences in spike sprouting and seed 

dormancy between the isolines. For the other four NIL pairs, the similarity between the 

isolines for both sprouting percentage and GI indicated a possible crossover between 

the marker Xgwm155 and the PHS-resistance gene in the NIL development process 

(Fig. 4.5). For the heterozygotes without recombination between the marker and the 

target QTL from F1 to F7, the NIL pair developed would be expected to show significant 

phenotypic differences between the isolines with the resistance and susceptibility 

marker alleles (Fig. 4.5a). However, for the progeny of the heterozygotes with a 

crossover occurring between the marker and the QTL during meiosis, three types of 

outcome can be expected (Fig. 4.5b-d). Among the three types of putative NILs, the 

first two types (b and c) were the pairs with no significant differences in phenotypes. 

NIL_PHSR3AL_2 and NIL_PHSR3AL_9 were the (b) type, with isolines showing 

similar resistance to PHS and high seed dormancy. NIL_PHSR3AL_7 and 

NIL_PHSR3AL_8 were the (c) type with isolines showing similar susceptibility to PHS 

and low seed dormancy. The last type (d) comprised the NILs with significant 
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differences in phenotypes, but the marker and QTL alleles were opposite owing to 

recombination; this type was not observed in our research. 

For phenotyping the putative NIL pairs, two different methods were used in this study. 

Sprouting tests using intact spikes were conducted to detect differences in PHS 

resistance between the isolines, for which five of the nine putative NIL pairs showed 

significant differences. The GI assays were conducted in those putative NILs to test 

further their seed-dormancy performances. As previously reported, PHS resistance is a 

complex trait, conditioned by several factors (Derera et al. 1977). Although overall 

PHS resistance may be affected by additional factors, for example, substances in glume 

inhibitory to germination (Salmon et al. 1986), physical barriers to water penetration in 

the spike (Gale 1989) and spike morphology (King 1984), seed dormancy is considered 

a major genetic factor of PHS resistance. In this study, the consistent results between 

sprouting test and GI assays and the linear regression between the two traits in all nine 

putative NILs indicate a highly positive association between PHS resistance and seed 

dormancy (Fig. 4.4). Three morphological traits including plant height, heading date 

and flowering date were also measured in this study in order to investigate their possible 

associations with PHS resistance, because QTLs responsible for these traits were 

previously identified on the long arm of chromosome 3A (Börner et al. 2002; Zhou et 

al. 2016). No obvious difference was found in either heading date or flowering date 

between the isolines, indicating no close linkage between these traits and the 3AL PHS-

resistance locus. However, a significant difference in plant height was detected in one 

NIL pair, NIL_PHSR3AL_3R, with confirmed marker–QTL linkage in PHS resistance. 

In wheat, dwarfing or reduced height genes (Rht) have been a key component to control 

plant height. Among this gene family, Rht-B1b on chromosome 4B and Rht-D1b on 

chromosome 4D are the most common height-reducing genes in current wheat varieties 
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(Gale et al. 1985). Other height-reducing genes have been identified on chromosomes 

2DS, 3BS, 5AL and 7BS (Ellis et al. 2005; Zhai et al. 2016), but not on chromosome 

3A. However, (Huang et al. 2004) did detect a QTL associated with plant height on 3A; 

also, (Zhang et al. 2017) identified a QTL regulating internode length that affected plant 

height on 3AL. These QTLs on 3AL might explain the height differences between the 

isolines. This NIL pair will be further researched for a possible reason. 

Conclusions 

Five pairs of NILs were developed and confirmed for a major PHS-resistance QTL 

located on 3AL, combined with the utilisation of the HIF method and the fast 

generation-cycling system. In addition, significant differences between the isolines for 

plant height were observed in one of those pairs of NILs, indicating the possible 

association between PHS and plant height. Those confirmed NILs are valuable 

materials for future studies to undertake fine mapping and for cloning and functional 

analyses of the gene(s) underlying the locus. 
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Figure 4. 5 The four possible outcomes of the heterogeneous inbred family (HIF) 

method (Tuinstra et al. 1997) for the production of near-isogenic lines (NILs) when no 

recombination or recombination occurs between the marker and the responsible gene 

in the QTL. R, Resistance marker allele; S, susceptibility marker allele. Solid bands 

with ‘PHS’ indicate the QTL with the resistance gene(s) to pre-harvest sprouting; 

striped bands with ‘phs’ indicate the QTL with susceptibility gene(s). Possible putative 

NIL pairs produced: (a) the confirmed NIL pairs without recombination; (b) putative 

NILs with PHS-resistance QTL in isolines; (c) putative NILs with PHS-susceptibility 

QTL in isolines; (d) putative NILs showing contrasting phenotype but with recombined 

marker and QTL configuration (not observed in this research).  



63 
 

Chapter 5 Phenotypic and genotypic characterization of near-

isogenic lines targeting a major 4BL QTL responsible for pre-harvest 

sprouting in wheat 

Xingyi Wang1, Hui Liu1,3, Guannan Liu1, Md Sultan Mia1,2, Kadambot H.M 

Siddique1, and Guijun Yan1,3 

1 UWA School of Agriculture and Environment and The UWA Institute of Agriculture, 

The University of Western Australia, 35 Stirling Highway, Crawley, WA 6009, 

Australia. 

2 Plant Breeding Division, Bangladesh Agricultural Research Institute, Joydebpur, 

Gazipur 1701, Bangladesh. 

3 Corresponding authors. Emails: hui.liu@uwa.edu.au; guijun.yan@uwa.edu.au 

  

mailto:hui.liu@uwa.edu.au
mailto:guijun.yan@uwa.edu.au


64 
 

5.1 Abstract 

Background: Resistance to pre-harvest sprouting (PHS) is one of the major traits for 

wheat breeding. However, the complex quantitative nature of this trait is challenging 

when breeding for PHS resistance. Characterization of PHS using near-isogenic lines 

(NILs) targeting major quantitative trait locus/loci (QTL/QTLs) can be an effective 

strategy. 

Results: In this study, multiple pairs of NILs were developed and confirmed for a major 

QTL located on the 4BL chromosome arm that contributes to PHS resistance in wheat, 

using a combined heterogeneous inbred family method and a fast generation cycling 

system. Phenotype characterization of these confirmed NILs revealed significant 

differences in PHS resistance between the isolines, where the presence of the resistant 

allele increased the resistance to sprouting on spikes by 54.0–81.9% (average 70.8%) 

and seed germination by 59.4–70.5% (average 66.2%). The 90K SNP genotyping assay 

on the confirmed NIL pairs identified eight SNPs on 4BL associated with five candidate 

genes; two of the candidate genes were related to seed dormancy. Other agronomic 

traits in the NIL pairs were investigated; both plant height and grain number per spike 

were highly correlated with PHS susceptibility.  

Conclusions: This study confirmed multiple pairs of NILs and identified SNPs between 

isolines, which are valuable resources for further fine-mapping of this locus to clone 

the major genes for PHS resistance and investigate the possible regulation function of 

these genes on other important agronomic traits, such as plant height and grain number 

per spike. 

Keywords: pre-harvest sprouting; near-isogenic lines; SNP assay; plant height; grain 

number per spike; wheat 
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5.2 Background 

Pre-harvest sprouting (PHS) is when seeds germinate on the intact spike before harvest 

after the matured grains encounter rain or air humidity close to saturation. In wheat, 

PHS often degrades the starches in the grain to provide energy for growth, rendering 

the grain unsuitable for milling into flour (Wahl and Desmond O'Rourke 1994). PHS 

occurs in many countries including China, Australia, Canada, USA, Europe and Japan 

(Yang et al. 2007). Worldwide losses to PHS have been estimated at $1.2 billion a year 

(Biddulph et al. 2008). Therefore, resistance to PHS is an economically important trait 

for breeding (Biddulph 2006). Documented methods to alleviate losses associated with 

PHS in wheat include the application of clove bud oil to seeds to inhibit seed 

germination (Darabi et al. 2011), but breeding resistant varieties remains the most 

efficient way. 

Resistance to PHS in crops is a complex trait, which is conditioned by both genetic and 

environmental factors (Derera et al. 1977; Torada et al. 2008; Barrero et al. 2015a). 

PHS is due to the lack of a normal dormancy level during seed development and 

maturation (Tuttle et al. 2015) and its resistance can be affected by factors including 

substances in the glume that inhibit germination (Salmon et al. 1986), physical barriers 

to water penetration in the spike (Gale 1989), and spike morphology (King 1984). 

Therefore, germination testing directly on a spike (spike sprouting test) reflects PHS 

performance better than a standard seed germination test (Paterson et al. 1989). 

PHS resistance is a quantitative trait that is regulated by several genes or quantitative 

trait loci (QTLs) (Anderson et al. 1993). QTLs for PHS resistance have been reported 

on almost all chromosomes in bread wheat (Anderson et al. 1993; Mares and Mrva 

2001; Mares et al. 2002); several major QTLs have been located on group 4 
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chromosomes with repeated detections in different studies (Kato et al. 2001; Lohwasser 

et al. 2005; Mori et al. 2005; Chen et al. 2008; Imtiaz et al. 2008; Zhang et al. 2008; 

Cabral et al. 2014; Albrecht et al. 2015; Kumar et al. 2015; Lin et al. 2015; Torada et 

al. 2016b). The genes underlying the major PHS resistance QTL on 4AL have been 

recently identified (Barrero et al. 2015a). Despite the considerable attention paid to the 

4AL QTL, little research has been conducted to characterize other major QTLs on 

group 4 chromosomes. A QTL within the centromeric region of the long arm of 

chromosome 4B, QPhs.ocs-4B.1, located between markers Xgwm495 and Xgwm375, 

was identified as a major QTL for grain dormancy in the medium-dormant wheat 

Chinese Spring, explaining about 20% of the phenotypic variation (Mori et al. 2005). 

Kato et al. (Kato et al. 2001) identified three QTLs on group 4 chromosomes in 

doubled-haploid lines, of which Qphs.ocs-4B.2, located within the telomere region of 

4BL, had consistent effects on seed dormancy in seeds produced in both glasshouse and 

growth chamber trials, and was homoeologous with a PHS QTL on 4D. Kumar et al. 

(Kumar et al. 2015) located a major QTL, QPhs.spa-4B, explaining 35–60% of the 

phenotypic variation in field environments. Furthermore, using composite interval 

mapping, Lin et al. (Lin et al. 2015) detected a minor QTL on 4B, Qphs.pseru-4B.1, 

between markers Xbarc20 and Xwmc238, for both PHS resistance and seed dormancy, 

which explained 6.3–8.7% of the phenotypic variance.  

In the past two decades, QTLs on chromosome 4B have gained attention, as numerous 

studies have identified a ‘QTL-hotspot’ region on the chromosome responsible for 

many agronomic traits, especially plant height and yield-related traits (Youssefian et al. 

1992; Marza et al. 2006; Patil et al. 2013; Zhai et al. 2016; Zhang et al. 2016; Dan et 

al. 2017; Guan et al. 2018). For plant height, the Rht-B1 gene on chromosome 4B has 

a profound impact on stem elongation and grain number per spike (Youssefian et al. 
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1992). Marza et al. (Marza et al. 2006) consistently detected QTLs that influence plant 

height, spike length and grain number per spike on chromosome 4B in their nine 

experimental environments. Wang et al. (Wang et al. 2011) identified a major QTL for 

grain number per spike on chromosome 4B, and its contribution explained 18.2% of 

the phenotypic variation. Recently, Guan et al. (Guan et al. 2018) identified a novel 

QTL for the heat susceptibility index of thousand-grain weight on chromosome 4BL 

that explained ~10% of the phenotypic variation.  

Development of near-isogenic lines (NILs) for major QTLs will facilitate detailed 

characterization of the QTLs, gene identification and functional analysis, and marker-

assisted breeding of PHS resistance (Somyong et al. 2014). NILs are a pair of plants 

with a nearly identical genetic background except for a single section/locus on one 

chromosome. This means that any differences between the pairs will be due to 

differences in genes at the target locus, turning a complex quantitative trait into a simple 

Mendelian factor with predictable patterns of segregation and inheritance. Generating 

more than one NIL pair from different initial crosses ensures that the target gene/locus 

and its function are validated under different genetic backgrounds. Here, we report the 

development, confirmation, and genotypic and phenotypic characterization of five pairs 

of NILs targeting the major 4BL QTL, QPhs.ocs-4B.1, responsible for PHS resistance 

in wheat. Correlations between PHS and plant height, and grain number per spike were 

also investigated. 

5.3 Materials and methods 

5.3.1 Plant materials 

Two F2:8 derived biparental populations were developed, one from 200 F2 plants of 

Chara × DM5637B*8 and another from 40 F2 plants of SUN326AE × Westonia. 
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DM5637B*8 and SUN326AE are the two PHS resistance genotypes, both receiving 

resistance from a common dormant, PHS resistant parent, AUS1408 in their pedigree, 

whereas Westonia and Chara are the two Australian non-dormant, PHS susceptible 

varieties (Lohwasser et al. 2005; Mares et al. 2005; Zhang et al. 2008; Shorinola et al. 

2017). Seeds of the four parents were obtained from Australian Grains Genebank, 

Horsham, Victoria, Australia. Molecular marker-assisted HIF method (Tuinstra et al. 

1997), in combination with a fast generation cycling system (Zheng et al. 2013) was 

used to develop NILs from these two segregating populations. The two populations 

were grown in controlled environments in tissue culture rooms and glasshouses at The 

University of Western Australian in Perth, with DNA marker-assisted selection in each 

generation. 

5.3.2 Molecular marker analysis 

Genomic DNA was isolated from two-week-old seedlings using a modified CTAB 

method (Murray and Thompson 1980) for each plant in every generation. SSR marker 

Xgwm495 (Forward: GAGAGCCTCGCGAAATATAGG; Reverse: 

TGCTTCTGGTGTTCCTTCG), located close to QPhs.ocs-4B.1, was used to identify 

heterozygous progeny from the two populations. PCR reactions were performed in 15 

µl volume, containing 50 ng template DNA, 200 nM of each primer, 1.5 µl 10 × PCR 

buffer, 2 mM MgCl2, 0.2 mM dNTPs, and one unit Taq DNA polymerase (Fisher Biotec) 

with the following program: denatured at 94°C for 5 min, followed by 35 cycles of 

94°C for 30 s, annealing at 60°C for 30 s, and 72°C for 45 s, with a final extension at 

72°C for 7 min. PCR products were electrophoresed on 2% agarose gel, stained with 

ethidium bromide and visualized under a UV light to identify the amplified fragments. 
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Heterozygous progenies identified from marker-assisted selection were selfed for the 

next generation. At least four plants from each of the heterozygous progenies were used 

in the next round of selection, from which a single heterozygous progeny was selected 

and selfed until the F7 generation. For F8 individuals, either homozygous with the 

resistant allele from SUN326AE or DM5637B*8, or with the susceptible allele from 

Westonia or Chara, were identified from the progenies of F7 heterozygous plants as 

putative NIL pairs. Seeds from these putative NIL pairs were multiplied, and their PHS 

responses were assessed to identify the true NILs. 

5.3.3 Sprouting test 

At physiological maturity, as the head and the peduncle lost their green color (about 30 

days after flowering), four spikes from each putative NIL isoline were harvested for 

PHS assessment. The spikes were wrapped in moist filter paper immediately after being 

immersed in distilled water for 6 h, and then randomly arranged standing upright in a 

sealed box for 7 days under 100% humidity. The sealed box was placed in a controlled 

temperature room with a constant temperature of 22°C and 16 h light/8 h dark. After 7 

days, the spikes were immediately dried at 65°C to prevent further germination and 

then gently threshed to collect grains, which were examined for symptoms of sprouting 

damage (breakage of the seed coat near the embryo). The sprouting percentage was 

calculated as the percentage of sprouted grains to the total number of grains, as 

described in Shorinola et al. (Shorinola et al. 2016). 

5.3.4 Germination index assay 

GI assay was conducted on all putative pairs of the isolines. Seeds for the GI assay were 

harvested at the same time as the spikes for the sprouting test, and gently threshed to 

maintain uniform seed condition. Three replicates were conducted for each genotype. 
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For each replicate, 50 healthy seeds were evenly distributed into a 90 mm Petri dishes 

containing deionized water and filter paper for 7 days. The Petri dish were sealed with 

Para film to prevent water evaporation. Germinated seeds were counted daily and then 

removed. The germination index was calculated as follows (Walker-Simmons 1988): 

𝐺𝐺𝐺𝐺 =
7 × 𝑛𝑛1 + 6 × 𝑛𝑛2 + 5 × 𝑛𝑛3 + 4 × 𝑛𝑛4 + ⋯+ 1 × 𝑛𝑛7

7 × 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 𝑡𝑡𝑜𝑜 𝑔𝑔𝑛𝑛𝑡𝑡𝑔𝑔𝑛𝑛𝑔𝑔  

where n1, n2,…, n7 are the number of seeds germinated on the first, second, and 

subsequent days until the 7th day, respectively. The maximum index is 1.0 if all grains 

germinate on the first day. 

5.3.5 Investigation of the correlation between PHS resistance and other 

agronomic traits 

To investigate possible correlations of other agronomic traits with PHS resistance, 

measurements of various traits were taken during plant growth, including early vigor 

(1st week of growth), days to flowering, days to physiological maturity, plant height, 

plant dry matter, tiller number, spike number, grain per spike, yield per plant, and 1000-

kernel weight. 

5.3.6 Statistical analysis 

Statistical analysis was performed using GenStat statistical software 17th edition. The 

sprouting percentages from each putative NIL pairs were analysed using the Student’s 

t-test to determine any significant differences between the isoline pairs with or without 

the resistant allele from the resistant genotypes SUN326AE and DM5637B*8. 

Correlation analysis was conducted to investigate possible morphological traits 

correlated with PHS resistance. 

5.3.7 90K SNP genotyping and candidate gene identification 
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Genomic DNA samples of the confirmed NILs were genotyped by the custom Illumina 

wheat 90K iSelect Assay (Wang et al. 2014b). 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%) or minor allele frequency (MAF) <0.05 

and SNPs with >0.25 heterozygous calls were removed. The sequences of the SNPs 

that differed between the NIL pairs were used to perform a BLAST search against the 

wheat reference genome (Alaux et al. 2018). The SNPs located on the 4BL 

chromosome arm, especially those near markers Xgwm495 and Xgwm375, were 

scrutinized for candidate genes underlying the targeted QTL. 

5.4 Results 

5.4.1 Development of NILs for PHS resistance 

Molecular marker screening of the two cross-population lines with Xgwm495 grouped 

them into three distinct classes: homozygous with PHS resistance allele of 175 bp, 

homozygous with susceptibility allele of 190 bp, and heterozygous with both 175 bp 

and 190 bp alleles. Heterozygous lines were selected from each generation for further 

advancement and marker screening until F7. The marker-assisted HIF method in the 

two populations generated 19 F7 heterozygous lines—seven from the SUN326AE × 

Westonia population and 12 from the Chara × DM5637B*8 population. From each 

heterozygous F7 line, two homozygous F8 isolines with contrasting alleles at marker 

Xgwm495 were selected as a NIL pair. The 19 pairs of NILs were ranked for their PHS 

resistance following the sprouting test assay. Selected NIL pairs and their allele 

categories are shown in Fig. 5.1. 
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Figure 5. 1 Agarose gel image of PCR products amplified from the confirmed isolines 

using maker Xgwm495. The 175bp-fragments represent the resistant allele, while the 

190 bp fragments represent the susceptible allele. M: 100 bp DNA ladder; numbers 1 

to 16 refer to the eight confirmed isoline pairs as indicated in Table 5.1. 

 

Figure 5. 2 Spikes and plants of a pair of near-isogenic lines (NIL_PHSR4BL_5). The 

significant differences between the resistant (on the left of each image) and the 

susceptible (on the right of each image) isoline was observed in (a) spike sprouting on 

day 7, and (b) plant height.

a b 
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Table 5. 1 Sprouting and germination tests of eight confirmed NILs for QPhs.ocs-4B.1 conferring PHS resistance in wheat 

Number NILs Genetic background SP (%) Difference in SP (%) GI Difference in GI (%) 

1 NIL_PHSR4BL_1R SUN326AE × Westonia F8 21.44 70.86** 0.33 59.41** 

2 NIL_PHSR4BL_1S  73.56  0.81  

3 NIL_PHSR4BL_2R SUN326AE × Westonia F8 33.60 54.01** 0.29 61.56* 

4 NIL_PHSR4BL_2S  73.05  0.76  

5 NIL_PHSR4BL_3R Chara × DM5637B*8 F8 13.69 76.75** 0.69 10.84 

6 NIL_PHSR4BL_3S  58.88  0.77  

7 NIL_PHSR4BL_4R Chara × DM5637B*8 F8 16.19 69.61** 0.19 70.52* 

8 NIL_PHSR4BL_4S  53.28  0.64  

9 NIL_PHSR4BL_5R Chara × DM5637B*8 F8 14.71 77.60* 0.22 69.54** 

10 NIL_PHSR4BL_5S  65.65  0.72  

11 NIL_PHSR4BL_6R Chara × DM5637B*8 F8 21.18 58.90* 0.67 8.79 

12 NIL_PHSR4BL_6S  51.53  0.73  



74 
 

13 NIL_PHSR4BL_7R Chara × DM5637B*8 F8 7.11 81.88** 0.19 70.11* 

14 NIL_PHSR4BL_7S  39.22  0.65  

15 NIL_PHSR4BL_8R Chara × DM5637B*8 F8 20.14 64.44* 0.67 6.31 

16 NIL_PHSR4BL_8S  56.63  0.72  
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5.4.2 Evaluation of NILs using sprouting test 

The sprouting test, using whole spikes, was conducted to analyze PHS resistance in the 

19 putative NIL pairs. Differences in sprouting were observed between the resistant and 

susceptible isolines from day 3 of the test. For the susceptible spikes, young leaves and 

roots started to grow out of the wrapped filter paper. After removing the wrapped filter 

paper on day 7, numerous seedlings were observed on each spike of the susceptible 

isolines, but none or few were observed on each spike of the resistant isolines (Fig. 5.2). 

However, drying and threshing of the resistant isoline spikes detected some additional 

germinated seeds, as their seed coats were broken, and embryos started to grow. PHS 

resistance phenotyping and statistical analysis showed significant differences in 

sprouting in eight of the 19 putative NIL isoline pairs (Table 5.1). 

Two of the eight confirmed NIL pairs—NIL_PHSR4BL_1 and NIL_PHSR4BL_2—

were derived from the SUN326AE × Westonia population, and the remaining six—

NIL_PHSR4BL_3, NIL_PHSR4BL_4, NIL_PHSR4BL_5, NIL_PHSR4BL_6, 

NIL_PHSR4BL_7, and NIL_PHSR4BL_8—were derived from the Chara × 

DM5637B*8 population.  

In general, isolines possessing the allele from the resistant parents had lower sprouting 

percentages than their respective counterparts for all eight NIL pairs. Sprouting 

percentages of the NILs from SUN326AE × Westonia population ranged from 20%–

73%. Isolines with the resistant allele (NIL_PHSR4BL_1R and NIL_PHSR4BL_2R) 

had an average sprouting percentage of 27.5%, which was significantly lower than the 

isoline with the susceptible allele (73.3%). Similarly, the six NIL pairs derived from 

the Chara × DM5637B*8 population varied considerably in terms of sprouting 

percentage. Isolines with the susceptible allele had sprouting percentages ranging from 
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39.2%–58.9% (average 54.2%), more than threefold higher than isolines with the 

resistant allele, (7.1%–21.2%). Of the confirmed NIL pairs, NIL_PHSR4BL_2 had the 

least significant difference between isolines for sprouting percentage (54.0%), while 

NIL_PHSR4BL_7 had the greatest difference (81.9%). 

5.4.3 Evaluation of NILs using GI assay 

Germination index (GI) assay was conducted to analyse seed dormancy in the eight 

putative NIL pairs that had significant differences between the resistant and susceptible 

isolines in the sprouting test. Assay observation showed that seeds from all the isolines 

started germination on the second day of the test. For the isolines with susceptible 

alleles, more than half of the seeds germinated within two days, and all seeds had 

germinated before day 5. In contrast, for the resistant alleles, most of the seed 

germination occurred evenly from day 2 to day 4; some of the seeds even germinated 

on the day 6 or 7. GI analysis indicated that five of the eight pairs showed significant 

differences in GI between the isolines (Table 5.1). Two (NIL_PHSR4BL_1 and 

NIL_PHSR4BL_2) of these five NIL pairs were derived from the ‘SUN326AE × 

Westonia’ population, and the remaining three pairs (NIL_PHSR4BL_4, 

NIL_PHSR4BL_5, and NIL_PHSR4BL_7) were from ‘Chara × DM5637B*8’ 

population. Without exception, isolines with an allele from a resistant parent, 

‘SUN326AE’ or ’DM5637B*8’, always had a significantly lower GI than its 

counterpart for each of the five pairs of NILs. The effects of the resistant allele from 

‘SUN326AE’ ranged from 59.4%–61.6% (average 60.5%) and from ‘DM5637B*8’ 

ranged from 69.5%–70.5% (average 70.1%).  

Of the eight NIL pairs with significant differences between resistant and susceptible 

isolines in the sprouting test, three pairs (NIL_PHSR4BL_3, NIL_PHSR4BL_6 and 
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NIL_PHSR4BL_8) had similarly high GIs between the isolines (0.67–0.77, average 

0.71).   

5.4.4 Correlations of PHS with other agronomic traits 

Of the 11 agronomic traits investigated, only two were significantly correlated with 

PHS. Figure 5.3 shows positive correlation in the eight confirmed NILs between 

sprouting percentage and plant height (r2=0.34, p<0.05), and grain number per spike 

(r2=0.73, p<0.001), but no significant correlations between sprouting percentage and 

the other nine traits.  

Further investigation showed significant differences between some of the NIL pairs for 

plant height and grain number per spike (Fig. 5.4). The resistant and susceptible isolines 

of four pairs of NILs, namely, NIL_PHSR4BL_1, NIL_PHSR4BL_2, 

NIL_PHSR4BL_5 and NIL_PHSR4BL_7, differed significantly (p<0.01) for plant 

height (Fig. 2): the isolines with resistant allele were shorter than those with susceptible 

alleles. The NILs with resistant alleles, namely, NIL_PHSR4BL_1, NIL_PHSR4BL_3, 

NIL_PHSR4BL_5, and NIL_PHSR4BL_6, had significantly fewer grains per spike 

than those with susceptible alleles. Although the remaining NILs showed no significant 

differences between the resistant and susceptible isolines for plant height or grain 

number per spike, isolines with the susceptible allele were generally taller or produced 

more grains per spike than those with the resistant allele.   
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Figure 5. 3 Correlation between sprouting percentage and (a) plant height, and (b) grain 

number per spike. All values are means of three replicates from the eight pairs of near-

isogenic lines for PHS resistance. 
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Figure 5. 4 Differences in agronomic traits in the confirmed isolines with resistant and 

susceptible alleles. a: plant height, b: grain number per spike and c: yield per plant; ‘*’ 

and ‘**’ indicate significant differences between the isolines at p<0.05 and p<0.01, 

respectively. 
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5.4.5 SNP genotyping analysis 

Five confirmed NIL pairs, with significant differences between resistant and 

susceptible isolines in both the sprouting test and GI assay, were subjected to 90K 

iSelect genotyping assay. The 90K iSelect genotyping assay was developed based on 

hexaploid wheat and Aegilops tauschii sequences (Wang et al. 2014b). Of 81,587 SNPs 

on the array, 31,807 were analyzed across the 21 chromosomes after removing those 

that did not meet selection criteria and those without polymorphism. A total of 989 

SNPs were assigned on the long arm of chromosome 4B according to the assembly 

results from Wang et al. (2014b). Analyses of the 989 SNPs among the five confirmed 

pairs of isolines found that only eight SNPs showed consistent contrasting genotypes 

(AA or BB) between the resistant or susceptible isolines. Five candidate genes were 

positioned by blasting the reference Chinese Spring genome 

(https://triticeaetoolbox.org/wheat//) (Table 5.2). All five genes were located within the 

region of QPhs.ocs-4B.1. Functional annotation of these genes indicated that 

TraesCS4B01G239700 was a heat shock transcription factor and 

TraesCS4B02G247900 was a DEAD-box ATP-dependent RNA helicase gene, which 

have been reported to be related to PHS resistance (Almoguera et al. 2002; Gong et al. 

2005; Kotak et al. 2007; Tejedor‐Cano et al. 2010; Macovei et al. 2012). The remaining 

three genes (TraesCS4B02G253300, TraesCS4B02G217800 and 

TraesCS4B02G229600) were involved in other metabolism processes.

https://triticeaetoolbox.org/wheat/
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Table 5. 2 Annotation of candidate genes 

Candidate genes SNPs Functions 

TraesCS4B01G239700 BS00096604_51 / IAAV5117 Heat shock transcription factor 

TraesCS4B02G253300 Ra_c27465_569 / Ra_c27465_564 Alpha-L-fucosidase 2 

TraesCS4B02G217800 wsnp_Ra_c1992_3876325 myosin-binding protein (protein of unknown function, DUF593) 

TraesCS4B02G247900 Ra_c3117_2098 DEAD-box ATP-dependent RNA helicase  

TraesCS4B02G229600 Tdurum_contig69405_332 Oxidoreductase, 2OG-Fe(II) oxygenase family protein 
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5.5 Discussion 

In this study, we successfully produced and confirmed five pairs of NILs targeting 

QPhs.ocs-4B.1, a major QTL on chromosome 4BL conferring both PHS resistance and 

seed dormancy in wheat. This outcome was achieved through molecular screening and 

generation advancement of 240 genotypes from two different cross populations. We 

also identified two putative candidate genes of this locus that are related to seed 

dormancy. Characterization of these NIL pairs revealed that the presence of the allele 

from the resistant source, either SUN326AE or DM5637B*8, significantly increased 

PHS resistance. The large differences in PHS resistance and seed dormancy between 

the isolines of the five NIL pairs developed from two different genetic backgrounds 

further confirmed the significance of this major QTL in PHS resistance. These NIL 

pairs with confirmed marker-gene linkage are valuable materials for future cloning and 

functional studies of the gene(s) underlying the 4BL QTL for PHS resistance, 

development of functional markers that can be reliably used for marker-assisted 

selection, and investigation of the mechanisms for the correlations between PHS with 

plant height and grain number per spike. 

In this study, two different methods were used to phenotype the putative NIL pairs—

the sprouting test using intact spikes for direct PHS resistance and the GI for seed 

dormancy.  The sprouting test confirmed eight pairs of NILs with significant differences 

between the isolines; five were further by GI confirmed for seed dormancy, while 

remaining three pairs had a similar high GI rate among the isolines. These results agree 

with previous reports that PHS resistance is a complex trait (Derera et al. 1977; 

Anderson et al. 1993; Torada et al. 2008; Barrero et al. 2015a); while seed dormancy 

is a major genetic factor of PHS resistance, other factors could be involved in the overall 

PHS resistance such as glume substances that inhibit to germination (Salmon et al. 
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1986), physical barriers to water penetration in the spike (Gale 1989) and spike 

morphology (King 1984). The three NIL pairs showing significant differences in the 

sprouting test but similar high GI rates in this study could be valuable material for 

understanding how those factors influence PHS resistance.  

Apart from PHS phenotyping, we also measured other agronomic traits to investigate 

possible relationships between PHS and these traits. Statistical analysis of the NIL 

population showed positive correlation between PHS susceptibility and plant height 

and grain number per two complex quantitative traits in wheat that are strongly 

influenced by interacting genetic and environmental factors. Numerous studies in the 

past two decades have identified QTLs related to plant height or yield-related 

components on all 21 wheat chromosomes (Wang et al. 2011; Patil et al. 2013; Zhai et 

al. 2016; Guan et al. 2018). Notably, for both plant height and grain number per spike, 

consistent QTLs across multiple genetic backgrounds have been identified on 

chromosome 4BL. The dwarfing gene Rht-B1, which can increase grain yield and 

reduce plant height (Youssefian et al. 1992), is located on the short arm of chromosome 

4B (Sourdille et al. 1998). The QTL QPhs.ocs-4B.1 targeted in this study is located on 

the long arm of chromosome 4B (Mori et al. 2005), suggesting the possibility of another 

gene(s) regulating plant height and grain number per spike, as well as PHS resistance. 

Some studies have reported negative correlation between plant height and grain number 

per spike or yield, especially in plants with the dwarfing gene Rht1 (Youssefian et al. 

1992; Flintham et al. 1997; Zhai et al. 2016). Other studies have reported highly 

positive and significant correlations between plant height and grain number per main 

spike and main spike grain yield (Jamali and Ali 2008). Law et al. (Law et al. 1978) 

identified a positive association between plant height and grain yield within the major 
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dwarfing gene group. In this study, both plant height and grain number per spike 

decreased in the confirmed resistant isolines, relative to the susceptible isolines, 

indicating a positive correlation between plant height and grain number per spike and 

between the two traits and PHS susceptibility. However, there were no apparent 

differences among the eight pair of isolines for grain yield. A possible explanation is 

that the genome region affected not only plant height and grain number, but other yield 

component traits such as spike number and grain weight, and final yield is determined 

by a balance of these gene effects (Denčić et al. 2000; Knezevic et al. 2012). 

In contrast to traditional backcrossing methods, we used the molecular marker- assisted 

heterogeneous inbred family (HIF) method to generate NILs (Tuinstra et al. 1997), 

assisted by a fast generation cycling system (Zheng et al. 2013; Yan et al. 2017). The 

HIF method is useful for developing multiple sets of NILs with different genetic 

backgrounds from a single cross, while the fast generation cycling system dramatically 

shortens the life-cycle by using young embryo culture and promoting flower 

differentiation. Combining HIF with the fast generation system and marker-assisted 

selection enabled the fast development of NILs with multiple genetic backgrounds. This 

approach has been successful in the development of NILs for some major QTL in wheat 

(Ma et al. 2011; Wang et al. 2018; Mia et al. 2019) and barley (Habib et al. 2015). 

This research adopted SNP assays using the wheat 90K Illumina iSelect chip to detect 

potential genes responsible for PHS resistance. Eight SNPs with consistent contrasting 

genotypes across the five confirmed NIL pairs were identified and associated with five 

candidate genes located on chromosome 4B. Of the five functional genes, 

TraesCS4B01G239700 was described as a heat shock transcription factor (Hsf). A 

study in Arabidopsis thaliana indicated that a specialized Hsf, HsfA9, exclusively 
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expressed in later stages of seed development, coincided with the acquisition of 

dormancy, and response to abscisic acid (Kotak et al. 2007). Almoguera et al. 

(Almoguera et al. 2002) detected HsfA9 expressed in embryos, but it disappeared 

shortly after seed germination in sunflower. In addition, HsfA9 had minor effects on 

seed maturation and germination [53]. Another candidate gene TraesCS4B02G247900 

was described as an ATP-dependent RNA helicase. Recently, a study identified a 

DEAD-box helicase ATP-binding protein from rice in response to ABA stress, which 

is the main acid that regulates germination (Macovei et al. 2012). A study on DEAD-

box RNA helicase showed its influence on germination at high temperature in 

Arabidopsis seeds (Gong et al. 2005). The other three genes were reportedly related to 

other functions. Gene TraesCS4B02G253300 is an α-L-fucosidase two related gene, 

involved in xyloglucan metabolism in Arabidopsis (de la Torre et al. 2002). Gene 

TraesCS4B02G217800 reportedly encode a myosin-binding protein drive 

endomembrane trafficking and cytoplasmic streaming (Kurth et al. 2017), gene 

TraesCS4B02G229600 is involved with plant defense responses to fungi or bacteria in 

Arabidopsis(Van Damme et al. 2008). In wheat, although there are no reports on the 

function of TraesCS4B01G239700 and TraesCS4B02G247900 on germination, the 

results from this study suggest that further studies could elucidate the influence of these 

genes on wheat PHS and seed dormancy performances. Also, the identified SNPs will 

be further evaluated in larger populations of commercial wheat genotypes to confirm 

their usefulness in wheat breeding programs. 

Conclusions 

The NILs developed and validated in this study confirmed the importance of QPhs.ocs-

4B.1 for PHS resistance. The confirmed NILs together with the candidate genes 
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identified by the SNP assay are valuable materials/information for future studies in fine 

mapping, molecular marker development and the final cloning of 4BL genes 

responsible for PHS resistance. 
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6.1 Abstract 

Background: Pre-harvest sprouting (PHS) in wheat can cause severe damage to both 

grain yield and quality. Resistance to PHS is a quantitative trait controlled by many 

genes located across all 21 wheat chromosomes. The study targeted a large-effect 

quantitative trait locus (QTL) QPhs.ccsu-3A.1 for PHS resistance using several sets 

previously developed near-isogenic lines (NILs). Two pairs of NILs with the most 

significant phenotypic differences between the isolines were examined by RNA 

sequencing for their transcriptomic profiles on developing seeds at 15, 25 and 35 days 

after pollination (DAP) to identify candidate genes underlying the QTL and elucidate 

gene effects on PHS resistance. At each DAP, differentially expressed genes (DEGs) 

between the isolines were investigated. 

Results: Gene ontology and KEGG pathway enrichment analyses of key DEGs 

suggested that six candidate genes underlie QPhs.ccsu-3A.1 responsible for PHS 

resistance in wheat. Candidate gene expression was further validated by quantitative 

RT-PCR. Within the targeted QTL interval, 16 genetic variants including five single 

nucleotide polymorphisms (SNPs) and 11 indels showed consistent polymorphism 

between resistant and susceptible isolines. 

Conclusions: The targeted QTL is confirmed to harbor core genes related to hormone 

signalling pathways that can be exploited as a key genomic region for marker-assisted 

selection. The candidate genes and SNP/indel markers detected in this study are 

valuable resources for understanding the mechanism of PHS resistance and for marker-

assisted breeding of the trait in wheat. 

Keywords: RNA sequencing, wheat, pre-harvest sprouting, marker-assisted selection, 

near-isogenic lines 
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6.2 Background 

Wheat (Triticum aestivum L.) is a major cereal crop worldwide. Pre-harvest sprouting 

(PHS) can severely affect to yield and its nutritional and processing qualities, resulting 

in more than US$ 1 billion of annual losses worldwide (Black M 2006; Biddulph et al. 

2007). Therefore, PHS resistance is an important trait for genetic studies and breeding 

in wheat (Singh et al. 2014; Chao et al. 2015). 

Seed dormancy and germination, the two major processes concerning PHS, are 

regulated by numerous environmental and molecular factors; of which, endogenous 

hormone balance, especially between abscisic acid (ABA) and gibberellic acid (GA), 

plays a crucial role (Footitt et al. 2011; Nonogaki et al. 2018). In cereal grains, ABA is 

involved in dormancy development and inhibition of hydrolytic enzyme synthesis in 

mature seeds (Li et al. 2004), whereas GA promotes the metabolism of seed reserves 

and induces hydrolytic enzyme synthesis for seed germination (Li et al. 2018). Apart 

from phytohormone transduction genes, many transcription factors (TFs) are involved 

in PHS regulation, such as those of the B3 domain, AP2 domain, and bZIP factor classes 

encoded by ABA-insensitive (ABI) genes ABI3, ABI4, and ABI5, respectively 

(Söderman et al. 2000; Duarte et al. 2019), TFIIS Transcription Elongation Factor II 

encoded by Reduced Dormancy 2 (RDO2) (Liu et al. 2011c), and phytochrome 

interacting factors (PIFs) (Penfield et al. 2010).  

Resistance to PHS is controlled by quantitative trait loci (QTL) (Kumar et al. 2015; 

Rodríguez et al. 2015; Ali et al. 2019) that are located on all 21 chromosomes in bread 

wheat; of which, QTL on chromosome groups 3 and 4 consistently explain large 

phenotypic variation (Anderson et al. 1993; Mares and Mrva 2001; Chen et al. 2008; 

Somyong et al. 2014). Several candidate genes have been identified for a major 4AL 

locus responsible for PHS resistance, including two seed dormancy genes PM19-A1 
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and A2 by transcriptomic analyses (Barrero et al. 2015b), and a causal seed dormancy 

gene MKK3 located next to PM19 by a comparative genomics method (Torada et al. 

2016a). Wang et al. (2019) identified five candidate genes for a major 4BL QTL using 

genotyping and phenotyping characterization of multiple pairs of near isogenic lines 

(NILs). For group 3 chromosomes, a major locus on 3AS, explaining 23-38% of the 

phenotypic variation, was identified using a cross-derived RIL population with red-

grained parents (Osa et al. 2003). Later, Liu et al. (2013b) cloned a gene (TaPHS1) 

from the 3AS QTL Qphs.pseru-3AS. Other known genes on group 3 chromosomes 

include viviparous (Vp-1) or ABI3 (Kocheshkova et al. 2017) on the long arms of the 

chromosomes, which act as a regulator of late embryo development in wheat. Kulwal 

et al. (2005) reported a major PHS resistance QTL on 3AL from RILs of SPR8198 

(PHS resistant) / HD2329 (PHS susceptible). QPhs.ccsu-3A.1 explained up to 78.03% 

of the phenotypic variation across six tested environments, and was located at a genetic 

distance of ~183 cM from the centromere within the marker interval of Xwmc153 and 

Xgwm155. This major QTL on chromosome arm 3AL has not been cloned and 

characterized (Fig. 1).  

In our previous study, we developed several sets of resistant and susceptible NILs 

targeting the major QTL QPhs.ccsu-3A.1 (Wang et al. 2018). Near isogenic lines (NILs) 

are pairs of lines that have the same genetic background except for the targeted locus, 

and NILs with contrasting trait performance can turn quantitative traits into Mendelian 

factors, which makes them ideal genetic resources for identifying candidate genes and 

closely linked markers underlying a targeting QTL (Wang et al. 2018; Wang et al. 

2019). RNA sequencing (RNA-seq) is a powerful approach for detecting differentially 

expressed genes (DEGs) and novel expressed genes, and is widely used in 

transcriptomic studies (Leach et al. 2014; Iquebal et al. 2019; Mia et al. 2020). The 
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expression trends of all genes from the transcriptomic analysis will be valuable data for 

in-depth studies of gene function and their interaction networks in complex biological 

processes (Jia et al. 2018). Transcriptomic profiling of contrasting genotypes can reveal 

associated signaling pathways for molecular responses resulting in biochemical and 

morphological changes under stresses (Iquebal et al. 2019; Mia et al. 2020). 

Furthermore, RNA-seq on NILs can accurately detect DEGs and QTL-linked single 

nucleotide polymorphisms (SNPs) within a QTL region, therefore it has been used to 

identify candidate genes and markers in many crops (Barrero et al. 2015b; Gao et al. 

2019). 

In this study, we used two pairs of NILs with the most significant differences in PHS 

performance between the isolines to investigate their transcriptomic profiles on 

developing seeds at 15, 25 and 35 days after pollination (DAP). The parental lines 

Chara and DM5637B*8 used to develop the NILs were white-coloured cultivars, which 

eliminated the possibility of correlations between PHS resistance and red-grain genes.  

The study aimed to: 1) analyze DEGs between the NILs at different seed development 

stages to provide an insight into PHS resistance, 2) validate the candidate genes through 

expression analysis at different seed developmental stages, and 3) detect SNPs and 

indels that can distinguish the resistant and susceptible isolines within the QTL interval 

for use in marker-assisted breeding of PHS resistance in wheat. 

6.3 Materials and methods 

6.3.1 Plant material and tissue sampling 

In a previous study, we generated a set of NILs using the heterogeneous inbred family 

method targeting the 3AL QTL (Wang et al. 2018). Formal identification of the plant 

materials have been done through genotyping and phenotyping (Wang et al. 2018) by 

all the authors who are experts in wheat. Two pairs of NILs with the most contrasting 
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PHS performance between the isolines were used for RNA-seq in this study (Fig. 2). 

Both NIL pairs were developed from the population of ‘Chara/DM5637B*8’ and 

named as ‘NIL pair 1R & 1S’ and ‘NIL pair 2R & 2S’ in this study, matching 

NIL_PHSR3AL_3R & 3S and NIL_PHSR3AL_6R & 6S in the previous study, 

respectively (Wang et al. 2018). ‘R’ indicates isolines carrying the resistant allele, and 

‘S’ is for those with the susceptible allele. The seeds of parent ‘Chara’ were obtained 

from Australian Grains Genebank, Horsham, Victoria, Australia with a deposition 

number of AUS30031, and the seeds of parent ‘DM5637B*8’ were obtained from 

InterGrain Pty Ltd, Australia. The seeds of the NILs used in this study are kept at the 

University of Western Australia Wheat Seed Collection with deposit numbers of 

UWANILTa-N11 (NIL_PHSR3AL_3R), UWANILTa-N12 (NIL_PHSR3AL_3S), 

UWANILTa-N17 (NIL_PHSR3AL_6R) and UWANILTa-N18 (NIL_PHSR3AL_6S). 

The NILs were grown with three biological replicates for each isoline in the glasshouse 

of The University of Western Australia in Perth, Western Australia. The plant growth 

condition and phenotyping methods were the same as described in Wang et al. (2018). 

The flowering date was recorded for each spike. Five kernels at 15 DPA and 25 DPA 

and three kernels at 35 DPA from each isoline in each replicate were randomly collected, 

frozen immediately in liquid nitrogen and stored at -80°C for RNA extraction. 

6.3.2 RNA extraction, library construction and Illumina sequencing 

Total RNA was extracted from 36 samples (4 genotypes × 3 time-points × 3 replicates) 

using RNeasy Plus Plant Mini Kit (Qiagen) with the treatment of on-column DNase, 

following the manufacturer’s instructions. The yield and purity of the extracted RNA 

were assessed by NanoDrop 2000 (Thermo Fisher Scientific Inc., Australia), and the 

integrity was checked by 1% (w/v) denatured gel electrophoresis and Agilent 2100 

Bioanalyzer (Agilent Technologies Inc., USA). The qualified and quantified RNA 
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samples were then sent to the Beijing Genomics Institute (BGI), China, for sequencing. 

The BGI protocol for cDNA synthesis, 150 bp paired-end sequencing and raw data 

filtering were the same as described in Mia et al. [30]. Clean data were generated as 

FastQ files, and Q20, Q30, and GC contents of the clean data were calculated. All 

downstream analyses were performed on clean data from those 36 libraries, which are 

publicly available at the National Center for Biotechnology Information (NCBI) 

website with the SRA accession number of PRJNA554312 

(https://www.ncbi.nlm.nih.gov/sra/PRJNA554312). 

6.3.3 Sequence data analysis and DEG identification 

High-quality reads were mapped to the bread wheat reference genome sequence, 

international wheat genome sequence consortium (IWGSC) RefSeq V1.0 

(https://wheat-urgi.versailles.inra.fr/) (Appels et al. 2018), using HISAT2 v2.0.4 (Kim 

et al. 2015). Aligning of the reads to the reference sequence was done by Bowtie2 

(Langmead and Salzberg 2012). Gene expression level were calculated using RSEM 

v1.2.12 (Li and Dewey 2011) with default parameters. DEGs were identified with 

DEGseq according to Wang et al. (2009) with the parameters as described in Mia et al. 

(2020). Up- and down-regulations of DEGs between the isolines were based on the 

comparison of ‘R’ isoline to ‘S’ isoline, i.e., if a gene expression in ‘R’ isoline was 

higher or lower than that in ‘S’ isoline, it was considered upregulated or downregulated, 

respectively. 

6.3.4 Functional annotations, gene ontology and pathway analyses 

Gene ontology (GO) and functional enrichment of the selected DEGs were performed 

using a hypergeometric test (phyper); those with a false discovery rate (FDR) ≤ 0.01 

were considered as significantly enriched. KEGG annotation was the same as described 
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in Mia et al. (2020). To identify TF encoding genes from the DEGs, Getorf tool (Rice 

et al. 2000) was used to find the open reading frame (ORF) of each DEG. The ORFs 

were then aligned to TF domains from PlnTFDB using hmmsearch (Mistry et al. 2013) 

to identify TF encoding genes from the selected DEGs. 

6.3.5 Discovery of SNP and indel markers 

To find the SNP and indel variants, all clean reads of the transcripts were mapped to 

the reference genome sequence of IWGSC RefV1.0 (https://wheat-

urgi.versailles.inra.fr/) using Bowtie2 (Langmead and Salzberg 2012). The SAM tools 

package was used for calling SNP and indel variants. Variants on the 3A chromosome, 

especially those within the marker interval of Xwmc153 and Xgwm155, were detected. 

6.3.6 Validation of DEGs using quantitative RT-PCR (qRT-PCR) analysis 

The candidate genes identified in this study were selected to run qRT-PCR to validate 

the RNA-seq results. The cDNAs were synthesized using SensiFast cDNA Synthesis 

Kit (Bioline Australia) with the manufacturer’s protocol. The qRT-PCR was performed 

on an ABI 7500 Fast system using SensiFAST SYBR kit (Bioline Australia). Gene-

specific primers were designed using Primer Premier 5.0 software, and the wheat actin 

gene was used as an endogenous control for normalization between samples. Three 

biological replicates were used for each isoline of the two pairs of NILs at the three 

time-points. For qRT-PCR, cDNA from all biological samples was run in triplicate (Liu 

et al. 2013a). Amplification was conducted in a 20 µl reaction mix containing 10 µl of 

2 × SensiFAST SYBR Lo-ROX mix, 0.8 µl of 10 µM each forward and reverse primer 

and 100 ng cDNA, with the following cycling protocol: 1 cycle of 95 °C for 2 min, 40 

cycles of 95 °C for 5 s and 60 °C for 30 s. Relative gene expression was calculated 

using the comparative Ct method (Livak and Schmittgen 2001). A two sample t-test 
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was used to compare the expression differences between the means of ‘R’ and ‘S’ 

isolines at different DPAs. 

6.4 Results 

6.4.1 Transcriptome assembly quality and mapping statistics 

A total of 304 Gb high-quality 150-bp paired-end sequencing reads were generated 

from the 36 samples after quality control, with an average of 56 million clean reads for 

each library. Nearly 98% and 96% of the clean reads had a quality score of Q20 and 

Q30, respectively. Approximately 70% of the sequenced reads were mapped to the 

wheat reference genome, including 55% with a unique match. The total number of 

transcripts detected in each library ranged from 72,485 to 96,979, accounting for nearly 

60% of all wheat genes. Pearson’s correlation coefficients among the three biological 

replicates for each combination ranged from 0.84 to 0.99, indicating the consistency of 

the three replicates.  

6.4.2 Differential gene expressions related to PHS resistance 

Differential gene expressions in the contrasting isolines are summarized in Table 6.1 

and Fig 6.2. At 15 DPA, a total of 1,195 DEGs between the resistant (‘R’) and 

susceptible (‘S’) isolines were commonly detected in the two NIL pairs. Similar 

numbers (1,298) of DEGs between the isolines were detected at 35 DPA. However, 

fewer DEGs (776) were detected at 25 DPA in both of the NIL pairs. To identify the 

genes underlying the QTL QPhs.ccsu-3A.1, particular attention was given to the 

common DEGs located on chromosome arm 3AL in both of the NIL pairs. There were 

12, 12 and 25 such genes identified at 15, 25, and 35 DPA, respectively. Among them, 

genes TraesCS3A02G462000 and TraesCS3A02G461400 were consistently 

upregulated (gene expression in ‘R’ isoline was significantly higher than that in ‘S’ 
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isoline, i.e. ‘R>S’), and gene TraesCS3A02G466700 was consistently downregulated 

(gene expression in ‘R’ isoline was significantly lower than that in ‘S’ isoline, i.e. ‘R<S’) 

across the three time-points. The three genes were located within the targeted QTL 

marker interval between Xwmc153 and Xgwm155, were therefore considered major 

candidate genes underlying QPhs.ccsu-3A.1. Notably, at all three time-points, 

TraesCS3A02G461400 and TraesCS3A02G466700 showed extremely high 

upregulation and downregulation, with a mean log2 ratio fold change of 5.70 and 5.19, 

respectively (Table 6.S1 at Appendix). 

Gene expressions significantly different between time-points in each isoline, including 

DEGs between 25 DPA and 15 DPA (25/15), DEGs between 35 DPA and 25 DPA 

(35/25), and DEGs between 35 DPA and 15 DPA (35/15), were investigated, especially 

for those within the 3AL QTL interval. A special focus was put on DEGs that showed 

noteworthy features, including those associated with hormone transduction and PHS-

regulatory TFs (such as bZIP TFs, and B3 or AP2 domain-containing TFs), those 

associated with the identified SNP and indel variants, and those displaying significant 

differences between isolines at different time-points. Interestingly, 

TraesCS3A01G461400 showed down-regulation in the ‘R’ isolines at 35/15, but it had 

significantly higher expression in the ‘R’ isolines than the ‘S’ isolines of both NIL pairs 

at 35 DPA. Other genes shared the same up- or down- regulations in either ‘R’ or ‘S’ 

isolines at 35/15, including TraesCS3A01G459200 (down-regulated in ‘R’ isolines, and 

‘R>S’ at 15 and 25 DPA), TraesCS3A01G470400 (down-regulated in ‘S’ isolines, and 

‘R<S’ at 15 and 25 DPA), TraesCS3A01G416200 (up-regulated in ‘R’ isolines, and 

‘R>S’ at 35 DPA), and TraesCS3A01G346700 (up-regulated in ‘S’ isolines, and ‘R<S’ 

at 35 DPA) (Table 6.S1 at Appendix). 
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Figure 6.1 Diagram showing the physical locations of cloned genes and flanking 

markers of major QTL on chromosome 3A for seed dormancy and preharvest sprouting 

resistance. QTL in bold is the targeted QTL in this study. Bar represents 100 Mb 

physical distance. 
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Figure 6.2 Comparison of NIL pairs 1 and 2. A. Phenotypic differences between 

resistant (R) and susceptible (S) isolines in the two NIL pairs. (a) and (b) were the spike 

sprouting test of NIL pair 1 (left) and NIL pair 2 (right), respectively, at day 7 of the 

test; (c) and (d) were seed germination test at day 2 of the test. B. Venn diagrams 

showing the number of differentially expressed genes (DEGs) that were commonly 

(a) up-regulated and (b) down-regulated in the resistant isolines compared with 

those in the susceptible isolines. Numerals inside the parentheses indicate the 

number of genes expressed at each time point. The total number of DEGs is noted 

at the bottom of each Venn diagram. C. Volcano plot showing DEGs within each 

NIL pair at different time-points. X axis represents log2 transformed fold change. 

Y axis represents -log10 transformed p value significance. Blue points represent 

up-regulated DEGs. Red points represent down-regulated DEGs. Gray points 

represent non-DEGs. DPA = days post anthesis. 
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Table 6. 1 The number of differentially expressed genes across the whole genome and on 

chromosome 3AL between the resistant and susceptible isolines in the two NIL pairs 

Time 

point 
DEG 

NIL pairs 
Common 

NIL pair 1  NIL pair 2  

Genome 3AL Genome 3AL Genome 3AL 

15DPA Up 1204 29 3238 89 681 6 

Down 1174 12 9331 294 514 6 

Total 2378 41 12569 383 1195 12 

25DPA Up 1188 26 1570 52 304 5 

Down 1202 23 912 26 472 7 

Total 2390 49 2482 78 776 12 

35DPA Up 8342 246 2107 76 715 14 

Down 3654 95 1070 42 583 11 

Total 11996 341 3177 118 1298 25 

DPA, days post anthesis; DEG, differentially expressed genes; Up (upregulated) and Down 

(downregulated), relative to susceptible isolines; Common, DEGs common to both NIL pairs.
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Table 6. 2 Candidate genes and their expression profiles as revealed by RNA-seq 

Gene ID DEG at time 
point 

Physical 
location 

Gene annotation Pathway Expression details*  

TraesCS3A01G461400 15 & 25 & 35 
DPA 

697281350 
-697284916 

Fork head transcription factor 1 Purine metabolism Up regulated (log2 = 5.70) 

TraesCS3A01G462000 15 & 25 & 35 
DPA 

697471602 
-697474693 

B3 domain-containing transcription 
factor 

Aminoacyl-tRNA biosynthesis Up regulated (log2 = 1.43) 

TraesCS3A01G466700 15 & 25& 35 
DPA 

700562650 
-700564244 

Hydroxyethylthiazole kinase Thiamine metabolism Down regulated (Log2 = 
5.19) 

TraesCS3A01G459200 15 & 25 DPA 695744627 
- 695745649 

Leucine-rich repeat receptor-like 
protein kinase family protein 

Fatty acid biosynthesis Up regulated (Log2=2.14) 

TraesCS3A01G245000 25 & 35 DPA 458679119 
-458682490 

Receptor kinase Plant hormone signal 
transduction 

Down regulated (Log2 
=4.00) 

TraesCS3A01G225100 15 DPA 421719543 
-421722510 

S-type anion channel MAPK signalling pathway - 
plant 

Up regulated (Log2 =1.74) 

*The upregulation and downregulation of DEGs is based on comparisons of resistant to susceptible isolines. DPA, days post-anthesis; Upregulated, 

genes expressed higher in resistant isolines; Downregulated, genes expressed higher in susceptible isolines; log2, mean log2 ratio fold-change of the 

DEG in both NIL pairs. Genes in bold fell into the QTL (QPhs.ccsu-3A.1) marker interval of Xwmc153 and Xgwm155, with a physical position within 

484402604–702961948 bp. 
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6.4.3 Functional annotation of DEGs 

Based on GO descriptions, DEGs were functionally categorized into three principal 

categories: cellular component, molecular function and biological process (Fig 6.3).  

Cell, cell part, organelle, membrane, and membrane part were the most common terms 

in the cellular component category. Catalytic activity, binding, and transporter activity 

were the most abundant terms in the molecular function category at all three time-points. 

Most of the genes associated with the GO terms in the biological process category were 

in the subcategories of metabolic process, cellular process, and single organism process. 

Notably, all three GO categories had similar numbers of upregulated and 

downregulated genes in each of these categories at 15 and 25 DPA. However, at 35 

DPA, both NIL pairs had considerably more upregulated genes than downregulated 

genes.  

Pathway enrichment analysis was performed to investigate related biological pathways 

that differed between isolines (Fig 6.3). DEGs across time-points in both NIL pairs 

were assigned to different pathways belonging to five major categories - cellular 

processes, environmental information processing, genetic information processing, 

metabolism and organismal systems. Among them, metabolism was the most enriched 

pathway in the DEGs, with more downregulated genes than upregulated genes to 

varying degrees across the three time-points.  

Transcription factors (TFs) play a vital role as molecular switches controlling the 

expression of certain genes and in turn regulating plant growth and development under 

certain environmental conditions. Extensive database searches of all the DEGs 

predicted 6,050 differentially expressed TFs which were grouped into 59 families (Fig 

6.4). The MYB and MYB-related TFs had the most genes (742 and 586 genes 

respectively), followed by NAC (425) and bHLH (410). However, none of the four 
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extensively expressed TFs showed consistent DEG patterns in the NIL pairs at different 

time-points. 

DEGs between the isolines that were common in both NIL pairs at each DAP were 

scrutinized; those with known functions related to PHS regulation pathways, such as 

plant hormone signal transduction and MAPK signaling were considered potential 

candidate genes. Based on this, three other genes TraesCS3A01G459200, 

TraesCS3A01G245000 and TraesCS3A01G225100 located on chromosome arm 3AL 

were identified as candidate genes (Table 6.2). 
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Figure 6.3 Gene ontology assignment of differentially expressed genes (DEGs) in the 

near-isogenic lines. The unigenes were mapped to three main categories: (a) cellular 

component, (b) molecular function, and (c) biological process. The x-axis indicates the 

number of annotated DEGs. DPA = days post anthesis. 
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Figure 6.4 Pathway enrichment of differentially expressed genes (DEGs) in the near-

isogenic lines at (a) 15 DPA, (b) 25 DPA and (c) 35 DPA. The x-axis indicates the rich 

factor. DPA = days post anthesis.  
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Figure 6.5 Distribution of differentially expressed genes (DEGs) in different 

transcription factor (TF) families in the whole transcriptome. 
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6.4.4 SNP and indel markers polymorphic between the ‘R’ and ‘S’ isolines 

The SNPs and indels showing consistent distinguishable genotypes between the isolines 

in both NIL pairs were detected. Five SNPs and 11 indels were located within or very 

close to the targeted 3AL QTL interval. Among them, six variants (three SNPs and 

three indels) occurred within their associated genes, with five falling in the gene exons 

and one in the untranslated region (UTR). Although other variants did not overlap any 

genes annotated in the reference genome, they showed short distances to their closest 

genes, with marker-gene distances ranging from 49 – 73,788 bp (Table 6.3).  

Twelve genes were associated with the SNPs and indels (Table 6.3). Of these, eight 

genes showed different expressions between either isolines or time-points. Apart from 

TraesCS3A01G449300 functioning as an auxin response factor, no other gene was 

related to the hormone signaling pathway. For TraesCS3A01G449300, no expression 

difference was detected between ‘R’ and ‘S’ isolines in either of the NIL pairs (Table 

6.S1 at Appendix). 

6.4.5 qRT-PCR validation of candidate genes 

To confirm the results of the RNA-seq, the six candidate genes were selected for qRT-

PCR assays. Relative expressions of TraesCS3A01G461400, TraesCS3A01G462000 

and TraesCS3A01G466700 differed significantly between the ‘R’ and ‘S’ isolines at all 

time-points, while that of TraesCS3A01G245000 differed significantly at 25 DPA and 

35 DPA, and TraesCS3A01G225100 differed significantly at 15 DPA. Notably, at all 

time-points, the relative expression level of TraesCS3A01G461400 differed about two-

fold between the isolines. All six genes showed consistent expression patterns with 

those obtained from the RNA-seq analysis (Table 6.4). This is a strong indication of the 

reliability of the RNA-seq conducted in this study. 
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Table 6. 3 SNP and indel variants between resistant and susceptible NILs within the targeted 3AL QTL interval. 

No. Variant 
type 

Variant (R/S) Variant in 
RefV1.0 

Variant 
physical 
position 

Associated gene Gene function Note 

1 SNP C/G C 697456690 TraesCS3A01G461800 F-box domain containing protein Within gene 
exon 

2 SNP G/A A 702901184 TraesCS3A01G471100 Salicylate O-methyltransferase 2,629 bp away 
from the gene 

3 SNP C/A C 698019550 TraesCS3A01G463700 Transmembrane protein 45B Within gene 
exon 

4 SNP T/C T 697250101 TraesCS3A01G461100 Succinate dehydrogenase subunit 
4 

49 bp away from 
the gene 

5 SNP C/G C 697561360 TraesCS3A01G462400 2-oxoglutarate (2OG) and Fe(II)-
dependent oxygenase superfamily 
protein 

Within gene 
exon 

6 Indel GT/– G 695515689 TraesCS3A01G458300 F-box-like protein Within gene 
exon 

7 Indel GATATTC/– G 695516298 " " Within gene 
exon 

8 Indel C/CT C 695585583 TraesCS3A01G458400 Nucleotide-diphospho-sugar 
transferases superfamily protein 

52,358 bp away 
from the gene 

9 Indel A/– AG 703016114 TraesCS3A01G471400 Basic 7S globulin 2 194 bp away 
from the gene 

10 Indel G/– GA 703016906 " " 986 bp away 
from the gene 

11 Indel C/– CCG 688767420 TraesCS3A01G449300 Auxin response factor 73,788 bp away 
from the gene 
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12 Indel CAA/– C 688767424 " " 73,784 bp away 
from the gene 

13 Indel AT/– A 688768940 " " 43,715 bp away 
from the gene 

14 Indel C/– CGAG 700588842 TraesCS3A01G467100 UV-stimulated scaffold protein 
A-like protein 

2,576 bp away 
from the gene 

15 Indel G/– GATGCGGTC 695658402 TraesCS3A01G609800LC Glucose-1-phosphate 
adenylyltransferase 

Within gene 
UTR 

16 Indel –/G GC 686681832 TraesCS3A01G592100LC Retrovirus-related Pol 
polyprotein from transposon opus 

3,374 bp away 
from the gene 

", value is the same as above; R, resistance isoline; S, susceptible isoline.
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Table 6. 4 qRT-PCR primers and results 

Gene Direction Sequence (5’→3’) NIL Mean relative 

expression at 15 

DPA 

Mean relative 

expression at 25 

DPA 

Mean relative 

expression at 35 

DPA 

TraesCS3A01G461400 Forward TTGCCGCTACTCAACAAGCC R 16.20** 12.99** 11.09** 

 Reverse TCTGTTGTCTTCGCCGACT S 8.47 7.95 5.25 

TraesCS3A01G462000 Forward CATATCATTCGCAAATCCCT R 8.97* 5.76* 4.23* 

 Reverse TCTTCTGGCCTTACCCAA S 7.09 4.54 3.01 

TraesCS3A01G466700 Forward CCCTGCAAGCCTCGAAAGCAT R 5.36* 5.07* 4.25* 

 Reverse AACCTGCTCGCCATCCGTGA S 5.98 5.81 5.03 

TraesCS3A01G459200 Forward CTTCCTTGAGCTCTCCTTCAAC R 6.71* 6.44* 5.83 

 Reverse GCAGACTTGCTGAGGAACAT S 5.58 5.50 5.33 

TraesCS3A01G245000 Forward TGGGACTCTTGTTCTCGCTCT R 3.42 3.72* 2.98* 

 Reverse TCATCGTGCCAGAATGTGACC S 3.41 4.48 3.58 
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TraesCS3A01G225100 Forward ACGTTCAGTTTCCACACGGGTC R 12.73** 9.26 7.72 

 Reverse GCCCAACTCCATACCGATCGAGA S 9.71 9.47 7.49 

Actin Forward CTCCCTCACAACAACCGC     

 Reverse TACCAGAACTTCCATACCAAC     

*, significant difference (p ≤ 0.05); **, highly significant difference (p ≤ 0.01) between ‘R’ (resistant) and ‘S’ (susceptible) isolines, based on t-

test;  

mean relative expression is the mean of NIL1 and NIL2; 

expression data are shown in ΔCt values, calculated by subtracting the Ct number of the reference gene (Actin) from that of the target gene. 
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6.5 Discussion 

6.5.1 Candidate genes underlying the major 3AL QTL responsible for PHS 

resistance 

Six candidate genes underlying QPhs.ccsu-3A.1 responsible for PHS resistance were 

identified in this study, based on their RNA-seq DEG profiles, gene function 

annotations, and qRT-PCR validations. Among them, TraesCS3A01G461400 with a 

forkhead TF function is the most prominent candidate with highly significant 

differences in expression between ‘R’ and ‘S’ isolines in both its RNA-seq DEG profile 

and qRT-PCR expression analysis. Forkhead TFs are a family containing a DNA-

binding domain known as the forkhead box (FOX). FOX is evolutionarily conserved in 

eukaryotic organisms and a crucial regulator of embryonic development, which is 

affected by hormone signalling (Hannenhalli and Kaestner 2009; Golson and Kaestner 

2016). In contrast to the highly conserved FOX domain, forkhead TF proteins are highly 

divergent in other parts of their sequences (Schmitt-Ney 2020). In humans, forkhead 

TFs modulate signalling pathways (Pallauf et al. 2017), and can be a direct target of 

hormonal medications such as progestin to inhibit epithelial cell growth (Kyo et al. 

2011). In insects, forkhead TFs regulate hormone-mediated signalling, affecting 

carbohydrate, amino acid and fatty acid metabolism, and the phosphatidylinositol 3-

kinase/protein kinase B signalling pathway (Yin et al. 2018). In plants, forkhead-

associated domains mediate interactions with receptor-like kinases, which in turn 

regulate signalling pathways involved in growth and pathogen responses; two well-

studied genes, KAPP (encodes a kinase-associated protein phosphatase that functions 

in the internalization of somatic embryogenesis receptor kinase 1) and ABA1 (encodes 

a zeaxanthin epoxidase that functions in the ABA biosynthesis pathway), are among 
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the 15 identified Arabidopsis genes containing forkhead-associated domains (Shah et 

al. 2002; Morris et al. 2006).  

TraesCS3A01G462000 encodes a B3 domain-containing TF; its family controls 

embryo development and seed maturation by modulating ABA and GA metabolism 

(Liu and Hou 2018). B3 TFs are considered specific to photosynthetic eukaryotes 

(Yamasaki et al. 2013). Vp-1 is the first plant gene identified in maize that encodes a 

B3 type TF, which is a key component of the ABA signalling pathway during seed 

maturation in other cereals. Vp-1 and its orthologous genes are associated with the 

activation of genes encoding seed storage proteins, late embryogenesis abundant 

enzymes, and anthocyanin biosynthesis enzymes, as well as the repression of post-

germination genes for reserve mobilization, e.g. α-amylases and protease (Carbonero 

et al. 2017).  

TraesCS3A01G461400 and TraesCS3A01G462000 are both TF genes. TFs play 

important roles in plant growth, development, and responses to environmental stress 

(Wu et al. 2015). The interaction of sequence-specific TFs with target sites near their 

regulated genes is a central mechanism of gene expression regulation by which 

organisms develop and interact with their environment (Nakagawa et al. 2013). Both 

of the TF genes identified in this study are related to hormone signalling pathways, and 

showed significantly higher expression in ‘R’ than ‘S’ isolines at all time-points, 

suggesting that the more active regulation of gene transcriptions in the ‘R’ isolines 

might contribute to its PHS resistance phenotype. 

Interestingly, two other candidate genes TraesCS3A01G459200 and 

TraesCS3A01G245000 function as receptor-like kinases (RLKs). RLKs are surface 

localized, transmembrane receptors that regulate a variety of signalling pathways (Goff 

and Ramonell 2007; Greeff et al. 2012); some have interactions with forkhead-
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associated domains, such as KAPP (Stone et al. 1994; Morris et al. 2006). Gene 

TraesCS3A01G245000 was directly involved in the plant hormone signal transduction 

pathway by KEGG enrichment analysis. Leucine-rich repeat (LRR) RLK, encoded by 

TraesCS3A01G459200, plays an important role in ABA signal transduction in 

Arabidopsis; it is upregulated by ABA and its loss of function results in ABA 

insensitivity in seed germination (Osakabe et al. 2005). In this study, LRR RLK had 

significantly higher expression in ‘R’ than ‘S’ isolines at 15 and 25 DPA, but there was 

no difference at 35 DPA between the isolines as the gene was downregulated in ‘R’ 

isolines at 35/15 (Table 6.S1), indicating a higher ABA content in ‘R’ isolines at the 

early stages.  

TraesCS3A01G466700 encodes hydroxyethylthiazole kinase which participates in 

thiamine biosynthesis (Tani et al. 2016). Taking part in glycometabolism, thiamine has 

a fundamental role in energy metabolism and serves as an energy reserve for seed 

germination (Gołda et al. 2004). Golda et al. Gołda et al. (2004) found that both cereal 

and legume seeds lost a significant part of their thiamine reserves during germination. 

Neumann et al. (1996) reported that seeds treated with thiamine significantly increased 

their germination rate in legume Phasenius vulgaris. The gene showed significantly 

lower expression in ‘R’ than ‘S’ isolines at all time-points in this study, implying that 

a lower thiamine reserve exists in ‘R’ isolines, which may not favour germination. 

TraesCS3A01G225100 functions in the S-type anion channel activity which is required 

for ABA-induced gene expression (Finkelstein et al. 2002). KEGG enrichment 

assigned the gene to plant MAPK signalling pathway. The MAPK module directly 

responds to ABA, or interacts with MKK3; for example, MAP3K16 is the negative 

regulator of ABA response (ABR1), and MAP3K17/18-MKK3-MPK1/2/7/14 responds 

to ABA, senescence and dormancy in Arabidopsis (Boudsocq et al. 2015; Choi et al. 
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2017). MKK3 contains an NTF2 domain and its primary gene structure is highly 

conserved during evolution (Colcombet et al. 2016). Torada et al. (2016a) reported that 

MKK3 was the causal gene underlying the major 4AL QTL responsible for seed 

dormancy in wheat. In this study, the gene showed significant higher expression in ‘R’ 

than ‘S’ isolines at 15 DPA only, indicating that the gene mainly plays a regulatory role 

in response to ABA at an early stage of seed development. 

6.5.2 SNP and indel markers distinguishable between the ‘R’ and ‘S’ isolines 

Ten of the 16 SNP or indel variants between the ‘R’ and ‘S’ isolines did not overlap 

any annotated genes in RefV1.0. However, as these variants were identified based on 

the RNA-seq profiles, they should have been within transcribed genes of the tested 

cultivars/lines. This response may be due to: 1) large structural variations between the 

genomes of the reference cultivar Chinese Spring (CS) and the tested cultivars/lines; or 

2) CS does not contain certain genes that exist in other cultivars, for example, Ppd-B1 

and Vrn-A1 alleles were not present in CS (Díaz et al. 2012). 

Gene TraesCS3A01G449300, associated with one of the indel markers, functions as an 

auxin response factor (ARF). Auxin recruits ARFs to control seed dormancy in 

Arabidopsis through stimulation of ABA signalling by inducing ARF-mediated ABI3 

activation (Liu et al. 2013c). Auxin is involved in the transition from seed dormancy to 

germination, which promotes seed dormancy and inhibits seed germination (Wu et al. 

2020). Although its gene expression did not differ between the contrasting isolines, its 

location within the targeted major QTL suggests it is involved in the regulation pathway 

by interacting with other signal transduction genes sitting in that particular genomic 

region.  

Within the QTL interval, there is another noteworthy genomic region from 622277558 

to 622901141 bp, where a block of consecutive genes exist that are related to basic 
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leucine zipper (bZIP) TFs and ABI5s. BZIP TFs are activated by ABA-mediated 

signalosome and bind to specific cis-acting sequences called abscisic-acid-responsive 

elements (ABREs) or GC-rich coupling elements, thereby influencing the expression 

of their target downstream genes (Banerjee and Roychoudhury 2017). ABIs are 

involved in ABA signalling, some of which are TFs; ABI5 is one of the six classes of 

such TFs that have been identified, and is essential for ABA- or seed-specific gene 

expression (Skubacz et al. 2016). Transcriptional repressions of ABI5 are associated 

with reduced seed sensitivity to ABA which results in the switch from dormancy to 

germination in wheat seed (Liu et al. 2013c). No consistent expression difference 

between the contrasting isolines was found in these genes at the three time-points 

investigated in this study (Table S1). However, as the genes function in the core ABA 

signalling and appear in a cluster within the targeted QTL interval, it implies that 

multiple genes and gene-interactions underlie the QTL responsible for PHS resistance.  

The targeted QTL QPhs.ccsu-3A.1, explaining up to 78.03% of the phenotypic 

variation (Kulwal et al. 2005), could be exploited as a key locus for marker-assisted 

selection. Many genes in the QTL region, including the identified candidate genes, 

SNP/indel marker associated genes and physically clustered genes, are involved in 

hormone perception and signal transduction, which further demonstrates the 

significance of the locus in the regulation and control of PHS resistance. 

6.5.3 Conclusions 

Transcriptomic profiling of NILs targeting a major 3AL QTL QPhs.ccsu-3A.1 

responsible for PHS resistance revealed six candidate genes related to hormone 

signalling and energy metabolism. Sixteen SNP or indel markers within the QTL 

interval showed consistent distinguishable alleles between the ‘R’ and ‘S’ isolines 

contrasting in PHS performance. The targeted QTL was confirmed as a key genomic 
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region for seed dormancy and PHS resistance as it contained many core genes involved 

in the ABA signalling pathway, some of which showed significant differences in 

expression between the contrasting isolines. The identified candidate genes and 

SNP/indel markers in this study are valuable for understanding the mechanism of PHS 

resistance and for marker-assisted breeding of the trait in wheat. 
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Chapter 7 General discussion 

7.1 Introduction 

Resistance to pre-harvest sprouting (PHS) is a principal trait in wheat breeding, which 

is controlled by many genes located across all 21 wheat chromosomes. The quantitative 

trait loci (QTL) on chromosome groups 3 and 4 have consistently explained the large 

phenotypic variation in various published studies, however, only a few QTL have been 

characterised to the gene level. This study evaluated the pyramiding effect of the major 

PHS-resistant alleles located on chromosome groups 3 and 4, and then focused on two 

major QTL on chromosome arms 3AL and 4BL to develop near-isogenic lines (NILs). 

Genomic and transcriptomic tools were used to characterise the NILs for identification 

of the candidate genes underlying the two major QTL. 

This research has contributed to the knowledge of wheat genetics and breeding with the 

following outcomes: 

a) Validation of pyramiding effect of major PHS-resistant alleles in a wide range of 

wheat cultivars. 

b)  Development of NILs targeting major QTL on chromosome arms 3AL and 4BL 

responsible for PHS resistance, which were confirmed by genotype-phenotype 

association analyses. 

c) Identification of five candidate genes for the major 4BL QTL through high-

throughput 90k SNP array genotyping of the confirmed NILs targeting the locus. 

d) Identification of six candidate genes for the major 3AL QTL through RNA 

sequencing of the two pairs of most contrasting NILs, and 16 SNP or indel markers 

polymorphic between the isolines. 

7.2 Pyramiding effects of major PHS-resistant alleles in Australian wheat 

cultivars 
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PHS resistance had an additive effect for the four tested markers, which were linked to 

the reported genes or QTL on chromosomes 3A, 3B, 4A and 4B. The cultivars with 

more resistance alleles scored higher for PHS resistance than those with less resistant 

alleles. This study tested the reported alleles with their closely linked markers in a wide 

range of common wheat cultivars with different genetic backgrounds. The results 

indicated that pyramiding effects exist for the trait, which can be an effective strategy 

for improving PHS resistance in wheat breeding.   

The alleles on chromosome 3AL, 3BL, 4AL and 4BL were additive, and no negative 

interaction between the resistance alleles was detected. As major QTL were detected 

on other chromosomes, the markers linked to all major loci need to be included for 

marker-assisted selection (MAS) to achieve maximum accuracy and efficiency of 

selection for PHS improvement in wheat. Functional markers developed from identified 

genes will be ideal for MAS as they are within the targeted genes and, therefore 

eliminate the recombination between the marker and the gene. 

7.3 NIL development targeting major QTL for PHS resistance on wheat 

chromosomes 3A and 4B 

Using the HIF method and a fast generation cycling system, five pairs of NILs targeting 

the major 3AL QTL and five pairs targeting the major 4BL QTL were developed, and 

marker-gene linkage confirmed through marker screening and phenotyping of PHS 

performances. PHS performance was evaluated using the sprouting test and 

germination index assay. Both sets of NILs were developed using a single marker 

linked with the targeted QTL, which was an efficient method of the population 

development as it reduced the marker screening in every generation and still captured 
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heterozygotes with significant phenotypic differences between resistant and susceptible 

isolines without recombination between the marker and the target QTL.  

Other traits, such as plant height and yield-related traits, were measured to investigate 

correlations with PHS resistance locus. For NILs targeting the 3AL QTL, one NIL pair 

differed significantly for plant height, suggesting that the PHS resistance QTL may be 

located closely to genes that regulate plant height. Phenotypic characterisation of the 

NILs for 4BL QTL detected positive correlation between PHS susceptibility and plant 

height and grain number per spike, suggesting the possibility that the QTL may harbour 

other gene(s) regulating plant height and grain number per spike. 

7.4 Candidate genes underlying the major 4BL QTL for PHS resistance as 

revealed by 90k SNP array analysis 

Five candidate genes were identified within the targeted QTL interval, which were 

associated with eight SNPs showing consistent contrasting genotypes across the five 

confirmed NIL pairs. TraesCS4B01G239700 functions as a heat shock transcription 

factor (Hsf), and had exclusive expression in later stages of seed development in 

Arabidopsis thaliana that coincided with the acquisition of dormancy and response to 

abscisic acid (ABA). TraesCS4B02G247900 functions as an ATP-dependent RNA 

helicase, which responded to ABA in rice. The function of the three other candidate 

genes—TraesCS4B02G253300, TraesCS4B02G217800 and TraesCS4B02G229600—

are involved with α-L-fucosidase in xyloglucan metabolism, encoding a myosin-

binding protein drive endomembrane trafficking and cytoplasmic streaming, and plant 

defence responses, respectively.  

7.5 Candidate genes underlying the major 3AL QTL responsible for PHS 

resistance as revealed by transcriptomic analysis of contrasting NILs 
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Six candidate genes underlying the major 3AL QTL (QPhs.ccsu-3A.1) were related to 

the hormone signalling pathway or energy metabolism. Among them, 

TraesCS3A01G461400 with a function of forkhead transcription factor (TF) is the most 

prominent candidate with significant expression differences between ‘R’ and ‘S’ 

isolines. In plants, one forkhead-associated gene (ABA1) functions in the ABA 

biosynthesis pathway. TraesCS3A01G462000 encodes a B3 domain-containing TF, 

which controls embryo development and seed maturation by modulating ABA and GA 

metabolism. Genes TraesCS3A01G459200 and TraesCS3A01G245000 function as 

receptor-like kinases that interactions with forkhead-associated domains and regulate a 

variety of signalling pathways. TraesCS3A01G466700 encodes hydroxyethylthiazole 

kinase, which participates in energy metabolism. TraesCS3A01G225100 functions in 

the S-type anion channel activity involved in ABA-induced gene expression. 

Sixteen SNP and indel markers were identified on chromosome arm 3AL, which were 

distinguishable between the resistant and susceptible isolines, and could serve as useful 

markers for further fine mapping of the major QTL. Within the QTL interval, many 

core genes related to hormone signalling existed in a cluster. Although no significant 

difference in gene expression between the resistant and susceptible isolines, these genes 

may play an important roles in the signalling pathway.  

7.6 Future directions for PHS resistance research 

PHS seriously affects grain quality and yield in wheat. Breeding PHS-resistant cultivars 

is the most efficient method for solving the problem. A better understanding of the 

genetic mechanism of PHS resistance requires the identification of major QTLs and 

their underlying genes. This study identified the key candidate genes responsible for 

two major QTL located on wheat chromosome arm 3AL and 4BL. The two QTL were 
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confirmed as the genomic regions rich of genes involved in the hormone signalling 

pathways. Except for signal transduction genes, many candidate genes participated in 

the PHS regulation as transcription factors, while others were involved in energy 

metabolism. Fine-mapping of the QTL—based on the candidate genes and polymorphic 

markers within the specific genomic region that were identified in this study—may 

pinpoint the core gene(s) responsible for PHS resistance in wheat. 

Future directions for effective breeding of PHS-resistant wheat include: 

a) Stacking possible PHS-resistant QTLs/genes into an elite wheat germplasm to 

produce a super PHS-resistant wheat cultivars. 

b) The targeted 3AL and 4BL QTL harbour core genes related to hormone signalling, 

making them significant genomic regions for gene mining, fine mapping and 

positional cloning. Identifying of the genes underlying these key genomic regions 

will enable the development of functional markers for efficient MAS of PHS-

resistant wheat. 

c) Screening a wider range of wheat germplasm for more markers and genes effective 

for PHS resistance. 

d) Using transgenic approached to test the different candidate genes, for example, 

complementing the low dormancy phenotype of a NIL pair using the high 

dormancy allele. 
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Appendix 4 Table 6. S1 DEGs with noteworthy features and located within the targeted QTL marker interval of Xwmc153 and Xgwm155 (physical 

position of 484402604 - 702961948 bp) 

Gene information Expression difference between DPAs Expression difference between 'R' and 'S' 
isolines 

 

Gene ID 
Descriptio
n 

Physical 
position Function 

Up- or down- 
regulation 25/15 DPA 

Up- or down- 
regulation 35/25 DPA 

Up- or down- 
regulation 35/15 DPA 

R/S at 15 
DPA 

R/S at 25 
DPA 

R/S at 35 
DPA 

Mean 
log2 R/S 

TraesCS3A01G37
1800 

Gene 
cluster 

622277558..6
22279092 BZIP transcription factor    R>S in NIL2   1.21 

TraesCS3A01G37
1900 

Gene 
cluster 

622710006..6
22720242 Protein ABSCISIC ACID-INSENSITIVE 5   Up in NIL2S     

TraesCS3A01G37
2000 

Gene 
cluster 

622718728..6
22720242 ABRE-binding bZIP transcription factor   Up in NIL2S     

TraesCS3A01G37
2100 

Gene 
cluster 

622818413..6
22819925 Protein ABSCISIC ACID-INSENSITIVE 5 Down in NIL2R       

TraesCS3A01G37
2200 

Gene 
cluster 

622899630..6
22901141 Protein ABSCISIC ACID-INSENSITIVE 5 

Up in NIL1S; Down in 
NIL2R Up in NIL2R&S 

Up in NIL1R&S and 
NIL2S     

TraesCS3A01G
461800 SNP 

697453011..6
97457482 F-box domain containing protein  Dwon in NIL2S 

Down in NIL1R&S and 
NIL2R&S   R>S in NIL1 1.47 

TraesCS3A01G
463700 SNP 

698017694..6
98019605 Transmembrane protein 45B 

Up in NIL2R&S and 
NIL1R  

Up in NIL2R&S and 
NIL1R   R>S in NIL1 1.06 

TraesCS3A01G
461100 SNP 

697250150..6
97252803 Succinate dehydrogenase subunit 4 

Down in NIL1S and 
NIL2S  

Down in NIL1S and 
NIL2S     

TraesCS3A01G
462400 SNP 

697559016..6
97561465 

2-oxoglutarate (2OG) and Fe(II)-dependent 
oxygenase superfamily protein 

Down in NIL1R&S and  
NIL2S Down in NIL1R&S Down in NIL1R&S and  NIL2R&S    

TraesCS3A01G
458300 Indel 

695515312..6
95516463 F-box-like protein Down in NIL2R Dwon in NIL1S 

Down in NIL1R&S and 
in NIL2R 

R<S in NIL1 
& NIL2 R<S in NIL2 R<S in NIL2 1.20 

TraesCS3A01G45
8400 Indel 

695531966..6
95533225 

Nucleotide-diphospho-sugar transferases 
superfamily protein 

Down in NIL1S and 
NIL2S Down in NIL1S 

Down in NIL1R&S and 
NIL2R&S     

TraesCS3A01G
449300 Indel 

688689311..6
88693632 

Auxin response factor Down in NIL1R&S and 
NIL2S 

 
Down in NIL1R&S and 
NIL2S 

    

TraesCS3A01G
609800LC Indel 

695657403..6
95658725 Glucose-1-phosphate adenylyltransferase 

Down in NIL1R&S and 
NIL2R&S 

Down in NIL1R&S and 
NIL2R&S 

Down in NIL1R&S and 
NIL2S   R>S in NIL1 1.01 

TraesCS3A01G47
0400 

15 & 25 
DPA 

702420330-
702421817 F-box family protein 

Down in NIL1S & 
NIL2S Down in NIL1S & NIL2S 

Down in NIL1S & 
NIL2S 

R<S in NIL1 
& NIL2 R<S in NIL1 & NIL2 6.80 

TraesCS3A01G28
3700 

25 & 35 
DPA 

512303416-
512304828 Senescence regulator 

Up in NIL1R&S and 
NIL2S 

Up in NIL1R&S and 
NIL2R&S 

Up in NIL1R&S and 
NIL2R&S  

R<S in NIL1 
& NIL2 

R<S in NIL1 
& NIL2 1.48 

TraesCS3A01G30
2600 15 DPA 

536626492..53
6628291 Exocyst complex component, putative Down in NIL1S & NIL2S; Up in NIL2R Up in NIL2R 

R<S in NIL1 
& NIL2   1.98 

TraesCS3A01G46
0300 15 DPA 

696476171..69
6478024  F-box family protein 

Down in NIL1S & 
NIL2S  

Down in NIL1R&S and 
NIL2R&S 

R<S in NIL1 
& NIL2   1.32 

TraesCS3A01G46
9800 15 DPA 

702032287..70
2042405 E3 ubiquitin-protein ligase BRE1-like 2 Down in NIL1R&S Down in NIL1S Down in NIL2R 

R>S in NIL1 
& NIL2   2.14 
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TraesCS3A01G41
8800 25 DPA 

660507889..66
0511337 NRT1/PTR family protein 2.2 

Down in NIL1R&S and 
NIL2S 

Down in NIL1R & 
NIL2R&S 

Down in NIL1R&S and 
NIL2S  R>S in NIL1 & NIL2 1.17 

TraesCS3A01G35
0800 25 DPA 

599384468..59
9386367 Ammonium transporter 

Up in NIL1R&S and 
NIL2S Down in NIL1S Up in NIL1R and NIL2S  R<S in NIL1 & NIL2 2.63 

TraesCS3A01G37
6300 25 DPA 

625238100..62
5243487 Kinase 

Down in NIL1R&S and 
NIL2S Down in NIL1R 

Down in NIL1R&S and 
NIL2S  R>S in NIL1 & NIL2 1.47 

TraesCS3A01G44
8600 25 DPA 

688596498..68
8597889 Basic 7S globulin 2 

Up in NIL1R&S and 
NIL2R&S Down in NIL1R&S 

Up in NIL1R and NIL2R&S, Down in 
NIL1S R<S in NIL1 & NIL2 2.36 

TraesCS3A01G41
6200 35 DPA 

658905125..65
8907061 Pro-resilin UP in NIL1R&S 

Up in NIL1R and NIL2R, 
Down in NIL1S 

UP in NIL1R and 
NIL2R   

R>S in NIL1 
& NIL2 5.94 

TraesCS3A01G35
7600 35 DPA 

605820083..60
5830138 Histone H2B 

Down in NIL1R&S and 
NIL2R&S 

Down in NIL1S and 
NIL2R 

Down in NIL1R&S and 
NIL2R&S   

R<S in NIL1 
& NIL2 4.27 

TraesCS3A01G34
6700 35 DPA 

595961780..59
5966846 Amino acid transporter-like protein 

Up in NIL1R&S and 
NIL2R&S 

Down in NIL1R and 
NIL2R Up in NIL1S and NIL2S   

R<S in NIL1 
& NIL2 2.09 

TraesCS3A01G44
8500 35 DPA 

688591025..68
8591995 

SBP (S-ribonuclease-binding protein) family 
protein, putative Up in NIL2R&S 

Down in NIL1R and 
NIL2R    

R<S in NIL1 
& NIL2 1.28 

TraesCS3A01G38
2600  35 DPA 

632369349..63
2373945 Protein NRT1/ PTR FAMILY 5.5  

Dwon in NIL1S and 
NIL2S Down in NIL2S   

R>S in NIL1 
& NIL2 1.44 

TraesCS3A01G42
2500LC 35 DPA 

524756895..52
4757932 Transcription factor, TCP      

R>S in NIL1 
& NIL2 1.64 

TraesCS3A01G41
3100 35 DPA 

656339197..65
6339942 Cysteine proteinase 

Up in NIL1R&S and 
NIL2S 

UP in NIL2R, Down in 
NIL1S 

Up in NIL1R&S and 
NIL2R&S   

R>S in NIL1 
& NIL2 2.27 

TraesCS3A01G29
9500 35 DPA 

533658326..53
3662665 Cellulose synthase 

Down in NIL1R&S and 
NIL2S Down in NIL1S 

Down in NIL1R&S and 
NIL2S   

R>S in NIL1 
& NIL2 1.14 

TraesCS3A01G43
7700 35 DPA 

681342398..68
1343859 Metacaspase-1 

Up in NIL1R&S and 
NIL2R&S Up in NIL1R and NIL2R 

Up in NIL1R&S and 
NIL2R&S   

R>S in NIL1 
& NIL2 2.95 

TraesCS3A01G39
6200 35 DPA 

643460238..64
3461214  Dehydrin Up in NIL1R Up in NIL2R&S 

Up in NIL1R and 
NIL2R&S   

R>S in NIL1 
& NIL2 1.68 

TraesCS3A01G46
1400 

15 & 25 & 
35 DPA 

697281350-
697284916 Forkhead transcription factor 1 Down in NIL1R Down in NIL1R 

Down in NIL1R and 
NIL2R 

R>S in NIL1 
& NIL2 

R>S in NIL1 
& NIL2 

R>S in NIL1 
& NIL2 5.70 

TraesCS3A01G46
2000 

15 & 25 & 
35 DPA 

697471602-
697474693 B3 domain-containing transcription factor    

R>S in NIL1 
& NIL2 

R>S in NIL1 
& NIL2 

R>S in NIL1 
& NIL2 1.43 

TraesCS3A01G46
6700 

15 & 25& 
35 DPA 

700562650-
700564244 Hydroxyethylthiazole kinase  Down in NIL2R 

Down in NIL2R, Up in 
NIL2S 

R<S in NIL1 
& NIL2 

R<S in NIL1 
& NIL2 

R<S in NIL1 
& NIL2 5.19 

TraesCS3A01G45
9200 

15 & 25 
DPA 

695744627..69
5745649 Leucine-rich repeat receptor-like protein kinase family protein  

Down in NIL1R & 
NIL2R 

R>S in NIL1 
& NIL2 R>S in NIL1 & NIL2 2.14 

TraesCS3A01G24
5000 

25 & 35 
DPA 

458679119-
458682490 Receptor kinase Down in NIL1R Up in NIL2R&S 

Down in NIL1R, Up in 
NIL2S  

R<S in NIL1 
& NIL2 

R<S in NIL1 
& NIL2 4.00 

TraesCS3A01G22
5100 15 DPA 

421719543-
421722510 S-type anion channel Up in NIL2S  Up in NIL2R&S 

R>S in NIL1 
& NIL2   1.74 

Note: 

'Gene cluster' indicates those genes reported to be responsible for seed dormancy very close to each other 

'SNP' and 'Indel' indicate those genes associated with the SNPs and indels respectively 
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'15 & 25 DPA' and '25& 35 DPA' indicate that genes showing significant difference between isolines in both NIL pairs at the 15 & 25 DPA and 

25& 35 DPA respectively 

'25/15', '35/25' and '35/15' indicate the DEGs are based on the comparison of 25 DPA to 15 DPA, 35 DPA to 25 DPA, and 35 DPA to 15 DPA, 

respectively 

'R>S' indicates the DEGs that the genes were expressed significantly higher in the resistant isolines, and R<S indicates that the genes were 

expressed significantly higher in the susceptible isolines.  

'log2' indicates the mean log2 ratio fold change of the DEG comparison between isolines of all the NIL pairs. 

Bold font genes are the five candidate genes identified in this study, as listed in Table 2. 
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