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Abstract 
 
Water stress is one of the most significant abiotic constraints in crop production. Wheat grown 

under rainfed farming systems often experiences water stress during the reproductive stage - a 

highly water-sensitive phase. Water stress during meiosis reduces seed set which eventually 

results in grain yield loss. An increase in grain yield may be achieved through breeding of 

wheat cultivars resistant to water stress during meiosis. This study investigated the genetic 

variability and inheritance of seed set under water stress and non-stress conditions during 

meiosis. Plants were water stressed for a short period at meiosis. Four experiments were 

conducted under controlled environmental conditions. 

The first experiment (Chapter 3) examined genetic variability of seed set under water stress 

during meiosis on 46 wheat cultivars originating from different wheat growing regions of the 

world. Highly significant reduction in seed set was observed under water stress treatment 

compared with the control. The reduction varied from 6% to 48% for different genotypes. 

Thirteen contrasting genotypes were selected from the 46 cultivars to investigate the 

contribution of female and male reproductive parts on seed set due to water stress during 

meiosis. Cross-pollinations of stressed pollen on non-stressed stigma, non-stressed pollen on 

stressed stigma and non-stressed pollen on non-stressed stigma were performed by hand. 

Among the 13 genotypes screened, stressed male part was identified as the main contributor to 

low seed set for 9 genotypes. For the remaining 4 genotypes, stressed female part was the 

predominant contributor to low seed set. This outcome contradicted previous claims that the 

male part was the sole contributor to low seed set when wheat plants were exposed to water 

stress during the reproductive stage and the female reproductive part as being resilient. Our 

result, for the first time, strongly suggested that both male and female reproductive organs were 

responsible for low seed set and yield reduction when water stress occurred during the meiotic 

process. 
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Based on the results of the first experiment, four wheat genotypes with contrasting seed set 

performance were used in a 4 ×4 full-diallel cross analysis. Analysis of variance showed highly 

significant differences among the parental selfs, direct F1s and reciprocal F1 progenies. Highly 

significant and predominant general combining ability (GCA) values, and high narrow-sense 

heritability (73%) were observed which indicated that additive gene effects were the major 

contributors to seed set in wheat exposed to water stress during meiosis. The study suggested 

that crosses involving wheat genotypes with high GCA values would be effective for breeding 

wheat genotypes with high yields when exposed to water stress during meiosis. 

The third experiment (Chapter 5) studied quantitative trait loci (QTL) controlling seed set/grain 

number per spike of a recombinant inbred line (RIL) population, Synthetic W7984 × Opata 

M85 when exposed to water stress during meiosis. Two major QTLs in an adjacent genomic 

region on chromosome 5AL (Q.Gnu.uwa-5A-1 and Q.Gnu.uwa-5A-2) were detected under 

water stress treatment. The two QTLs explained a combined 51% of phenotypic variation under 

water stress during meiosis. Synthetic W7984 parent was the source of favourable alleles for 

the QTLs. One QTL located on chromosome 2A (Q.Gnu.uwa-2A) was also detected for grain 

number per spike under non-stress conditions. 

The two major 5AL QTL from the Synthetic W7984 parent were validated in two F4 lines, 

Synthetic W7984 × Lang and Synthetic W7984 × Westonia in the fourth experiment (Chapter 

5). A microfluidic electrophoretic analysis system was used for genotyping the two validation 

populations using four closely linked SSR markers, Xbarc151, Xbarc230, Xbarc319 and 

Xgwm666, linked to the identified QTL that were associated with high grain number under 

water stress during meiosis. The result indicated that closely linked SSR markers Xbarc230 

and Xbarc319 could potentially be used for marker-assisted selections for high seed set in 

wheat breeding.
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This research identified considerable genetic variability for seed set among different wheat 

genotypes under water stress conditions during meiosis. The studies also revealed, for the first 

time, that both male and female reproductive parts contributed to grain yield reduction in wheat 

plants exposed to water stress during meiosis. The highly significant GCA, high narrow-sense 

heritability and the two identified and validated major QTLs/markers associated with seed 

set/grain number indicated the potential of marker-assisted selection (MAS) to improve wheat 

yield under water stress during meiosis. 



 

vii 
 

Acknowledgements 
 
My profound gratitude goes to my coordinating supervisor Professor Guijun Yan for his 

exceptional guidance, patience and constructive criticism throughout my candidature. Thank 

you for giving me the chance to come to Australia and for the timely encouraging words. I am 

grateful to my co-supervisor Hackett Professor Kadambot Siddique for his advice and support, 

and who, despite his numerous global commitments and research work, always found time to 

guide me throughout the duration of my program. Sincere thanks to my co-supervisor Dr Hui 

Liu for her unreserved assistance and encouragement.  

 

I am thankful to all the friendly and supportive staff of School of Agriculture and Environment, 

UWA institute of Agriculture, UWA glasshouse management, The University of Western 

Australia. I acknowledge all my office mates, research team mates, so many of you to name, 

thank you for the great 4 years together and all those who have assisted me throughout the PhD 

programme. 

 

My parents, parents-in-law, siblings, and friends, thank you for your love and support. My 

husband Aloysius Ogbonnaya, thank you for your love and encouragement to pursue my 

dreams. I wouldn’t have completed this journey without your immense assistance.   

 

I am most grateful to the Almighty God for the wonderful privilege of being able to commence 

and complete this programme.  

 



 

viii 
 

Dedication 

I dedicate this thesis to every woman and man, who, against all odds, find the courage to 

strive to survive and to pursue their dreams. 

 





 

x 
 

Details of the work:  

Ifeyinwa Onyemaobi, Habtamu Ayalew, Hui Liu, Kadambot H.M Siddique, Guijun Yan 

Identification and validation of a major chromosome region for high grain number under 

meiotic stage water stress in wheat (Triticum aestivum L.) (accepted for publication in 

PLOS One journal) 

Location in thesis: 
Chapter 5 
 

Student contribution to work: 
85% 
 

Co-author signatures and dates: 

 

 

Student signature:

Date:  

I, Professor Guijun Yan, certify that the student statements regarding their contribution to 

each of the works listed above are correct 

Coordinating supervisor signature:

Date:  

 



 

xi 
 

Table of Contents 

Thesis Declaration…………………………………………………………………………iii 

Abstract……………………………………………………………………………………. iv 

Acknowledgements………………………………………………………………….……..vii 

Dedication………………………………………………………………………….……….viii 

Authorship declaration…………………………………………………………….………....ix 

Table of contents………………………...………………………………………………..….xi 

List of figures…………………………………………………………………………….…..xiv 

List of tables……………………………………………………………………………...…xvii 

List of abbreviations……………………………………………………………………...….xix 

Chapter 1 General Introduction …………………………………………….……………..1 

1.1 Background…………………………………………………………………….…1 

1.2 Objective of the research…………………………………………………………3 

1.3 Thesis outline…………………………………………………………………….4 

Chapter 2: Literature Review…………………………………….……………………….6 

2.1 Wheat…………………………………………………………………………....6 

2.1.1 Taxonomy of wheat......………………………………………….….6 

2.1.2 Geographical origin of wheat……………………………………….7 

2.1.3 Economic importance of bread wheat……………………………... 10 

2.2 Wheat production………………………………………………………………. 10 

2.2.1 Global wheat production………………………………………...…. 10 

2.2.2 Wheat production in Australia…………………………………..…. 12 

2.2.3 Wheat production constraints………………………………………. 13 

2.2.4 Wheat production constraints in Western Australia……………….. 15 



 

xii 
 

2.3 Water stress during meiosis………………………………………………..........16 

2.4  Grain yield……………………………………………………………………...16 

2.5 Water-stress resistance………………………………………………………….18 

2.5.1 Breeding water-stress resistance in wheat…………………………. 19 

2.5.2 Genetic variability and inheritance…………………………………19 

2.5.3 Combining abilities and heterosis…………………………………. 20 

2.6 Molecular breeding…………………………………………………………..... 21 

2.6.1 Importance…………………………………………………………. 21 

2.6.2 Genetic markers……………………………………………………. 22 

2.6.3 Genetic linkage maps……………………………………………… 24 

2.6.4 QTL mapping……………………………………………………… 24 

2.6.5 Detection of QTL………………………………………………….. 26 

2.6.6 QTL mapping for water-stress resistance in wheat……………….. 27 

2.6.7 Marker-assisted selection…………………………………………. 29 

Chapter 3: Both male and female malfunction contributes to yield reduction under water 

       Stress during meiosis in bread wheat ……………………………............... 30 

 3.1 Abstract……… ………………………………………………………………. 30 

 3.2 Introduction…………………………………………………………………… 30 

 3.3 Materials and methods………………………………………………………… 32 

 3.4 Data analysis……………………………………………………………………37 

 3.5 Results…………………………………………………………………………..37 

 3.6 Discussion………………………………………………………………………47 

Chapter 4: Gene actions affecting seed set in bread wheat (Triticum aestivum L.) exposed 

       to water stress during meiosis ………………………..………………….... 52



 

xiii 
 

4.1 Abstract……… ………………………………………………………………… 52 

 4.2 Introduction………………………………………………………………………52 

 4.3 Materials and methods…………………………………………………………...54 

 4.4 Data analysis……………………………………………………………………..56 

 4.5 Results……………………………………………………………………………57 

 4.6 Discussion……………………………………………………………………..... 67 

Chapter 5: Identification and validation of a major chromosome region for high grain 

number per spike under meiotic stage water stress in wheat 

(Triticum aestivum L.)…………………………………………………………..71 

5.1 Abstract………...………..………………………………………………………. 71 

 5.2 Introduction………………………………………………………………………72 

 5.3 Materials and methods……………..……………………………………………..74 

 5.4 Data analysis………...……………………………………………………………76 

 5.5 Results……………...…………………………………………………………….80 

 5.6 Discussion……………..…………………………………………………………90 

Chapter 6: General discussion. …………………………………………………………...94 

6.1 Introduction……………………………………………………………………...94 

6.2 Genetic variability for water stress resistance during meiosis…………………..95 

6.3 Contributions of the male and female reproductive structures to yield reduction in 

different wheat genotypes………………………………………………………..95 

6.4 Gene actions controlling grain number under water stress during meiosis……….97 

6.5 QTL identification and validation under water stress conditions…………….…..98 

6.6  Future directions of meiotic-stage water stress research…………………………99 

References………………………………………………………………………………….101 

Appendix 1…………………………………………………………………………………130 

Appendix 2…………………………………………………………………………………142 

Appendix 3………………………………………………………………………………....156 

 

 



 

xiv 
 

List of figures 
 
Figure 2.1 World wheat production and yield from 1961 to 2014 (FAO 2017).…………..…11 

Figure 2.2 Wheat growing regions (grain belt) in Australia (Fischer et al 2014) …..………..13 

Figure 2.3 World regions with Mediterranean climate from NCERT Geography 

            (https://www.pmfias.com/wp-content/uploads/2016/01/Mediterranean-Climate- 

Western-Margin-Climate-West-Coast-Climate.jpg) ...................................................14 

Figure 3.1 Correlation of auricle distance (AD) to meiosis stage in wheat. (a) AD = ~3 cm 

                  when meiosis started for most genotypes; (b) AD = ~12 cm when meiosis ended for 

                  most genotypes; (c) Microscopic examination of anthers at AD <3 cm showing 

                  plant mother cells (the lightly-stained large cells in the middle) before meiosis; (d) 

                  & (e) Microscopic examinations of anthers at AD between 3 and 12 cm, showing  

                  cells (d) at different meiotic stages and (e) having just finished meiosis; (f)  

                  Microscopic examination of anthers at AD ≥12 cm, showing pollens that had lready  

                  formed. Bars = 50 µm…………………………………………………………..35 

Figure 3.2 List of treatment groups and crosses performed. Water-stressed female and male 

                  parts are shaded in grey………………………………………………………….36 

Figure 3.3 Change in the soil water content (SWC) [% of field capacity (FC)] with time (days) 

     for non-stressed (upper line) and water stressed (lower line) treatment after watering  

     was withheld for 7 days. Values are means; error bars are standard errors of the 

     mean………………………………………………………………………………38 

Figure 3.4 Seed set in 46 wheat genotypes under water-stressed and non-stressed (control)  

                  conditions. Values are means; error bars are standard errors of the means……..40 

Figure 3.5. Seed set (%) in 13 wheat genotypes screened under treatments of non-stressed 

                   (control), water-stressed female parts (pistil) and water-stressed male parts 

                   (pollen). Values shown are means; error bars are standard errors of the means. 



 

xv 
 

                    ANOVA indicated significant differences at the p<0.01 level for all treatment  

                    groups………………………………………………………………………....42 

 Figure 3.6 Seed set performance in selected wheat genotypes under different treatment  

                  conditions. Values shown are means, and error bars are standard errors of the  

                 means. **genotypes whose water-stressed female reproductive part predominantly 

                 contributed to low seed set while those without asterisk are genotypes whose water- 

                 stressed male reproductive part was the major contributor to low seed set………44 

Figure 3.7 Proposed model for signal induction and transduction in response to meiotic-stage  

                  water stress in wheat………………………………………………………….…49 

Figure 4.1. Parent–offspring covariance (Wr) plotted against parental variance (Vr) for seed  

                   set in a 4 × 4 full diallel cross of wheat genotypes exposed to water stress during  

                   meiosis. The arrangement of parental genotypes along the Wr/Vr regression line 

                   indicates the varying distribution of dominant and recessive genes among the 

                   parents. The parabola Wr2 = Vr*Vp limits all the data points. Vp = parental 

                   variance………………………………………………………………………..65 

Figure 4.2. Relationship between (Wr + Vr) values (sum of covariance between parental and 

    their progeny (Wr) and the variance of all the progenies in each parental array (Vr))  

    and parental means (Vp) for seed set measured in a 4 x 4 diallel mating scheme…66 

Figure 5.1 Frequency distribution of phenotypic variation for wheat grain number per spike  

among 105 RILs under (a) control (normal watering) and (b) water stress during 

meiosis. Grain number per spike for Synthetic W7984 and Opata M85 parental lines 

under control and water-stressed conditions are indicated by arrows. Values shown 

are means…………………………………………………………………………81 

Figure 5.2 QTLs identified in the Synthetic W7984 × Opata M85 RIL population which were  



 

xvi 
 

associated with grain number per spike (a) under water stress during meiosis, 

located on chromosome 5A and (b) under normal watering, located on 

chromosome 2A using composite interval mapping. The horizontal bars indicate 

the significant LOD thresholds for the QTL detection which was set at ≥ 2.5 for 

both treatments.………………………………………………………………...85 

Figure 5.3 Electropherogram of PCR products of marker Xbarc230 and Xbarc319 from F2:4 

Synthetic × Westonia lines exposed to water stress during meiosis. The calculated 

molecular weight (bp) of PCR product (peaks) is displayed, the black arrows point 

to amplified fragment sizes (a) indicates an F2:4 plant with the alleles of both 

Synthetic W7984 and Westonia parental lines for SSR marker Xbarc230 (b) 

indicates an F2:4 plant amplified by SSR marker Xbarc319 and possessing the allele 

of Lang parental line alone……………………………………………………….88 

Figure 5.4 Validation of SSR markers Xbarc230 and Xbarc319 associated with the identified  

QTL for grain number per spike under water stress during meiosis. (a) and (c) 

indicate F2:4 lines homozygous for Xbarc230 marker alleles from Synthetic W7984 

and Lang parental lines, (b) and (d) indicate F2:4 lines homozygous for Xbarc319 

marker alleles from Synthetic W7984 and Westonia parental lines. Values shown 

are means and error bars are standard errors of the means. Two-sample t-test 

revealed that under water stress during meiosis, the mean difference in grain number 

per spike between the allele combination groups in different F2:4 validation 

populations was statistically significant (P ≤ 0.05) for both Xbarc230 and Xbarc319 

marker alleles…………………………………………….………………………89 

 



 

xvii 
 

List of tables 
 

Table 2.1 Phylogenetics & geographical origin of wheat (Sharma 2008; Goncharov 2009; 

                Monneveux et al 2012) .................………………………………..……………….8 

Table 2.2 Top wheat-producing nations, total production, yield and area harvested in  

                  2014/2015 cropping season (FAO 2017)………….....………………………….12 

Table 2.3 Yield-related QTL identified for water-stress resistance in wheat………….……28 

Table 3.1. Names and origins of the 46 wheat genotypes…………….……………………..33 

Table 3.2. Correlation of seed set (SES), ear dry weight (EDW), flag leaf width (FLW), plant 

                   height (PHT), number of nodes per plant (NON) and flag leaf length (FLL) under  

                   non-stressed, water-stressed female (pistil) and water-stressed male (pollen)  

                   treatments….…………………………………………………………………….46 

Table 4.1. Mean values for seed set of parental selfs, direct F1s and reciprocal F1 progenies  

                  from a 4 × 4 full diallel cross of wheat genotypes exposed to water stress during 

                   meiosis………………………………………………………………………..…59 

Table 4.2. The general combining abilities (GCA) and specific combining abilities (SCA) on 

                   parental selfs, direct F1s and reciprocal F1s from a 4 × 4 full diallel cross in four  

                   wheat genotypes exposed to water stress during meiosis. The components of  

                   variance are based on Griffing’s method I, model I diallel analysis…….…..…61 

Table 4.3. Analysis of variance of genetic components from a 4 × 4 full diallel cross in wheat  

                  genotypes exposed to water stress during meiosis. The components of variance are 

                  based on Hayman’s diallel analysis method…….……………………………...63 

Table 4.4. Analysis of variance on (Wr - Vr) and (Wr + Vr) values to test the validity of  

                  additive/dominance model for the inheritance of seed set under water stress during  

                   meiosis from a 4 x 4 full diallel cross in wheat genotypes…………………….64 



 

xviii 
 

Table 4.5. Estimate of genetic variance components for seed set in wheat genotypes exposed 

                to water stress during meiosis from a 4 × 4 full diallel cross……………….…..67 

Table 5.1. Mean squares, genotypic and phenotypic coefficients of variation, and broad sense 

heritability of wheat grain number per spike under water stress during meiosis and 

normal growth conditions (control). MSg: mean square of genotype; MSe: mean 

square of random error; δg2: estimated genetic variance; δe2: estimated error 

variance; δp2: estimated phenotypic variance; H2: broad sense heritability. 

** indicates significant difference at P < 0.01……………….…………………..82 

Table 5.2 Genetic characteristics of major QTL associated with grain number per spike in the 

Synthetic W7984 × Opata M85 RIL population. QTL was detected by composite 

interval mapping. QTL peak position (cM) is based on linkage between markers from 

the Synthetic W7984 × Opata M85 molecular linkage map constructed by Song et 

al., 2005. Selected flanking markers includes SSR markers on both sides of the QTL 

peak with 1 LOD score reduction relative to the peak marker. All QTL were detected 

at LOD ≥ 2.5 threshold following 1,000 permutations, the percent phenotypic 

variance (R2 %) and size of the additive effect are also presented……..…………84 

Table 5.3 Fragment size of the two SSR markers, with polymorphism among the parents,  

associated with the identified QTL for grain number per spike under water stress in     

three parental lines, Synthetic W7984, Lang and Westonia………………….…...86 

 



 

xix 
 

List of abbreviations 
 
a Additive genetic effects 

AFLP Amplified fragment length polymorphism 

ANOVA Analysis of variance 

b Dominance genetic effects 

b1 Dominance deviation difference between parental and progeny means 

b2 Asymmetry of gene distribution at loci exhibiting dominance  

b3 Measure of dominance deviation unique to each F2 progeny 

BC Backcross populations 

c Variance due to maternal differences 

cM CentiMorgans 

CIM Composite interval mapping 

D Variation due to additive genetic effect 

DArt Diversity array technology 

DHLs Double haploid line 

DNA Deoxyribonucleic acid 

ESTs Expressed sequence tags 

F1 First filial generation, produced by crossing two parental lines 

F2 Second filial generation, produced by selfing the F1 

F3 Third filial generation, produced by selfing the F2 

GCA General combining ability 

H2 Broad-sense heritability 

H1 Variation due to dominance genetic effect 

H2 Dominance indicating asymmetry of gene effect 



 

xx 
 

h2 Narrow-sense heritability 

H2/4H1 Mean degree of dominance 

(H1/D)1/2 Average gene frequency over all loci 

ITMI International Triticeae Mapping Initiative 

KD/KR Ratio of dominant and recessive genes in parents 

LOD Logarithm of odds 

MAS  Marker assisted selection 

PCR Polymerase chain reaction 

QTL Quantitative trait locus 

RAPD Random amplified polymorphic DNA 

RFLP Restriction fragment length polymorphism 

RIL Recombinant inbred line 

SCA Specific combining ability 

SNP Single nucleotide polymorphism 

SSR Simple sequence repeat 

STS 

TILLING 

Vp 

Sequence tagged sites 

Targeting induced local lesion in genomes 

Variance of inbred parents 

Vr Variance of all array means 

Wr Covariance between parental and F2 hybrid 

 

 



 

xxi 
 

This page is intentionally left blank 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

1 
 

Chapter 1:                                              General introduction  

1.1 Background 

Wheat (Triticum aestivum L.) is one of the earliest domesticated crops. It is a major staple food 

for around 40% of the world’s population (Kuzmanović et al., 2014). Wheat provides about 

20% of the calorific input for the global population and, for cereal crops has the third highest 

global production after maize and rice (FAO., 2014) Wheat is widely cultivated in various 

regions of the world, being well suited for growth in regions between latitudes of 30° and 60° 

N and 27° and 40° S (Curtis, 2002).  

Global wheat production and productivity have been on the increase since the Green 

Revolution. For instance, global wheat production was 246 million metric tonnes (Mt) in 

the1960/1961 cropping season, 585 Mt in 2000/2001 and 739 Mt in 2015/2016 (USDA, 2017). 

However, current wheat production does not meet global demand due to the declining arable 

land area, rising global population, and the effects of climate change on the environment 

(Tester and Langridge, 2010, Altieri and Nicholls, 2017).  

Australia is one of the largest exporters of wheat contributing about 10–15% to the 100 million 

tonnes annual global wheat trade. More than half of the arable land in Australia is used for 

wheat production, 40% of which is situated in southern and western cropping regions 

(ABARES, 2013).  

Western Australia (WA) is a major wheat exporting region in Australia, with 95% of its wheat 

exported to Asia and the Middle East (Wilkinson, 2017). However, wheat production in 

Australia and other regions is constrained by biotic and abiotic stress factors; one of the most 

common abiotic factors is water stress, which can reduce yields by more than 50% (Slafer and 

Araus, 2007, Pinto et al., 2010, ABARES, 2013). Water stress significantly reduced wheat 

yields in the 1994/1995, 2002/2003 and 2006/2007 cropping seasons in Australia (Productivity 

Commission 2010). In 2006/2007, Australian wheat crops suffered severe water stress, 
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reducing total production to about 9.8 million tonnes, being 15.5 million tonnes less than the 

previous year (ABARES, 2007).  

Water stress is a major environmental constraint limiting crop growth and grain yield around 

the world (Balouchi, 2010). The effect of water stress can be manifested at different growth 

stages including germination, seedling growth, vegetative and reproductive stages, and grain 

maturity. However, the impact of water stress on grain yield depends on the growth stage that 

a crop encounters the stress (Kirby and Appleyard, 1987, Saini and Westgate, 1999). Most 

wheat growing areas in Australia have a Mediterranean-type climate, where crops are grown 

mostly under current season rainfall or on stored soil moisture from a from a pre-planting rainy 

season (Loss and Siddique, 1994). Crops grown in typical Mediterranean climates often 

experience frequent water stress at the end of season, often coinciding with the reproductive 

and grain-filling phases (Turner and Begg, 1981, Turner and Asseng, 2005, Farooq et al., 

2014). The reproductive process is highly sensitive to water stress because it involves many 

processes that are susceptible to any change in water status (Saini and Westgate, 1999).  

The reproductive phase of wheat development consists of several processes which include 

floral initiation, meiosis, pollination, fertilisation, grain initiation, and grain development 

(Saini and Westgate, 1999). Meiosis in wheat occurs during spikelet and floret development 

within a very short time-frame (~24 h), and any irregularity in the cellular events results in 

sterility, reduced ear and spikelet numbers, and low grain (Bennett et al., 1971, Kirby and 

Appleyard, 1987, Barnabás et al., 2008). Water stress during meiosis has a more adverse effect 

on male reproductive structures than female reproductive structures (Saini and Aspinall, 1981, 

Saini, 1997, Ji et al., 2010). However, studies on the contribution of female reproductive 

structures to yield reductions in wheat plants exposed to water stress during meiosis are limited.  

Concerns about erratic rainfall distribution and the need to improve and maintain yield stability 

explicate the need to select and breed wheat genotypes that are well adapted to a Mediterranean 
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environment. Genetic variability for water stress tolerance during different developmental 

stages and under the same environmental conditions have been reported; this highlights the 

importance of using genetic diversity as an underlying factor for breeding research on water 

stress in wheat (Fleury et al., 2010). The screening of wheat genotypes with different genetic 

responses to water stress during reproduction, and specifically during meiosis, would assist in 

identifying how this unique development process is affected by water stress and its contribution 

to grain yield. 

Identification of new sources of genes/genotypes tolerant to water stress during meiosis and 

pyramiding these genes into an elite cultivar would be effective and important for maintaining 

productivity under water stress, adapting to prevailing environmental conditions and, 

ultimately, increasing yield. Screening for water stress during meiosis is a challenging activity 

to routinely perform over a large number of genotypes. It is further complicated by the fact that 

during meiosis in wheat, the developing ears are not visible, being completely covered by the 

shoot sheaths. Identifying molecular markers that are closely associated with grain number 

under water stress during meiosis would make selection and gene pyramiding more efficient. 

A reliable marker trait association established with a sizable quantitative trait locus (QTL) 

/gene effect could then be used to track down progenies and record their yield performance. 

 

1.2 Objective of the research 

The overall objectives of this research project were to (1) identify wheat genotypes with high 

tolerance to water stress during meiosis, (2) map QTL and identify molecular markers for 

marker assisted breeding, and (3) understand the genetic mechanism of water stress tolerance 

during meiosis. To achieve this, the following steps were taken:  

• Select and screen wheat genotypes from various wheat growing regions to investigate the 

effect of water stress during meiosis on seed set.  
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• Investigate the effect of water stress during meiosis on female and male reproductive parts 

and their contributions to yield gain/reductions.  

• Identify lines with high specific and general combining abilities and examine the nature of 

gene inheritance and actions using a full diallel cross analysis.  

• Identify QTL associated with grain number under non-stress and water stress during meiosis.  

• Use a faster and more efficient microfluidic electrophoretic device to validate identified 

markers for marker assisted selections (MAS). 

  

1.3 Thesis outline 

The results of this project research are presented in six chapters: general introduction, literature 

review, three major research chapters, and general discussion, and conclusion. 

Chapter 1 provides the general background and rationale behind the study.  

Chapter 2 presents a brief literature on wheat review including its origin, production and 

constraints, reproductive and meiotic processes, the adverse impact of water stress, and 

breeding for water stress tolerance.  

Chapter 3 contains two experiments. The first is a phenotypic evaluation and identification of 

wheat genotypes with high seed set when exposed to water stress during meiosis for 

downstream genetic analysis. The second experiment describes the contributions of male and 

female reproductive structures to seed set/yield reductions under water stress during meiosis. 

Wheat genotypes collected from regions with a Mediterranean environment and from the rest 

of the world were evaluated for water stress tolerance. Wheat genotypes that were extremely 

resistant/susceptible to water stress during meiosis were identified and used for crossing.  

Chapter 4 describes the genetic control of seed set when wheat plants are exposed to water 

stress during meiosis as revealed by a 4×4 full diallel cross analysis. This study identified that 
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additive gene effects are the major contributors to seed set in wheat exposed to water stress 

during meiosis.  

Chapter 5 describes the use of a recombinant inbred line (RIL) mapping population to identify 

QTL associated with grain number when wheat plants were exposed to water stress during 

meiosis. In this study, one chromosome region on 5AL harbouring two major QTLs for grain 

number was detected under water stress, and the closest markers were used to validate the 

phenotypic effect of the identified QTL in other wheat populations. The validated markers have 

potential for MAS. 

Chapter 6 discusses the significant findings of this research and their implications for further 

studies.  
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Chapter 2:                                              Literature Review  

2.1 Wheat  

2.1.1. Taxonomy of wheat 

Wheat belongs to the genus Triticum, tribe Triticeae in the grass family Poaceae (Percival, 

1921, Riley, 1965). It was first classified by Carl Linnaeus in 1753. The Triticeae tribe contains 

more than 15 genera and many domesticated species including barley and rye (Sears, 1969, 

Miller, 1987, Caligari and Brandham, 2001). Wheat is separated into three groups; each with 

different chromosome number sets (genomes). Diploids have 14, tetraploids have 28 and 

hexaploids have 42 chromosomes (Sakamura, 1918, Tadesse et al., 2016).  

Diploid einkorn wheat, T. monococcum var. monococcum was domesticated directly from its 

wild form, T. monococcum var. aegilopoides (2n = 2x = 14). Wild tetraploid emmer wheat T. 

dicoccoides arose from hybridisation between T. urartu (2n = 2x = 14) and the B genome 

ancestor Aegilops speltoides (2n = 2x = 14, AA). Speciation of T. dicoccoides produced the 

cultivated tetraploid emmer wheat T. dicoccum (2n = 2x = 28) (Dvorak and Akhunov, 2005, 

Feldman and Levy, 2005). A second hybridisation between the new tetraploid and a third 

diploid species A. tauschii (the D genome donor) produced a hexaploid wheat (2n = 2x = 42, 

AuAuBBDD) (Kimber and Sears, 1987, Dvorak et al., 1998).  The hexaploid species T. 

zhukovskyi (2n = 6x = 42, AuAuAbAbGG) arose from hybridisation and chromosome doubling 

between the hybrid T. timopheevii (2n = 4x = 28, AuAuGG) and T. monococcum var. 

hornemanni (2n = 2x = 14, AbAb) (Nevo, 2011). Triticum zhukovskyi is the first hexaploid 

wheat with a genomic constitution that differs from the common wheat genome (AABBDD) 

(Upadhya and Swaminathan, 1963). 
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2.1.2. Geographical origin of wheat 

Wheat was one of the first domesticated food crops and is adapted to a wide range of climatic 

conditions (Zohary and Hopf, 2000, Feldman and Kislev, 2007). There are three main groups 

of wheat —einkorn, emmer and dinkel—based on their morphology (Sharma, 2008) (Table 

2.1).  

Wild forms of einkorn wheat (T. aegilopoides and T. urartu) are widely distributed in the 

Middle East. The earliest cultivated diploid einkorn wheat (T. monococcum L., 2n = 2x = 14) 

is believed to have originated from south-eastern Turkey (Heun et al., 1997, Zohary, 1999, 

Dvorak et al., 2011). 

Wild tetraploid emmer wheat (T. turgidum subsp. Dicoccoides) is endemic to Israel, Lebanon, 

Palestine and Syria, while another species (T. timopheevii subsp. Armeniacum) is widely 

distributed in Armenia and Azerbaijan (Heun et al., 1997, Dubcovsky and Dvorak, 2007). 

Tetraploid durum wheat (T. durum), is the second most important wheat in the world. It is well-

adapted to and widely cultivated in Mediterranean coastal regions (Nachit, 1992, Sharma, 

2008). Evidence of T. dicoccum dating back to 7,500 BC has been found at several 

archaeological sites in Syria (Zohary, 1999).  

 In contrast to diploid and tetraploid wheats, there is no wild counterpart of hexaploid wheat 

(T. aestivum) making it a classic example of evolution by polyploidy (Nevo, 2011). 

Archaeological remains of the crop have been found in Jordan, Syria and Turkey (Pasternak, 

1998, Monneveux et al., 2012). Triticum aestivum is thought to have originated along the 

Fertile Crescent, evolving over 10,000 years ago from the already domesticated tetraploid T. 

turgidumand Aegilops tauschii (Harlan and Zohary, 1966, Nevo, 2011).  
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Table 2.1 Phylogenetics & geographical origin of wheat (Sharma, 2008, Goncharov et al., 2009, Monneveux et al., 2012). 
Section Group of species Species Common name Origin & regions of cultivation 2n Genomes 

Monococcum Dum. Hulled T. monococcum L. Einkorn Mountainous areas (Turkey, Morocco, 
France) 

14 Ab 

  T. boeoticum Boiss.   14 Ab 
  T. urartu Tum. ex Gandil. Wild einkorn Widely distributed in the Middle East 14 Au 

 Naked diploid T. sinskajae A. Filat et Kurk   14 Ab 

Dicoccoides Flaksb Hulled T. dicoccoides (Körn. ex Asch. & Graebner) Thell Wild emmer Israel, Lebanon, Palestine, Syria 28 BAu 

  T. dicoccum (Schrank ex Schübler) Thell.  Emmer Syria, Turkey, Yemen, Morocco, Spain,   28 BAu 

  T. karamyschevii Nevski   28 BAu 

  T. ispahanicum Heslot   28 BAu 

 Naked tetraploids T. turgidum L. Poulard Mediterranean coastal regions 28 BAu 

  T. durum (Desf) Husnot Durum Mediterranean coastal regions 28 BAu 

  T. turanicum (Jakubz) Á. Löve & D. Löve Khorassan  28 BAu 

  T. polonicum (L.) Thell  Polish Mediterranean coastal regions 28 BAu 

  T. carthlicum (Nevski) Á. Löve & D. Löve Persian  28 BAu 

  T. ethiopianicum Jakubz Ethiopian Ethiopia 28 BAu 

  T. paleocolchicum (Menabde) Á. Löve & D. Löve   28 BAu 

Timopheevi A. Filat Hulled T. timopheevii (Zhuk) Zhuk Cultivated timopheevi Georgia 28 GAu 

  T. armeniacum (Jakubz) van Slageren  Wild timopheevi Armenia, Azerbaijan 28 GAu 

  T. zhukovskyi Menabde et Erizjan Zanduri  42 GAuAb 

Triticum Hulled T. spelta (L) Thell.  Dinkel/spelt Northern & Central Europe 42 BAuD 

  T. macha (Dekapr. et Menabde) MacKey  Caucasus regions 42 BAuD 

  T. vavilovii (Tum.) Jakubz   42 BAuD 

 Naked hexaploid T. aestivum L. Bread/common Global cultivation 42 BAuD 
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  T. compactum (Host) Mackey Club Alpine regions, Southern Europe 42 BAuD 

  T. sphaerococcum (Percival) MacKey Indian dwarf India 42 BAuD 

Compositum N. 
Gontsch 

Hulled T. palmovae G. Ivanov (syn. T. erebuni Gandil.)   28 DAb(DAu) 

  T. dimococcum Schieman et Staudt   42 BAuAb 

  T. kiharae Dorof. et Migusch   42 GAuD 
  T. soveticum Zhebrak   56 BAuGAu 

  T. borisii Zhebrak   70 BAuDGAu 

 Naked octoploid T. flaksbergeri Navr.   56 GAuBAu 
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2.1.3 Economic importance of bread wheat 

Cultivated wheat is mostly composed of hexaploid bread wheat (T. aestivum 2n = 6x = 42) and 

tetraploid durum wheat (T. durum 2n = 4x = 28).  More than 90% of cultivated wheat 

production is T. aestivum while durum wheat accounts for only 5% (Tadesse et al., 2016).  

Bread wheat provides more nourishment for humans than any other food source, contributing 

about 19% of the calories and 21% of the protein needs of global daily human dietary 

requirements (Braun et al., 2010, Shiferaw et al., 2013). It is a major dietary component because 

of its broad agronomic adaptability, ease of grain storage, and ease of converting wheat grain 

into flour for making a variety of palatable and satisfying foods (Curtis, 2002).  

In terms of annual production, bread wheat is the third most important cereal crop next to maize 

(Zea mays L.) and rice (Oryza sativa L.) (FAO, 2014). It is also the most economically 

important and traded agricultural commodity of the three major cereal food crops (Oleson, 

1994, Curtis, 2002). Wheat had a trading volume of 166.7 million tonnes (Mt) for the 

2015/2016 cropping season compared to 41.6 Mt for rice and an estimated 135.5 Mt for maize 

(FAO, 2017).  

 

2.2 Wheat production 

2.2.1 Global wheat production  

Wheat is a staple food for 40% of the global population (Shiferaw et al., 2013). The global 

demand for wheat is growing rapidly in line with the increasing in world population, which is 

estimated to be 9.7 billion in 2050 

(http://www.un.org/en/development/desa/news/population/2015-report.html).  

World wheat production has significantly increased over the years. According to FAO (2017), 

about 729.0 Mt of wheat was produced in 2014 at a productivity level of 3.3 t/ha, a significant 
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increase since 1961, which produced 222 Mt at a productivity level of 1.1 t/ha (Fig. 2.1). 

Sustained global growth in wheat productivity is important as it will enhance the long-term  

welfare and income of many individuals in the agricultural sector as well as help address food 

security issues. 

 

Figure 2.1 World wheat production and yield from 1961 to 2014 (FAO, 2017). 

 

Table 2.2 contains a list of the major wheat−producing countries, along with information on 

production, yield and area harvested for the 2014/2015 season. India had the largest land area 

devoted to wheat production, followed by China (Mainland) and Russia.  
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Table 2.2 Top wheat-producing nations, total production, yield and area harvested in 
2014/2015 cropping season (FAO, 2017). 
 
Country Total production (Mt) Yield (t/ha)  Area harvested (Mha) 

China (Mainland) 126.2 5.2 24.0 

India 95.8 3.1 30.4 

Russia 59.7 2.4 23.9 

USA 55.1 2.9 18.7 

France 38.9 7.3 5.2 

Canada 29.2 3.0 9.4 

Pakistan 25.9 2.8 9.1 

Australia 25.3 2.0 12.6 

Ukraine 24.1 4.0 6.0 

 

2.2.2 Wheat production in Australia 

About 24 million tonnes of wheat is produced annually in Australia which accounts for more 

than 3% of annual global production. Australia is one of the major global wheat exporting 

countries, with more than 80% of its produce exported (ABARES, 2013, FAO, 2016). Wheat 

is grown in a narrow crescent known as the ‘Australian grain belt’ which runs through the 

mainland states (Figure 2.2). Western Australia and New South Wales are the largest wheat-

producing states (Productivity Commission 2010). 
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Figure 2.2 Wheat growing regions (grain belt) in Australia (Fischer et al., 2014). 

 

Wheat yields have increased steadily in most of the Australian grain belt over the years. An 

average yield of 1.33 t/ha was recorded in the 1970s and 1980s which increased to 1.66 t/ha in 

the 1990s and early 2000s, reaching an average yield of 2.15 t/ha in 2011/2012 (ABARES, 

2014).  

 

2.2.3 Wheat production constraints 

Despite being a widely adapted and cultivated cereal crop, wheat suffers many production 

constraints such as pest and disease infestation, and water, heat, cold and salinity stresses 

(Vinocur and Altman, 2005, Powell et al., 2012).  

Globally, water stress is the major yield limiting factor in wheat (Loss and Siddique, 1994, Dai, 

2011). For instance, in the 2002/2003 cropping season in Australia, water stress reduced yields 

by 1.2 t/ha from the previous year. Similarly, in the 2006/2007 cropping season, water stress 
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reduced wheat yields by 1.1 t/ha, which was 46% less than the 2005/2006 cropping season 

(Balouchi, 2010, ABARES, 2014).  

Water stress triggers a series of events that result in significant changes in the physiological, 

metabolic and biochemical plant processes that affect crop yield (Passioura, 1994, Gooding 

and Davies, 1997, Pellegrineschi et al., 2004, Ashraf, 2010). The impact of water stress on crop 

yield also depends on factors such as the duration of the stress or interaction with other biotic 

and abiotic stresses (Saini and Westgate, 1999, Fleury et al., 2010, Dolferus et al., 2013). 

More than 60% of the 20 million ha of arable lands in Australia has a typical Mediterranean-

type climate (Figure 2.3) characterised by cool, wet winters and hot dry summers (Siddique, 

1990, Turner and Asseng, 2005). These regions have predominantly rainfed (dryland) farming 

systems (Rengasamy, 2002, Balouchi, 2010, Turner, 2004), which means they mainly depend 

on rainfall as a source of water for agriculture. 

 

 
Figure 2.3 World regions with Mediterranean climate from NCERT Geography  
(https://www.pmfias.com/wp-content/uploads/2016/01/Mediterranean-Climate-Western-
Margin-Climate-West-Coast-Climate.jpg). 
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The amount of rainfall received and its distribution pattern varies throughout the Australian 

grain belt. For instance, most rainfall in the northern region is received during summer while 

it is distributed throughout the year in the south-east (ABS, 2012). The major wheat-growing 

regions of Australia (south-west region of Western Australia and southern South Australia) 

receive rainfall during winter. Hence, the development of water stress and its impact on yield 

varies between growing regions and seasons.  

 

2.2.4 Wheat production constraints in Western Australia 

Western Australia (WA) is a major wheat exporting region in Australia (Wilkinson, 2017). 

Annual wheat production in WA is valued at $3 billion and accounts for 50% of national 

production. The area sown to wheat in WA is between 4 and 5 million hectares, with about 7 

million tonnes generated annually (ABARES, 2013). Rainfall is the main source of crop-

available water with >75% of its annual rainfall received from May to October, and water stress 

usually occurs from November to April (Ludwig et al., 2009).  

Annual rainfall in WA has decreased by 20% since the 1970s, with a further decline of 60% 

predicted by 2050, and 80% more drought months predicted by 2070 (Pittock, 1993, 

http://www.environment.gov.au/climate-change/climate-science/impacts/wa).  

Water stress may occur at any stage of plant growth and development.  If water stress coincides 

with the reproductive process, it is termed terminal drought or end-of-season water stress (Saini 

and Aspinall, 1981, Szira et al., 2008, Saradadevi et al., 2014). Terminal drought is typical in 

most Mediterranean-type environments including WA and is often accompanied by high 

temperatures and high rates of evaporation that intensifies the effects of water stress and further 

reduce crop yields (Siddique et al., 2000, Turner et al., 2007, Zivcak et al., 2009).  

Low rainfall and high temperatures are predicted to increase the incidence of water stress in 

WA wheat belt (Siddique, 1990, Gupta et al., 2012, Hochman et al., 2017). Therefore, it is vital 
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to breed crops that are well-adapted to the prevailing and predicted environmental conditions 

in these regions.  

 

2.3 Water stress during meiosis  

The reproductive phase of wheat development consists of several processes including floral 

initiation, meiosis, pollination, fertilisation, and grain filling and development. Most of these 

processes are susceptible to slight changes in plant water status and are thus sensitive to water 

stress (Saini and Westgate, 1999). Water stress at any time during the reproductive phase can 

reduce grain yield. However, wheat yields are reduced the most when water stress occurs 

during meiosis (Kirby and Appleyard, 1987, Parish et al., 2012).  

The periods most sensitive to water stress during meiosis in wheat are between pollen mother 

cell formation and tetrad breakup for the male reproductive part, and megaspore mother cell 

development and degeneration of the three redundant megaspores in the tetrad in the female 

reproductive part (Saini and Westgate, 1999). 

Water stress during meiosis may lead to impaired development, including nonviable pollen 

grains, sterile florets, shrivelled grains, and low grain numbers, which can significantly reduce 

grain yield (Yang et al., 2001, Reynolds et al., 2002, Ji et al., 2010, Dolferus et al., 2013, 

Onyemaobi et al., 2017). Cold and heat stresses during meiosis are also yield-limiting factors 

in wheat and other cereal crops such as rice and maize (Oliver et al., 2005, Barnabás et al., 

2008, Zinn et al., 2010).  

 

2.4 Grain yield     

Grain yield is determined during several integral plant developmental processes. It is a cluster 

of many factors such as the expression of numerous genes integrated throughout the crop life 

cycle, crop responses to the environment, and crop management practices (Lilley and Ludlow, 
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1996, Dhanda et al., 2004, Richards et al., 2010). The production of high-yielding crops under 

different growth conditions is the primary aim of various plant breeding programs.  

Grain yield in cereals can be divided into many important components including the number 

of plants/m2, number of tillers, plant height, number of spikes/plant, number of spikelets/ spike, 

harvest index, grain number/spikelet number, and grain weight (del Moral et al., 2003, Duggan 

and Fowler, 2006). Grain number and grain weight are the main components of grain yield 

(Gupta et al., 2006, Griffiths et al., 2015).  

The observed increases in cereal grain yields in the last century were largely due to genetic 

manipulations by plant breeders (Calderini and Slafer, 1998, Richards, 2000, Cattivelli et al., 

2008) (Fig. 2.1). However, current grain yields are insufficient to meet higher global demand 

in the face of a changing climate that has increased the frequency of yield-limiting abiotic 

stresses such as water, cold, high temperature and salinity stresses (Blum, 2011a). 

Water stress limits the development of many plant traits including any grain yield component 

that is actively forming at the time of the stress (Entz and Fowler, 1988). The extent of the yield 

reduction depends on the duration, timing and severity of the water stress, and how it affects 

plant physiological processes (Fischer and Maurer, 1978, Palta et al., 1994, Gupta et al., 2001).  

Although the maximum grain number in wheat is fixed before meiosis and of the 8-10 floret 

primordia formed only 4-6 are potentially fertile, water stress during meiosis further 

exacerbates floret loss which reduces grain number and results in significant yield reduction 

(Kirby and Appleyard, 1987). Identifying and developing wheat genotypes that can sustain 

grain numbers under water stress during meiosis is important for yield improvements in wheat 

growing regions with Mediterranean environments where water stress during meiosis occurs 

more frequently. 
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2.5 Water-stress resistance 

Water-stress resistance in agriculture refers to the ability of a plant to live, grow and reproduce 

satisfactorily with limited water supply or under periodic conditions of water stress (Turner, 

1979, Fleury et al., 2010).  

Crop species that are resistant to water stress make efficient use of available moisture and can 

recover rapidly after short periods of water stress (Arnon, 1980, Hall, 1993). Such plants can 

endure water stress with relatively small yield losses under limited water supply or periodic 

conditions of water deficit (Blum, 1983, Blum, 1988).  

Breeding water-stress resistant crops is challenging since water-stress resistance is a 

quantitative trait, which is polygenic with low heritability, and highly influenced by genotype 

by environment (G×E) interactions (Fleury et al., 2010, Barnabás et al., 2008). Despite this, 

crops have various adaptive strategies or mechanisms to survive water stress, namely drought 

escape, dehydration avoidance and dehydration tolerance (Blum, 1988).  

Drought escape is achieved through earlier flowering and/or shorter life cycles (Turner, 1986, 

Blum et al., 1989). The escape mechanism is an effective breeding strategy for promoting yield 

stability in Mediterranean environments where crops are frequently exposed to terminal water 

stress (Siddique et al., 1989, Ludlow and Muchow, 1990, Cattivelli et al., 2008). Dehydration 

avoidance is the plant’s ability to retain a relatively higher level of ‘hydration’ under conditions 

of soil or atmospheric water stress; this is the most effective water-stress resistance mechanism, 

indicating the need to identify traits that enhance this mechanism (Blum, 1988, Blum, 2011a). 

Dehydration tolerance is the ability of plants to continue metabolising at low leaf water 

potentials to maintain growth despite dehydration of the tissue or to recover after release from 

the stress conditions (Hsiao, 1973, Boyer, 1976, Hsiao and Bradford, 1983, Blum, 1998). 

 

 



Chapter 2 

 

19 
 

2.5.1 Breeding water-stress resistance in wheat 

Several physiological traits can be used to monitor the growth response of different crops under 

water stress including stomatal conductance, osmotic adjustment, rooting depth, starch 

availability during ovary/embryo development, stay green, and photosynthetic pathways 

(Cattivelli et al., 2008). Studies on the physiological basis of reported genetic gains have 

identified grain number and harvest index (HI) as most closely correlated with grain yield 

(Foulkes et al., 2007). Combining knowledge from yield-related physiological traits, precise 

phenotyping and genomics, and addressing stress conditions peculiar to a target environment, 

are reliable options for increasing crop productivity under water stress conditions (Blum, 

2011a, Mir et al., 2012).  

 

2.5.2 Genetic variability and inheritance 

Genetic variability in crop species is fundamental for any meaningful breeding programme 

(Smith, 1971, Allard, 1999, Govindaraj et al., 2015). Examining the genetic variation of various 

crops in any environment helps to identify parental combinations with higher or maximum 

genetic potentials for specific breeding, ideotype production or further selection to enhance 

crop performance (Thompson et al., 1998, Liu et al., 2000, Aremu, 2012). Genetic variability 

can be found in landraces, naturally occurring genetic variants of a species, and wild species, 

or through hybridisation, mutation, migration or integration (Smith, 1971, Sleper and 

Poehlman, 2006, Lopes et al., 2015).  

The observed genetic variability and heritability of desired traits come from interactions 

between underlying genes and the environment (Bos and Caligari, 2007). Heritability is the 

proportion of variance in a trait in a population that is attributed to factors other than the 

environment. It is often classified as narrow-sense heritability (h2) or broad-sense heritability 

(H2). Narrow-sense heritability (h2) is the proportion of genetic variation that is due to additive 
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genetic values, while H2 captures the proportion of phenotypic variation due to genetic values 

that may extend to other effects due to dominance and epistatic effects (Nyquist and Baker, 

1991, Falconer and Mackay, 1996, Piepho and Möhring, 2007).   

Heritability values usually vary depending on the available variation in a population, the nature 

of genetic control on the trait(s) of interest, and environmental effects. The magnitude, and type 

of heritability and the genetic variability assist plant breeders in determining the selection 

criteria and breeding schemes to improve trait(s) of interest.  

 

2.5.3 Combining abilities and heterosis 

A diversity of methods has been developed and used for improving cultivars. Common 

approaches include using the existing genetic variability within a population or germplasm 

collections to select individuals with superior phenotypes or to hybridise selected lines to create 

or assemble more genetic variation and heterosis (Moose and Mumm, 2008, Whitford et al., 

2013). The combining ability method is used to investigate and compare how two contrasting 

parental lines can be crossed to produce hybrids with strong vigour or to develop a pure line 

cultivar with improved characteristics compared to their parental lines (Xu, 2010).  

Breeders use a variety of mating designs and methods for estimating combining abilities. 

Examples include biparental progenies, polycross, topcross, North Carolina (I, II, III) diallel 

cross and line X tester designs (Griffing, 1956, Kearsey and Pooni, 1996, Acquaah, 2007, 

Hallauer et al., 2010). The principal purpose of these mating designs is to generate information 

for breeders to understand the genetic control of the trait of interest and to develop a base 

population to initiate a breeding program (Hayman, 1954, Mather and Jinks, 1982). Knowledge 

of the genetic control of a trait is essential for designing a successful breeding strategy.  

A diallel cross is the most common method (Hallauer et al., 2010) that has been used to study 

various traits in wheat and other crop species (Borghi and Perenzin, 1994, Basnayake et al., 
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1994, Franco et al., 2001, Glover et al., 2005). A diallel mating design provides the genetic 

information related to parental populations in early generations so that the breeding strategies 

are defined without losing too much time and or resources (Hayman, 1954, Mather and Jinks, 

1982, Sharma, 2006). It also partitions the phenotypic variance into different sources of 

variation and the reliability of the phenotypic value of a plant serves as a guide to the breeding 

value or heritability of a trait (Falconer and Mackay, 1996). Estimates of genetic variance and 

heritability obtained from a diallel analysis provide useful guidelines for selecting superior 

individuals segregating for a trait of interest from a population and using these individuals to 

create a superior variety. 

 

2.6 Molecular breeding  

2.6.1 Importance 

 Conventional/traditional plant breeding has made significant contributions to yield 

improvement (Borlaug, 1983, Ashraf, 2009). However, conventional breeding for yield 

improvement under water-stress conditions is both time-consuming and laborious. In addition, 

environmental stress factors reduce the genetic variance and heritability of yield components 

making the selection process more difficult (Ribaut et al., 1997, Blum, 2011b). 

Molecular breeding provides useful and powerful tools to complement phenotypic selection. It 

has further accelerated plant breeding and crop improvement through gene transfers and 

introgression of new traits into plants that were difficult to introduce with traditional breeding 

(Jauhar and Khush, 2003, Jauhar, 2006, Collard and Mackill, 2008).  

Molecular breeding involves a variety of biotechnological tools for manipulating plant DNA 

to improve them for specific objectives or purposes, and to analyse quantitative traits using 

molecular or DNA markers and appropriate statistical tools (Kearsey and Farquhar, 1998, 

Collard et al., 2005, Acquaah, 2007).   
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Recent advances in genotyping and sequencing technology has opened a new era of genomics 

research for wheat improvement (Uauy, 2017). Comparative genomics, involving major crop 

grasses including wheat, has been used to study evolutionary relationships and to design grain 

improvement programs. Genomic selection, employing genome-wide marker data, was used in 

wheat quality improvement breeding programs to accelerate the breeding cycle and to increase 

the breeding accuracy on genotypic values. Functional genomics approaches like epigenetics, 

RNA interference and TILLING (Targeting Induced Local Lesion In Genomes) have been used 

to identify functions of individual genes in wheat. These sets of candidate genes for individual 

traits are used for exploring the biology of traits and for development of perfect diagnostic 

marker(s) to be used for marker assisted selection (MAS) (Bassi et al., 2016, Gupta et al., 2008, 

He et al., 2014). 

 

2.6.2 Genetic markers 

Genetic markers can be categorised as classical markers (morphological, cytological and 

protein/biochemical markers) and molecular or deoxyribonucleic acid (DNA) markers (Jones 

et al., 1997, Winter and Kahl, 1995, Collard et al., 2005, Xu, 2010).  

A molecular marker is a small region of a DNA sequence showing polymorphism between 

different individuals. This region can be easily tracked and quantified in a population or a gene 

pool and used to identify effective alleles in both cultivated plant varieties, and wild relatives 

(Jiang, 2013, Hayward et al., 2015). DNA markers can be used to characterise germplasm, in 

studies on genetic diversity and genome organization, and to locate and follow interacting 

genes that determine a quantitative trait (Lee, 1995, Kumar, 1999, Jiang, 2013).  

DNA markers can be classified into two groups, dominant or codominant, based on whether 

the marker can differentiate between individual homozygotes or heterozygotes for a trait 

(Semagn et al., 2006, Xu, 2010). A codominant marker indicates differences in allele size, 
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while dominant markers are scored based on presence or absence. The markers can be grouped 

differently based on how polymorphism is detected; for example, hybridisation-based 

polymorphic markers and polymerase chain reaction (PCR)-based polymorphic markers 

(Kumar, 1999). 

Various molecular markers are available, including restriction fragment length polymorphism 

(RFLP), amplified fragment length polymorphism (AFLP), random amplified polymorphic 

DNA (RAPD), single nucleotide polymorphism (SNP), microsatellites or simple sequence 

repeat (SSR), sequence tagged sites (STS), expressed sequence tags (ESTs), and diversity array 

technology (DArT) markers (Collard et al., 2005). Co-dominant and non-PCR-based RFLP 

markers were the first type of polymorphic molecular marker to be used (Beckmann and Soller, 

1986, Tanksley et al., 1989), followed by PCR-based and dominant markers such as RAPD 

(Williams et al., 1990) and AFLP (Vos et al., 1995). AFLP and SSR DNA markers have been 

used extensively in many genetic mapping and plant breeding studies as they are more robust, 

highly polymorphic and reproducible (Schwengel et al., 1994, Savelkoul et al., 1999,William 

et al., 2007). The use of SNP markers for wheat genotyping has increased due to their 

abundance in the genomes, potential to score variation in specific DNA targets and their 

amenability for high-throughput detection platforms. For example, gene-based SNP markers 

that confers resistance to stripe rust, leaf rust and powdery mildew diseases have been 

developed. These SNPs markers are efficient tools for MAS and breeding of disease resistant 

wheat lines (He et al., 2014, Lagudah et al., 2009, Mammadov et al., 2012). Wheat is an 

allohexaploid with a large genome size (~17 Gbp), abundant repetitive sequences 

(approximately 80% DNA repeats) and a low level of polymorphism (Bennett and Smith, 1976, 

Röder et al., 1998, Brenchley et al., 2012). As a result, some DNA markers are unsuitable for 

wheat breeding programmes. Apart from its high polymorphic nature, SSR markers are 

numerous, and genome-and locus-specific in wheat, therefore widely used for constructing 
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detailed genetic maps (Pestsova et al., 2000, Gupta et al., 2002) and mapping genes or 

quantitative trait loci (QTLs) controlling a trait (Börner et al., 2002, Huang et al., 2003). 

Although DNA markers increase the efficiency and precision of plant breeding, it is important 

to integrate both conventional and molecular plant breeding techniques for optimum results 

(Bonnett et al., 2005, William et al., 2007). 

 

2.6.3 Genetic linkage maps 

The genetic information provided by molecular markers is more efficiently used when the 

order, position and relative genetic distances of molecular markers on chromosomes are noted 

(Kumar, 1999, Xu, 2010). A genetic linkage map is a graphical representation of the 

distributions of all loci along the chromosome based on observed recombination frequencies 

between genes located on homologous chromosomes.  

Linkage maps form the basis of molecular breeding and genetic studies and have been used to 

identify the chromosomal region(s) containing desirable genes or traits of interest through their 

linkage to easily detectable molecular markers (Tanksley et al., 1989, Collard et al., 2005). 

Different wheat linkage maps have been constructed for various purposes, including a 

microsatellite consensus map (Somers et al., 2004), a map to locate major genes and 

rearrangements in some wheat homoeologous 4, 5, and 7 groups (Nelson et al., 1995), a map 

based on the quality characteristics of widely cultivated Australian parental wheat germplasm 

(Chalmers et al., 2001), and a map to detect QTL of important agronomic traits (Sourdille et 

al., 2003).  

 

2.6.4 QTL mapping  

Several agronomically important traits in crop plants show continuous or quantitative variation 

(Mohan et al., 1997, Hayes, 2007, Francki, 2009). A QTL indicates a region or locus in the 
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genome containing gene(s) that controls a quantitative trait (Falconer and Mackay, 1996, 

Tuberosa and Salvi, 2006).  

QTL mapping involves testing molecular markers throughout a genome for the probability of 

their association with a QTL. Linkage analysis and association mapping are the two most 

frequently used QTL mapping methods (Young, 1996, Sehgal et al., 2016). Sax (1923) 

documented the earliest experiments on linkage analysis between markers and quantitative 

traits. 

Individuals in a mapping population are analysed in terms of the genotypes of markers and the 

trait of interest. For each molecular marker, individuals are placed into groups (either 2 or 3) 

depending on the marker system and the type of mapping population. Mean and variance 

parameters are then calculated and compared among the different classes. A QTL exists, the 

molecular marker(s) is said to be probably linked to a QTL, when a significant difference exists 

between the classes, suggesting a relationship between the DNA marker and the trait of interest 

(Hayes, 2007, Acquaah, 2007, Sehgal et al., 2016). 

The effectiveness and precision of QTL mapping are determined by the DNA polymorphism 

between parents, the size of a suitable mapping population, the accuracy of phenotyping and 

the distribution of chiasmata across the genome (Francki, 2009).  

Recombinant inbred lines (RILs), double haploid lines (DHLs), F2, F3 or backcrossing (BC) 

populations are examples of segregating population used in QTL mapping for self-pollinating 

crops such as wheat and rice (Collard et al., 2005, Collard and Mackill, 2008). RILs and DHLs 

are the most frequently used QTL mapping populations; they are permanent populations, 

essentially homozygous or true-breeding lines capable of being reproduced without any genetic 

changes. The seed of RILs and DHs can be transferred to laboratories, environments and 

research aims which enables collaborative research and reliability of mapping techniques 

(Young, 1996, He et al., 2001, Semagn et al., 2006).  
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2.6.5 Detection of QTL 

QTL analysis is a methodology for studying quantitative traits, which widens our 

understanding of quantitative variation and complex gene interactions, providing information 

on the genetic control of targeted traits, and aiding in the identification of candidate genes for 

marker assisted breeding (Doerge, 2002). DNA markers linked to genes or QTLs for a range 

of traits in diverse crop species have been reported in numerous studies (Mohan et al., 1997, 

Francia et al., 2005).  

Many mathematical models have been developed for faster and more efficient QTL detection 

and effects estimation. Single marker analysis (SMA) is the simplest QTL mapping method for 

QTL detection that does not require a linkage map using a variety of statistical analyses such 

as T-test, ANOVA, linear regression or nonparametric tests (Soller et al., 1976, Edwards et al., 

1987). Other QTL mapping methods include simple interval mapping (SIM) (Lander and 

Botstein, 1989), composite interval mapping (CIM) (Zeng, 1994), and multiple interval 

mapping QTL models (Jansen and Stam, 1994).  

CIM is a common method used to detect QTLs, which combines interval mapping with 

multiple linear regression. More variables are used in the CIM model, where DNA markers are 

used as boundary conditions to narrow down the most likely QTL position. The resolution of 

QTL locations obtained using CIM is much higher, robust and precise than SMA and SIM 

(Sehgal et al., 2016).  

More than 100 genetic analysis software packages are now available for the identification and 

mapping of QTL (Sehgal et al., 2016). QTL Cartographer is a commonly used mapping 

software (Basten, 1994, Wang et al., 2012). Other popular software packages include 

Mapmaker/QTL (Lincoln et al., 1993), QGene (Nelson, 1997), Map Manager QTL (Manly et 

al., 2001) and QTL Express (GridQTL) (Seaton et al., 2002).  
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2.6.6 QTL mapping for water-stress resistance in wheat 

Several studies have identified QTL associated with agronomic and physiological traits that 

significantly contributes to grain yield under water-stress conditions (Quarrie et al., 1994, Pinto 

et al., 2010, Groos et al., 2003, Gupta et al., 2017).  QTL for grain yield are usually scattered 

over all chromosomes, but clusters of QTL in certain chromosomal regions have been 

observed. The number of QTL identified for any particular trait varies. The proportion of 

phenotypic variation explained by each QTL depends on the heritability of the trait as well as 

on the portion revealed (Kearsey and Farquhar, 1998). Table 2.3 shows a list of different yield-

related QTL with R2 (proportion of the phenotypic variation explained by a QTL) > 20%.  

Different processes occurring during the reproductive process in cereals under water stress 

have been extensively described (Barnabás et al., 2008). The reproductive phase is the principal 

component of economic yield (Thakur et al., 2010), and low grain number /seed set resulting 

from water stress during meiosis could be a promising target for grain yield improvement. 

However, no QTL studies have been conducted using physiological or yield-related traits on 

wheat plants exposed to water stress during meiosis. 



Chapter 2 
 

28 
 

Table 2.3 Yield-related QTL identified for water-stress resistance in wheat. 

Trait Chromosome 
location 

Phenotypic 
     variance (%) 

Reference 

Grain yield 4A 27% Pinto et al., 2010 

Grain yield, grain fill rate, grains m-2, biomass production, 

biomass production rate, and drought susceptivity index 

4AL 20, 33, 23, 30, 26, and 41% 

respectively 

Kirigwi et al., 2007 

Grain number per ear 7AL and 7BL 22 and 35% respectively Quarrie et al., 2005 

Grain yield  2BL 21.5% Maccaferri et al., 2008 

Grain yield, shoot biomass, plant height, and harvest index 4B 27% Kadam et al., 2012 

Grain yield 2D 25.7% Verma et al., 2004 

Grain yield and canopy temperature 3B 22% Bennett et al., 2012 

Fertile spikelet number per spike  1A 24.1 Xu et al., 2017 

Thousand-grain weight 4A 21% Nezhad et al., 2012 

Grain yield 3A 26.1% Campbell et al., 2003 

Thousand-grain weight 4D 31.8% McCartney et al., 2005 

Grain number per ear 1A and 5D 23.2 and 22.6% respectively Hai et al., 2008 

Grain yield 3B 21.6% Huang et al., 2003 

Thousand-grain weight 7B.1 and 7B.2 20.6 and 25.9% respectively Huang et al., 2003 
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2.6.7 Marker-assisted selection 

The use of DNA markers in plant breeding is called marker-assisted selection (MAS). MAS is 

an alternative technology developed in recent decades that integrates DNA marker detection 

and selection into conventional breeding methods. It is expected to allow breeders to directly 

select germplasm carrying the desirable gene(s) (Peña, 2002, Gupta et al., 2010, Jiang, 2013). 

The successful use of MAS in wheat breeding programmes to improve some economic traits 

has been reported (Dubcovsky, 2004, Bonnett et al., 2005, Kuchel et al., 2007) and employed 

by major wheat-producing countries, such as USA, France and Australia (Gupta et al., 2010).  

It was previously assumed that DNA marker(s) associated with QTL from preliminary mapping 

studies could be directly used for MAS. However, to ensure the success of MAS, further 

analysis and studies such as QTL validation and/or fine (or high resolution) mapping, should 

be conducted, to minimise sampling bias associated with QTL locations and effects 

(Melchinger et al., 1998, Langridge et al., 2001). QTL validation simply refers to the effective 

verification of an identified QTL in different genetic backgrounds (Langridge et al., 2001). 

Combining physiological traits that sustain yield under water stress conditions, and 

incorporating validated QTL and genes underlying these traits into high-yielding cultivars, 

would be an efficient breeding approach for drought tolerance in wheat. Different DNA 

markers are often utilized for MAS of yield related traits in wheat under different environments. 

For instance, STS markers for rye translocations, SSR markers Xscm9 and TSM120 have been 

used for MAS of wheat root biomass, a yield related trait, under well−watered and drought 

stress conditions (www. http://maswheat.ucdavis.edu/protocols/Drought/index.htm).



 

30 
 

Chapter 3:          Both male and female malfunction contributes to yield reduction 

                            under water stress during meiosis in bread wheat 

3.1 Abstract 

Water stress during meiosis in wheat is a major constraint to yield especially for the rainfed 

farming regions. Pollen sterility has been proposed as the most sensitive process leading to low 

seed set (low % of fertile spikelets). The first experiment examined water stress during meiosis 

in 46 wheat genotypes. The reduction in seed set varied widely, ranging from 6% to 48%. The 

second experiment differentiated the effect of water stress on the male or the female 

reproductive part in 13 wheat genotypes. Water stress was imposed during meiosis, with plants 

cross-fertilised 5 days later with pollen from stressed or unstressed plants used to pollinate 

emasculated stressed or unstressed female parts. Seed set and kernel weight were measured at 

maturity. Contrary to the well-held view that the male reproductive part is the major contributor 

to seed set reduction when water stress is experienced during meiosis, the stressed-female part 

was the predominant contributor in four wheat genotypes in this study. This strongly indicates 

that both male and female parts are responsible for yield reduction when water-stressed during 

meiosis and suggests that it may be possible to breed tolerant wheat cultivars combining 

tolerance from both male and female reproductive parts. 

 

3.2 Introduction 

Water stress is a common abiotic stress limiting crop growth and productivity, and its duration 

and intensity are highly variable due to climate change. Improving yield is a major aim of most 

grain crop breeding projects. The extent of the yield limitation due to water stress lays heavily 

on the particular growth stage at which plants experience the stress (Salter and Goode, 1967, 

Saini, 1997). Water stress during the vegetative or reproductive phases can reduce yield (Saini 

and Westgate, 1999, Craufurd and Wheeler, 2009, Farooq et al., 2014), but the reproductive 
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phase is the most critical stage (Parish et al., 2012). Water stress during or before the onset of 

reproductive processes in plants is a major factor limiting crop yield in most regions where 

dryland rainfed farming occurs. Such regions experience water shortage and high temperatures 

as grain crops enter their reproductive stage (Turner, 2003, 2004; Turner et al., 2007, Siddique 

et al., 2000, Fang et al., 2010, Farooq et al., 2014). 

The reproductive phase in bread wheat (Triticum aestivum) consists of a series of sequential 

events that span the Zadoksʼ scale from Z37 (before booting) to Z69 (end of flowering) (Zadoks 

et al., 1974). This phase is sensitive to abiotic stresses and can result in yield losses in cereals 

(Oliver et al., 2005). A frequently-adopted breeding approach for maximising yield under water 

stress is to target a specific developmental stage prone to the stress and develop cultivars 

adapted to it (Fleury et al., 2010, Passioura, 2012). The timing of the water stress determines 

whether grain number (seed set) or grain weight will be affected. Grain number and grain 

weight are two major yield determinants in cereals (Evans, 1978, Mohammady, 2015). Water 

stress has the largest influence on seed set if it occurs during the earlier stages of the 

reproductive process (between meiosis and gametogenesis) (Saini and Westgate, 1999, Powell 

et al., 2012). Water stress during meiosis obstructs both male and female gametogenesis which 

may result in the production of sterile pollen and/or egg cells, loss of gamete viability, or other 

developmental anomalies of reproductive structures which reduce seed set (Saini, 1997, Saini 

and Westgate, 1999, Farooq et al., 2011, Farooq et al., 2014). 

Male gametophyte development in wheat is reportedly more sensitive to water, heat and cold 

stress than female gametophyte development (Saini et al., 1984, Dolferus et al., 2011). Water 

stress during the young microspore stage of pollen development in wheat can induce male 

sterility (Lalonde et al., 1997, Ji et al., 2010). The high sensitivity of male gametes to water 

stress has been attributed to the degradation of tapetum layers which contain the nutrients 

required for pollen development (Saini, 1997, Saini and Aspinall, 1981, Saini and Westgate, 



Chapter 3 

 

32 
 

1999, Dolferus et al., 2013). In contrast, female gametogenesis is reportedly physically 

protected, less vulnerable to abiotic stresses and resilient to water stress that otherwise 

adversely reduces pollen fertility (Saini, 1997, Ji et al., 2010, Thakur et al., 2010, Dolferus et 

al., 2013).  

This study was undertaken to examine how water stress during meiosis affects the male and 

female reproductive parts of wheat for their contributions to seed set and yield. The 

identification of wheat genotypes with high seed set under water stress during meiosis could 

be the key to further improving drought tolerance in wheat. The specific objectives were to: (i) 

identify wheat genotypes with high seed set under water stress during meiosis, (ii) determine 

any genotypic differences in floral fertility under meiotic-stage water stress, and (iii) 

investigate the contribution of male and female reproductive parts on seed set and yield in 

response to water stress during micro- and mega-sporogenesis. 

 

3.3 Materials and methods 

Experiment 1: Effect of water stress during meiosis on seed set 

Plant materials and growing conditions 

Forty-six wheat (Triticum aestivum L.) genotypes were grown in a controlled-temperature 

glasshouse, set at 22/15°C day/night temperature at The University of Western Australia (31° 

57ʹ S, 115° 47ʹ E) from June to November 2014 (Table 3.1). The seeds were obtained from the 

Australian winter cereals collection. 
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Table 3.1. Names and origins of the 46 wheat genotypes used in this study 

S/N Name  Country/Continent  S/N Name Country/Continent 

1 Abura* Japan-Asia  24 India 344 India-Asia 

2 AUS 12351* Argentina-South 

America 

 25 Israel L224 Israel-Middle East 

3 AUS 12671* Mexico-North America  26 Janz Australia-Australia 

4 Axe Australia-Australia  27 Jimai 20* China-Asia 

5 Beijing 8 China-Asia  28 Kenya 1877* Kenya-Africa 

6 Belgrade 7 Yugoslavia-Europe  29 Kenya Bongo Kenya-Africa 

7 Canary 4 Spain-Europe  30 Kukri Australia-Australia 

8 Changli* China-Asia  31 Magenta Australia-Australia 

9 Diamante inta Argentina-South 

America 

 32 Morocco 426* Morocco-Africa 

10 Emu Rock* Australia-Australia  33 Nobre Brazil-North America 

11 Erechim* Brazil-South America  34 Norin 10 Japan-Asia 

12 Espada Australia-Australia  35 Persia 123 Iran-Middle East 

13 Fang 60 Thailand-Asia  36 Philippines 7 Philippines-Asia 

14 Flaminio Italy-Europe  37 Punjab 8A* India-Asia 

15 Florida 301 USA-North America  38 Riddley India-Asia 

16 Funello Italy-Europe  39 RL 6019* Canada-North 

America 

17 Gail South Africa-Africa  40 Sakha 8 Egypt-Africa 

18 Galaxy H45 Australia-Australia  41 Spoetnik* South Africa-Africa 

19 GBA Sapphire Australia-Australia  42 Tammarin Rock Australia-Australia 

20 Gilat 182 Israel-Middle East  43 Thatcher USA-North America 

21 Giza 150 Egypt-Africa  44 W96 Pakistan-Asia 

22 Halberd Australia-Australia  45 Westonia* Australia-Australia 

23 Hybride 38 India-Asia  46 Yaqui 50 Mexico-North 

America 

* Genotypes used in Experiment 2. 
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Plants were grown in polyvinyl chloride pots, 9 cm in diameter and 37 cm high. Each pot was 

filled with 2.1 kg of sterilised potting mix and had a 9-mm hole at the bottom to allow free 

drainage of water. Five seeds were grown per pot for each genotype and thinned to three 

uniform plants per pot after 7 days. There were 276 pots in total; two treatments × 46 genotypes 

× 3 replicates. A water-soluble NPK fertiliser (poly feed greenhouse grade) was applied weekly 

from 21 days after sowing (DAS). 

 

Water-stress treatments 

For each genotype, three plants were grown as replicates in each treatment: non-stress (control) 

or stress. The pots were watered every 2 days to maintain soil moisture at 80% field capacity. 

The pots were randomly arranged and rearranged every fortnight to reduce border effects and 

minimise any variation in light and temperature, as described in Fang et al. (2010). 

Water stress was imposed in the stress group by the cessation of watering for 7 days when the 

auricle distance (AD, the distance between the auricles of the flag leaf and the second last leaf, 

as described by Ji et al., (2010)) was 0 cm. At this time (day 7), the AD was ~12–14 cm for 

most genotypes (Figure 3.1). Watering was then resumed as per the control pots and continued 

until the plants reached full maturity.  
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Experiment 2: Effect of water stress on the reproductive parts of selected genotypes 

To determine the effect of water stress on the reproductive parts of wheat, 13 genotypes (Table 

3.1) were selected from Experiment 1 based on the following criteria: high seed set in the non-

stressed treatment (control), and extremely high or low reductions in seed set in the stressed 

treatment relative to the control. A similar water-stress treatment to Experiment 1 was used, 

but this time the non-stressed and water-stressed plants were reciprocally-crossed by hand in 

each of the selected genotypes. Spikelets at the top and base of the ear, and florets from the 

central part of the spike were removed. A total of 20 spikelets from the middle of the spike and 

ten lateral spikelets on each side of the spike were retained. Emasculation was done on all the 

20 spikelets on the main stem only. Three treatment groups were set up: pistils/stigmas of non-

stressed plants were pollinated with pollen from non-stressed plants, as a control group; stigmas 

of water-stressed plants were pollinated with non-stressed pollen, as a stressed-female (pistil) 

group; and stigmas from non-stressed plants were pollinated with pollen from water-stressed 

plants, as a stressed-male (pollen) group (Figure 3.2). For each genotype, three replicates were 

used for each of the treatment groups. 

 

 

 

 

 

Figure 3.2. List of treatment groups and crosses performed. Water-stressed female and 

male parts are shaded in grey. 

 

 

 

 

♀   ×   ♂   Non-stressed group/control 
(Non-stressed stigma pollinated with non-stressed pollen) 
 
♀   ×   ♂   Stressed pistil group 
(Water-stressed stigmas pollinated with non-stressed pollen) 
 
♀   ×   ♂   Stressed pollen group 
(Non-stressed stigmas pollinated with water-stressed pollen) 
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3.4 Data analysis 

Measurements and statistical analysis 

Each main stem was tagged at the beginning of the water-stress treatment, and the effect of the 

stress was assessed for the tagged stem only. Soil water content was measured to determine 

plant water-stress status during the stress treatment. Soil water content was determined by 

oven-drying a soil sample to constant weight at 105oC and the moisture content of the soil was 

expressed as a percentage of the sample weight before and after drying. For both treatments, 

harvest occurred at maturity. For each genotype and treatment, the following parameters were 

measured in three plants and three replicates: 

Seed set = 
Number of fertile florets that developed into grains

Number of potentially fertile florets
 

Seed set reduction index = 
(seed set of control plants – seed set of stressed plants) 

seed set of control plants
 

Thousand kernel weight (TKW), plant height (PHT), ear dry weight (EDW), flag leaf length 

(FLL), flag leaf width (FLW) and the number of nodes per plant (NON) were also measured. 

Statistical analyses were performed using SPSS 22.0. Analysis of the interaction effect on the 

measured traits as a result of the water-stress treatment, analysis of variance and t-test were 

conducted. Differences between mean values of treatments were evaluated using least 

significant difference (LSD) at the 0.05 significance level. Pearson’s correlation coefficient 

was used to identify relationships between the measured characters. 

 

3.5 Results 

Water stress significantly reduced seed set 

Cessation of watering rapidly decreased SWC from 80% field capacity to 61% in 3 days and 

45% in 7 days (Figure 3.3).  
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Water stress during meiosis significantly reduced (p<0.01) seed set compared to non-stressed 

plants. For the 46 tested wheat genotypes, the mean seed set under non-stressed conditions was 

68%, because not all fertile florets would produce seeds as previously reported in Ferrante et 

al. (2013), whereas under stressed conditions the mean seed set was reduced to 52%. 

Lower seed set values (ranging from 33 to 77%) were recorded under water-stressed conditions 

for the 46 wheat genotypes (Figure 3.4).  
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Florida 301, Halberd and Westonia had the highest seed set with >70% under water stress; 

however, these values did not significantly differ from those under control conditions. India 

344, Morocco 426 and W96 had the lowest seed set which ranged from 33 to 40% under water 

stress. 

Under non-stressed conditions, 25 of the 46 wheat genotypes had a mean seed set >70%. 

Westonia, Sakha 8 and Espada had seed sets of >80% while Morocco 426 had the lowest seed 

set of <50%.  

For five genotypes, no significant difference in seed set was observed between the water 

stressed and control treatment (Figure 3.4). However, water stress during meiosis reduced the 

overall mean seed by 24% compared with the well-watered group.  

 

Water stress during meiosis and seed weight 

The mean TKW of the 46 genotypes did not significantly differ (p>0.05) between the stressed 

and control treatments. Under water stress, the mean TKW was 23.69 ± 3.61 g while the control 

treatment was 24.27 ± 3.70 g. Emu Rock and Spoetnik had the highest TKWs under control 

conditions (48.6 and 41.3 g, respectively). Apart from a few genotypes, such as Thatcher and 

RL 6019 which had the lowest TKWs (3.24 and 1.90 g, respectively) when stressed, the TKW 

of most of the tested genotypes did not significantly differ between the two treatments. 

 

Water stress and the development of both male and female parts 

In Experiment 2, seed set differed significantly (p<0.01) when the male and female parts were 

independently stressed compared with that of the control group (Figure 3.5). The stressed-

female group recorded a mean seed set of 33% while the stressed-male group recorded 26%; 

which reflected a respective 48% and 32% reduction in seed set compared with the control 

group (Figure 3.5). 
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Four of the 13 selected wheat genotypes—Emu Rock, Punjab 8A, RL 6019 and Spoetnik—had 

lower seed sets under the stressed pistil (female) treatment compared with their stressed pollen 

(male) counterparts (Figure 3.6). Even when these genotypes were pollinated with non-stressed 

pollen in the stressed pistil treatment, water stress had a significant effect (p<0.01) on seed set 

as it reduced the number of seeds per spike. For the other nine genotypes, the stressed pollen 

treatment recorded significantly (p<0.01) lower seed set than the stressed pistil treatment 

(Figure 3.6). 
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Compared with the seed set recorded under control conditions, some genotypes had a high 

reduction in seed set under one treatment condition but not in the reciprocal treatment. For 

example, in the stressed-female treatment, genotype RL 6019 had a seed set reduction of 81%, 

but only 38% was recorded in the stressed-male treatment. Similarly, but in reverse, Morocco 

426 had an 80% reduction in seed set in the stressed-male treatment and a non-significant 3% 

reduction in the stressed-female treatment.  

 

Other traits affected by water stress during meiosis 

Water stress during meiosis significantly (p<0.01) affected the mean values between the 

stressed and non-stressed treatments also affected other morphological and physiological traits 

in the 46 genotypes: peduncle length, EDW, plant height, FLW and FLL.  

In Experiment 2, the correlation analysis of the measured traits showed that EDW was 

positively correlated with seed set for both stressed-male and stressed-female treatments. 

Significant correlations were observed under the stressed pollen (male) treatment (p<0.05, r = 

0.31) and stressed pistil (female) treatment (p<0.01, r = 0.58) (Table 3.2). Peduncle length had 

a significant negative association (r = –0.39) with seed set in the non-stressed treatment, but a 

significant positive correlation (r = 0.44) in the stressed-female treatment and no association in 

the stressed-male condition. Plant height had a significant negative correlation (p<0.01, r = –

0.34) with seed set in the non-stressed treatment, but no significant relationship was observed 

under stressed conditions. 
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Table 3.2. Correlation of seed set (SES), ear dry weight (EDW), flag leaf width (FLW), plant 

height (PHT), number of nodes per plant (NON) and flag leaf length (FLL) under non-stressed, 

water-stressed female (pistil) and water-stressed male (pollen) treatments. 

 
SES EDW FLW PHT NON FLL 

Non-stress      

SES 1 
     

EDW 0.140 1 
    

FLW 0.275* 0.348** 1 
   

PHT –0.337** 0.030 –0.147 1 
  

NON –0.165 –0.268* –0.146 0.681** 1 
 

FLL –0.026 0.248* 0.319* –0.082 –0.173 1 

       
Stressed pollen 

    
SES 1 

     
EDW 0.311* 1 

    
FLW –0.105 0.050 1 

   
PHT 0.049 –0.136 0.131 1 

  
NON –0.043 –0.227 0.163 0.673** 1 

 
FLL –0.246 –0.055 0.262* –0.140 –0.277* 1 

       
Stressed pistil 

    
SES 1 

     
EDW 0.584** 1 

    
FLW –0.259* –0.001 1 

   
PHT 0.204 0.179 –0.019 1 

  
NON 0.007 0.144 0.005 0.678** 1 

 
FLL –0.311* –0.15 0.204 –0.100 –0.276* 1 

*correlation significant at the 0.05 level (2-tailed); **correlation significant at the 0.01 level 

(2-tailed). 

 

 

 

3.6 Discussion 
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The observed differences in seed set in the non-stressed and stressed treatments for most of the 

wheat genotypes tested in this study highlight the high sensitivity of the meiotic process to 

water stress. Despite the fact that normal watering resumed after the imposed stress treatment, 

the stress during meiosis had a significant and irreversible effect on seed set. This result was 

consistent with previous reports on water stress during meiosis from Ji et al. (2010), Thakur et 

al. (2010) and Dolferus et al. (2013)).  

Male gametophyte development in wheat is reportedly more sensitive to water stress than the 

female reproductive part which is considered to be resilient to water stress during meiosis due 

to the anatropous nature of the wheat ovary (Ji et al., 2010, Thakur et al., 2010, Dolferus et al., 

2013). Pollen sterility is regarded as the major contributor to poor grain set in water-stressed 

wheat crops (Saini et al., 1984, Lalonde et al., 1997, Ji et al., 2010, Dolferus et al., 2011). Our 

series of newly-designed reciprocal crosses using stressed genotypes to cross with their non-

stressed “selves”, allowed the comparison of stressed-male only or stressed-female only 

treatments with the non-stressed treatment. We found that depending on genotypes both male 

and female parts can contribute to seed set reduction under water stress during meiosis. 

Although most of the tested genotypes (9 of 13) demonstrated more sensitivity in male parts 

than female parts, four genotypes—Emu Rock, Punjab 8A, RL 6019 and Spoetnik—showed 

more sensitivity in female parts than male parts (Figure 3.5). When pollinated with non-stressed 

viable pollen, these highly-sensitive female parts resulted in a low seed set. This is a clear 

indicator of the different sensitivities of male and female parts to water stress during meiosis 

in those wheat genotypes. 

A plant’s response to water stress can be at the cellular, physiological or molecular levels 

(Barnabás et al., 2008). Examples of such responses during meiosis include the reduced 

competitiveness of different floral organs to attract and store nutrients, inhibition of 

photosynthetic processes which reduces nutrient supply to reproductive organs, and 
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accumulation of high abscisic acid (ABA) concentration (Ji et al., 2010, Alqudah et al., 2011). 

Depending on the duration and intensity of the stress, plants change the way their genes 

expression and produce certain enzymes or proteins that are specific to the tissues and the 

prevailing stress condition, which could affect the performance of either or both the male and 

female reproductive parts. The determination of resilience/vulnerability of the reproductive 

parts in previous reports—based either on physical structures or outcrossing abilities—does 

not reflect the actual cellular status under the stress during meiosis. Also, due to the difficulty 

in assessing the viability of female reproductive parts, the reports based on outcrossing ability 

could lead to a biased conclusion. We suggest that there might be physical variations of the 

reproductive organs among genotypes. In some genotypes at least, female part is more 

vulnerable than male part to the stress that causes unrecoverable meiosis damage. As the female 

part can only produce a limited number of eggs, in contrast to the large number of pollen that 

the male part can produce, it can become a decisive factor for plant performance under stress. 

It was reported that male and female meiosis occurs at about the same time under normal 

conditions, but there is asynchrony under stress conditions (Bennett et al., 1973). The 

differential sensitivity of the male and female organs observed could also be caused by a shift 

in organ development and timing of meiosis resulting in altered water stress sensitivity, which 

suggests that there are factors other than physical structures affecting the developmental 

processes of reproductive parts. Our results indicate that both male and female parts could be 

sensitive to water stress during meiosis, and either male, female or both parts could be the 

major contributor to yield reduction in different wheat genotypes. This suggests that different 

cellular responses to the stress signal in addition to different physical structures between male 

and female reproductive parts are the main reason for the different performances of the two 

parts under water stress. We propose a simple model for signal initiation and transduction in 

response to meiosis-stage water stress in wheat (Figure 3.6).  
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Figure 3.7. Proposed model for signal induction and transduction in response to meiotic-stage 

water stress in wheat. 

 

We hypothesise that when water stress coincides with meiosis in wheat plants, stress signals 

are sent from the roots when the available water content falls below a critical threshold level, 
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which initiates a cascade of specific signal transduction pathways which in turn change the 

cellular signals. To ensure survival and/or tolerance, the different signalling molecules 

upregulated by water stress cause the plant to respond by aborting either the male, female or 

both reproductive organs to ensure that some seeds can grow for the next generation but results 

in low seed set and ultimately low grain yield. Based on this model, the regulated signal 

transduction of the reproductive parts under stress may be responsible for the observed 

variation in seed set performance of different genotypes. As different wheat genotypes have 

different sets of genes which follow different signalling pathways, the male and female 

reproductive parts in each genotype may perform differently in how they perceive and transmit 

water stress signals during meiosis to influence the final seed set. 

Based on the results of this study, we can also conclude that selective screening of seed set for 

wheat lines that are tolerant to water stress during meiosis is a promising way to breed drought-

tolerant lines. Water stress during meiosis reportedly affects seed set rather than seed size 

(Alqudah et al., 2011, Guo and Schnurbusch, 2015). Not surprisingly, this study found no 

significant differences in seed size between the stressed and non-stressed treatments for most 

of the tested genotypes. Seed set (grain number) is a determining component of grain yield in 

wheat in rainfed areas. Australian dryland wheat yields about 2–2.5 t ha–1 while irrigated wheat 

can reach 10 t ha–1, but there is little difference in quality (seed size) (ABARES, 2014), 

suggesting that the lower yield in dryland wheat is mainly due to reduced seed numbers, not 

seed size.  

In summary, this study showed that high genotypic variation exists in different wheat 

genotypes for seed set performance under water stress during meiosis. We identified, for the 

first time, that the stressed-female reproductive part was the major contributor to low seed set 

in some wheat genotypes water stressed during meiosis. To further extend this research, wheat 

genotypes with extremely sensitive/resilient female or male parts to water stress during meiosis 
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could serve as useful germplasms for analysing the underlying genetic mechanisms. The 

genotypes with the most contrasting seed set data from this study are being crossed to obtain 

segregating populations for drought tolerance breeding and future genetic studies.  
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Chapter 4:          Gene actions affecting seed set in bread wheat 
                             (Triticum aestivum L.) exposed to water stress during meiosis  
 
4.1 Abstract 
 
This study evaluated the genetic control of seed set when water was withheld for seven days 

during meiosis. A full diallel mating of four bread wheat genotypes was conducted and 

analysed to investigate gene actions and to estimate general combining abilities and specific 

combining abilities (GCA and SCA) associated with seed set. Analysis of variance showed 

highly significant differences between the parental selfs, direct F1 and reciprocal F1 progenies. 

GCA and SCA values were highly significant indicating the importance of both additive and 

dominant gene actions. Genotype Giza 150 was the best general combiner, while the specific 

cross between Giza 150 and Spoetnik, produced the best hybrid. Compared with the parents, 

all hybrids that involved either genotype Morocco 426 or Spoetnik showed higher seed set 

values. The highly significant and predominant GCA values, and high narrow-sense heritability 

(73%) indicated that additive gene effects were the major contributors to seed set in wheat 

exposed to water stress during meiosis. The preponderance of additive gene effects suggested 

that crosses involving wheat genotypes with high GCA values and recurrent selection of 

superior lines would be effective for breeding genotypes with high seed set when exposed to 

water stress during meiosis. 

 
4.2 Introduction 
 
Wheat (Triticum aestivum L.) is a widely-adapted crop which is cultivated on more than 220 

million hectares worldwide (Shiferaw et al., 2013). It is a major cereal crop used as a stable 

food by 40% of the global population (Tadesse et al., 2016). By 2050, the estimated world 

population will be about 10 billion (UN 2015) and global wheat production will need to 

increase to 900 metric tonnes to feed the world (Röder et al., 2014).  
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Wheat production and productivity are affected by different biotic and abiotic stresses with 

water deficit being the main abiotic stress factor limiting crop yield (Dai 2011, Powell et al., 

2012). Variability in the timing, severity and duration of water stress determines the extent of 

yield reductions. Studies on the effect of water stress in wheat need to investigate its incidence 

at stages of plant development when it usually occurs in a growing region (Fleury et al., 2010). 

In Western Australia and many other countries with a Mediterranean-type climate, water stress 

usually occurs during the reproductive phase of plant growth (Fang et al., 2010, Farooq et al., 

2014, Loss et al., 1994). 

Spikelet and floret development occur in the reproductive phase of wheat. As development 

proceeds, a proportion of the florets formed during spikelet differentiation usually dies off 

(Kirby and Appleyard, 1987, Siddique et al., 1989). Water deficit will exacerbate the loss of 

florets thereby reducing the final number of seeds and potential grain yield (Guo and 

Schnurbusch, 2015, Passioura, 2012). Meiosis occurs during the reproductive phase in wheat 

takes place during a narrow phenological time frame (~24 h) (Bennett et al., 1971). Water 

deficit during the meiosis can significantly impact grain number and reduce yield (Kirby and 

Appleyard, 1987, Koonjul et al., 2005, Saini et al., 1984, Saini and Aspinall, 1981). It has been 

reported that once water stress occurs during the reproductive process, the effects on yield loss 

cannot be reversed even if the water conditions improve (Barnabás et al., 2008, Farooq et al., 

2011).  

Water stress affects grain number in cereal crops (Dolferus et al., 2011, Onyemaobi et al., 

2017), which is an important element for determining yield in wheat (Evans, 1978, 

Mohammady, 2015, Saini and Aspinall, 1981). A detailed study on grain number, identification 

of its gene action, and how it is affected by water stress is critical for designing breeding 

programs and reducing the effect of the stress on wheat yield. Previous research indicated 
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genetic variability for water stress tolerance during the meiotic and anthesis stages in wheat (Ji 

et al., 2010, Onyemaobi et al., 2017).  

Information on the genetic components and inheritance pattern of a yield-related trait is 

important for yield improvement in breeding programmes (Singh et al., 1986). Genetic analysis 

of a trait can be determined using diallel analysis, a mating design in which all possible two-

way combinations are produced from a set of genetically different lines. The diallel analysis is 

widely used by plant and animal researchers to quantify genetic variation in a trait, the 

performance between parental lines and their hybrids, as well as the relative merit of specific 

parents. Unique features of this analysis are that it provides additional genetic information 

related to the parents and identifies the combining ability of genetic stocks before being used 

in breeding programs (Griffing, 1956, Hayman, 1954, Jinks, 1954).   

Studies have been conducted to unravel the genetic control of yield-related traits during 

different developmental stages of wheat (Ayalew et al., 2016, Chowdhry et al., 2001, Singh et 

al., 1986, Yıldırım et al., 2013) however, there are no research reports on the genetic control 

and level of inheritance of water stress during meiosis. In a previous experiment, we identified 

genotypes with contrasting tolerance to water stress during meiosis (Onyemaobi et al., 2017). 

Crosses were made between four selected spring wheat lines to produce hybrids. The aim of 

this study was to examine the inheritance of seed set from selected wheat genotypes and to 

investigate the nature of the genetic control of seed set in wheat when exposed to water stress 

during meiosis. 

 

4.3 Materials and methods 

Plant materials  

Four wheat (Triticum aestivum L.) genotypes — AUS12351, Giza 150, Spoetnik and Morocco 

426 —were selected based on their contrasting seed set performance in a previous experiment 
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tested under meiotic stage water stress (Onyemaobi et al., 2017). Based on the previous 

screening experiment, the parental line AUS 12351 and Morocco 426 both had over 80% seed 

set reduction under the water-stressed pollen treatment. Spoetnik had higher seed set under the 

water-stressed pollen treatment than in the water-stressed pistil treatment while water stress 

during meiosis had no significant effect on the seed set performance of Giza 150 parental line. 

A 4 × 4 full diallel cross was conducted in 2015 using the standard crossing procedure. For a 

full diallel, all possible two-way combination crosses were made which produced three kinds 

of progenies listed below (Griffing, 1956, Simmonds, 1979). 

Four parental selfs – produced from crosses using a single genotype as both male and 

female parent (e.g., Spoetnik ♀   ×  Spoetnik ♂ ). 

 

Six direct F1s – produced from crosses between two different genotypes, one used as 

the female and the other as the male parent  (e.g., Spoetnik ♀ × AUS 12351 ♂).   

 

Six reciprocal F1s – produced from crosses between two different genotypes by 

alternating the parent used as either the female or male parent from the direct F1 (e.g., 

AUS 12352 ♀ × Spoetnik ♂).  

 

Treatment and measurements 

All 16 diallel progenies with three replicates were grown in a randomized complete block 

design in a controlled-temperature glasshouse, set at 22/15°C day/night temperature at The 

University of Western Australia (31° 57ʹ S, 115° 47ʹ E) from May to October 2016. Plants were 

grown in polyvinyl chloride pots, 9 cm in diameter and 37 cm high. Each pot was filled with 

2.1 kg of sterilised potting mix and had a 9-mm hole at the bottom to allow free drainage of 

water. The pots were watered every two days to maintain soil moisture at 80% field capacity. 
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Water stress was imposed in the stress group by withholding watering for seven days when the 

auricle distance (AD, the distance between the auricles of the flag leaf and the second last leaf 

as described by Ji et al., 2010) was 0 cm. Normal watering was resumed after the stress period 

and the plants were grown to full maturity with no further stress. The aim of the treatment was 

to target water stress during the meiotic phase. For parental line and F1, three replicates were 

used for the water stress treatment. Seed set was evaluated as follows:  

Seed set = 
Number of fertile florets that developed into grains

Number of potentially fertile florets
  

Data were recorded at the end of physiological maturity. In each block, the entry was calculated 

from the mean of three individual plants. The main stem of each plant was tagged at the 

beginning of the water stress treatment, and the effect of the stress was assessed for the tagged 

stem only. The number of potential fertile florets was determined by counting the flowers per 

spike after anthesis and at physiological maturity. Soil water content was measured to 

determine plant water-stress status during the stress treatment. Soil water content was 

determined by oven-drying a soil sample to constant weight at 105°C, and the moisture content 

of the soil was expressed as a percentage of the sample weight before and after drying divided 

by the sample weight before drying. 

 

4.4 Data analysis 

Statistical analysis 

Statistical analyses were conducted using GENSTAT statistical software 18th edition (VSN 

International 2015). ANOVA was conducted on the parental lines and 12 reciprocal F1 

progenies. The diallel analysis was conducted using Hayman and Jinks’ linear additive model 

(Hayman, 1954, Jinks, 1954, Mather and Jinks, 1982). The estimates of general combining 

abilities (GCA) and specific combining abilities (SCA) were calculated using Griffing’s 

method I, model I (Griffing, 1956). 
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The covariance (Wr)/variance (Vr) regression graph was used to identify the nature and 

proportion of dominant and recessive genes present in the different parental selfs. The Wr/Vr 

regression graph is useful for assessing genetic relationships among the selected parents and 

provides three vital pieces of information on their genetic performances. From the regression 

graph important genetic information can be deduced: (i) epistasis is assumed absent when the 

slope of the regression line is significantly different from 0 and close to 1; (ii) the average level 

of dominance is measured where the regression line cuts the Wr axis; and (iii) the relative 

arrangement of the points along the regression line indicates the distribution of dominant (lower 

ends of the sloping line and near the origin) and recessive (upper ends of the sloping lines and 

furthest from origin) genes among the parents (Mather and Jinks, 1982). In the absence of 

epistasis and with independent distribution of genes among the parents, the linear regression 

of Wr/Vr has a slope of one and the Wr, Vr array points remains along the regression line and 

within an area delimited by the parabola, Wr2=Vp x Vr; where Vp is the variance of the parental 

means (Hayman, 1954, Jinks, 1954, Mather and Jinks, 1982). Analysis of variance over (Wr + 

Vr) values for each parent across blocks was used to assess the nature of recessive-dominance 

gene distribution among parents whereas the ANOVA on (Wr – Vr) value for each parent and 

the three blocks was performed to test adequacy of the additive-dominance model. 

 

4.5 Results  

Seed set mean performance 

For the different parental lines and their hybrids, water stress during meiosis significantly 

reduced the number of fertile florets that would otherwise have developed into grains at 

physiological maturity. Analysis of variance revealed a highly significant (p < 0.01) variation 

among the parental selfs, direct F1s and the reciprocal F1 progenies. Mean seed set ranged from 
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37% to 68% among the parental selfs and from 57% to 74% among the direct F1s and the 

reciprocal F1 progenies (Table 4.1).  
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Table 4.1. Mean values for seed set of parental selfs, direct F1s and reciprocal F1 progenies from a 4 × 4 full diallel cross of wheat genotypes 

exposed to water stress during meiosis 

Cross name Seed set Cross name  Seed set Cross name  Seed set 

Parental selfs   Direct F1   Reciprocal F1 
 

AUS 12351 × AUS 12351 63.79a AUS 12351 × Giza 150 64.09a Giza 150 × AUS 12351 60.74a 

Giza 150 × Giza 150 67.95a AUS 12351 × Spoetnik 66.67a Spoetnik × AUS 12351 69.04b 

Spoetnik × Spoetnik 59.83b AUS 12351 × Morocco 426 66.93a Morocco 426 × AUS 12351 59.29a 

Morocco 426 × Morocco 426 37.45c Giza 150 × Spoetnik 74.41b Spoetnik × Giza 150 68.18b,c 

 
  Giza 150 × Morocco 426 57.48c Morocco 426 × Giza 150 59.45a 

    Morocco 426 × Spoetnik 61.97a Spoetnik × Morocco 426 57.42a 

Significantly different means based on LSD0.05 values are labelled with different letters (a, b, or c) for the parental selfs, direct F1s and reciprocal 

F1s.
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The highly significant difference between the four selected genotypes indicated the presence 

of genotypic variability and hybrid vigour (heterosis). Genotype Morocco 426 had significantly 

(p < 0.05) lower seed set than the other parental lines. The cross between Giza 150 and Spoetnik 

had the highest mean seed set. Notably, the mean seed set values for crosses involving 

genotypes Spoetnik and Morocco 426 were higher than those from their parental lines (Table 

4.1). 

 

Gene action  

Analysis of variance showed that GCA, representing total additive genetic effect and SCA 

representing dominance/non-additive genetic effects were highly significant (p < 0.01) (Table 

4.2).  The significance of both GCA and SCA indicated the importance of both additive and 

non-additive gene effects for the control of seed set in wheat exposed to water stress during 

meiosis. The ratio, (2σ²GCA/(2σ²GCA + σ²SCA)) was used to estimate the components of variance 

and relative importance of GCA and SCA (Baker 1978). The closer this ratio is to 1, the greater 

the effect of GCA to the inheritance of the trait under examination. A ratio of 0.88 was obtained, 

which indicated that predominantly additive gene action determines the inheritance of seed set 

in wheat exposed to water stress during meiosis (Table 4.2).  
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Table 4.2. The general combining abilities (GCA) and specific combining abilities (SCA) on 

parental selfs, direct F1s and reciprocal F1s from a 4 × 4 full diallel cross in four wheat 

genotypes exposed to water stress during meiosis. The components of variance are based on 

Griffing’s method I, model I diallel analysis 

Source of variation Sum of squares Degrees of freedom Mean squares 

GCA 1800.54 3 600.18** 

SCA 975.51 6 162.59** 

Error 467.92 30 15.60 

Bakers’ ratio:  

(2* σ²GCA/(2* σ²GCA + σ²SCA)) = 0.88     

**p < 0.01; Bakers’ ratio: σ²GCA = mean square of GCA; σ²SCA = mean square of SCA. The 

closer Bakers’ ratio is to 1 (unity), the greater the effect of GCA on the inheritance of a trait 

(Baker, 1978). 

 

The components of variance based on Hayman’s method also indicated highly significant 

additive (a) and dominance (b) effects for the control of seed set exposed to water stress during 

meiosis (Table 4.3).  

The dominance effect is further divided into three components: b1, b2, and b3. The mean 

deviation of the parental selfs, direct F1s and reciprocal F1s from their mid-parental values (b1) 

was significant (p < 0.01) showing a directional dominance effect. The estimated value of 

component b2 provides information on the distribution of genes among parents. The highly 

significant b2 (p < 0.01) observed indicated that some parental lines had considerably more 

dominant alleles than others. Genotypes AUS 12351, Giza 150 and Spoetnik had more 

dominant alleles than Morocco 426. 

Dominance variation unique to each progeny (b3) was highly significant (p < 0.01), which 

confirmed the presence of dominance effects specific in some crosses (Table 4.3). The 

ANOVA and level of significance of maternal differences (c) and reciprocal effect (d) showed 

overall differences between the reciprocals generated. The reciprocal effects were significant 
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(p < 0.05) for seed set under water stress during meiosis, but the maternal differences were not 

significant (Table 4.3). The ratio of the total number of dominant to recessive genes in all the 

parentals was 2.10, which also indicated that dominant alleles were more frequent for seed set 

inheritance under water stress during meiosis.  
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Table 4.3. Analysis of variance of genetic components from a 4 × 4 full diallel cross in wheat genotypes exposed to water stress during meiosis. 

The components of variance are based on Hayman’s diallel analysis method 

Genetic component Item SS d.f. MS 

Total additive genetic effect a 1800.54 3 600.18** 

Total dominance genetic effect b 975.57 6 162.59** 

Dominance deviation difference between parental and progeny means b1 386.35 1 386.35** 

Asymmetry of gene distribution at loci exhibiting dominance b2 355.06 3 118.35** 

Measure of dominance deviation unique to each progeny b3 234.17 2 117.08** 

Maternal differences c 55.05 3 18.35NS 

Reciprocal difference not ascribable to item c d 152.81 3 50.94* 

Total t 2983.98 15 198.93** 

Error Block.t 467.92 30 15.60 

*p < 0.05; **p < 0.01; NS= non-significant; SS = sum squares; d.f. = degrees of freedom and MS = mean squares. 
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Gene interactions 

Diallel analysis operates on certain genetic assumptions including; the parents involved in the 

cross must be homozygous and diploid, epistasis must be absent and no multiple allelism or no 

reciprocal difference between crosses (Hayman 1954). Hayman’s graphical approach of diallel 

analysis based on parental variance (Vr) and parent–offspring covariance (Wr) provides 

information on gene interactions. Analysis of variance on the (Wr–Vr) values over arrays and 

blocks showed no significant difference (Table 4.4), which is consistent with the adequacy of 

the additive-dominance model. This indicated that non-allelic or epistatic gene interactions did 

not significantly control seed set in wheat exposed to water stress during meiosis. In addition, 

the parents used in the cross were diploid and homozygous, thus satisfying the diallel genetic 

assumptions. 

 

Table 4.4. Analysis of variance on (Wr - Vr) and (Wr + Vr) values to test the validity of 

additive/dominance model for the inheritance of seed set under water stress during meiosis 

from a 4 x 4 full diallel cross in wheat genotypes. 

Source of Variation df MS (Wr - Vr) MS (Wr + Vr) 

Block 2 546.28 468.76 

Array 3 537.95NS 40614.5** 

Error 6 426.51 1307.98 

 **p<0.01; NS non-significant; df = degree of freedom and MS = mean of squares 

 

Gene distribution (plot of Wr/Vr) 

The relative arrangement of parental genotypes along the Wr/Vr regression line indicated the 

varying distribution of dominant and recessive genes among the parents as well as their genetic 

divergence for the analysed trait. Genotypes AUS 12351 was closest to the origin showing 

more dominant genes than the other parents whereas genotype Morocco 426 was furthest from 
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the origin showing that it had more recessive genes (Fig 4.2). The estimated regression line did 

not deviate significantly from the unit slope, which suggests the absence of non-allelic 

interaction. Also, Wr/Vr regression line was slightly below the Vr line which indicates additive 

gene action in the presence of complete dominance for the inheritance of seed set in wheat 

exposed to water stress during meiosis (Fig 4.2).   

  

Figure 4.1. Parent–offspring covariance (Wr) plotted against parental variance (Vr) for seed 

set in a 4 × 4 full diallel cross of wheat genotypes exposed to water stress during meiosis. The 

arrangement of parental genotypes along the Wr/Vr regression line indicates the varying 

distribution of dominant and recessive genes among the parents. The parabola Wr2 = Vr*Vp 

limits all the data points. Vp = parental variance.  

 

The proportion of recessive and dominant genes in each parent can be estimated from the 

relative positions of the parents along the regression line of a graph between (Wr + Vr) and 

parental array means (Vp). When exposed to water stress during meiosis, the parent AUS 

12351, had more dominant alleles while Morocco 426 had more recessive genes (Fig 4.3). 
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Figure 4.2: Relationship between (Wr + Vr) values (sum of covariance between parental and 

their progeny (Wr) and the variance of all the progenies in each parental array (Vr)) and 

parental means (Vp) for seed set measured in a 4 x 4 diallel mating scheme. 

 

Genetic components and heritability 

Additive genetic variance (D) and the two components of dominance (H1 and H2) were highly 

significant, which indicates the importance of both additive and non-additive gene actions in 

the genetic control of seed set in wheat exposed to water stress during meiosis. H1 and H2 

values differed from one other indicating different frequencies of the gene of interest among 

the parental lines. The greater value of the additive component suggests that additive gene 

effects are more pronounced than dominance effects in controlling seed set under water stress. 

The proportion of additive genes was high as was reflected in the 73% value obtained for 

narrow-sense heritability. The significant (p < 0.01) value of the relative frequency and the 

magnitude of dominant and recessive alleles (F), suggests that the parents have asymmetrical 

distribution of dominant and recessive alleles. The large positive (F) value (86.3) also indicates 

that the frequency of the dominant alleles is higher than that of recessive alleles (Table 4.5). 

Additive and dominant gene effects are important in the control of seed set in wheat exposed 

to water stress during meiosis. The value of the degree of dominance (H1/D)1/2 was less than 
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unity which confirms the greater contribution of additive genes in the inheritance of seed set in 

wheat exposed to water stress during meiosis and indicates the presence of complete dominance 

for this trait. The estimate of average gene frequency over all loci (H2/4H1) was less than 0.25 

(expected value under equal frequency of the two gene effects) indicating the unequal 

frequency of dominant and recessive alleles.  

 

Table 4.5. Estimate of genetic variance components for seed set in wheat genotypes exposed 

to water stress during meiosis from a 4 × 4 full diallel cross 

Genetic components of variance Representation Value 

Variation due to additive genetic effect D 169.73** 

Variation due to dominance genetic effect H1 87.56** 

Dominance indicating asymmetry of gene effects H2 77.82** 

Relative frequency of recessive and dominance alleles F 86.30** 

Mean degree of dominance (H1/D)1/2 0.72 

Average gene frequency over all loci, max. 0.25 H2/4H1 0.22 

Ratio of dominant & recessive genes in parents      

Narrow-sense heritability 

KD/KR 

h2 

2.10 

73% 

 **p < 0.01. 

 

4.6 Discussion 

The nature of gene action is vital information for designing the best possible breeding approach 

for evaluating any trait of interest. This study found that both additive and dominant gene 

actions are important for the inheritance of seed set in wheat exposed to water stress during 

meiosis, a stress condition peculiar to wheat growing regions with Mediterranean-type climate.  

Highly significant GCA (Table 4.2) indicated a greater contribution of additive genes in the 

inheritance of seed set in wheat exposed to water stress during meiosis. This suggests that 

greater genetic gain could be achieved by using carefully selected genotypes with high GCA 
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in breeding wheat cultivars that tolerate water stress. GCA values are indicators of potential of 

the parents in crosses to generate superior breeding populations, they provide information on 

the concentration of predominantly additive genes, indicates an appropriate breeding method 

for population development and also represents strong evidence of a favourable gene flow from 

parents to offspring (Franco, et al., 2001, Suh et al., 2000). Other studies have reported on the 

predominant contribution of GCA values (additive genes) to various yield-related components 

in wheat (Borghi and Perenzin, 1994, Gowda et al., 2012, Singh et al., 1986, Yao et al., 2011).  

The preponderance of additive gene effects in this study indicates that crosses between 

genotypes with high positive GCA values could lead to the accumulation of favourable alleles 

from such parents, and that conventional cross-breeding methods can effectively produce 

genetically improved lines with higher seed set under water stress during meiosis. Genotype 

Giza 150 had the highest positive GCA, making it the best combiner (data not shown). The 

direct F1 cross between Giza 150 and Spoetnik had the highest mean seed set (74%), while its 

reciprocal F1 cross (Spoetnik × Giza 150) had a high mean seed set (68%) under water stress 

conditions during meiosis (Table 4.1), suggesting that Giza 150 may possess a gene or gene 

complexes which contribute positively to its expression in hybrid combination. This will be 

valuable when breeding lines for high seed set in wheat exposed to water stress during meiosis.  

The highly significant SCA values highlight the genetic variability among the parental selfs, 

and their respective crosses (Table 4.2). They also indicated the importance of certain non-

additive (dominant) genes, although in a much lower proportion than the additive effects. 

The significance of dominance difference between parental and progeny means (b1) and the 

consistency of mean dominance deviation over arrays (b2) (Table 4.3) indicated the presence 

of a dominance gene effect as well as an asymmetrical/uneven distribution of dominant genes 

among the parents (Kearsey and Pooni, 1996), which explains the different numbers of 

dominant alleles present in the wheat parents used in the study. A similar result has been 
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reported in wheat for the inheritance of yield-related traits — grain number per spike, spikelet 

number per spike and 1000-grain weight (Hassan and Gul, 2006). The observed dominant gene 

action could arise from the fact that meiosis, is under the control of many dominant genes (Kaul 

and Murthy, 1985). Dominant gene action could also arise because of gene complementation 

in the heterozygous F1 progeny, which suppressed any unproductive alleles from the two 

homozygous parental lines (Swanson-Wagner et al., 2006).  

Meiosis in plants involves several unique complex processes. The information required for a 

cell to go through meiosis is under genetic control and involve the regulation of some genes 

with diverse functions. Most meiotic genes are non-allelic, with dominant gene action and are 

usually site and stage-specific (Kaul and Murthy, 1985, Zhou and Pawlowski, 2014). The 

normal control of meiotic process ensures gametic fertility and plant growth. Water stress at 

this crucial growth stage results in irreversible changes that disrupts the highly coordinated and 

regulated meiotic process, impairs signalling process, tampers with normal transcription 

control, and reduces gametic fertility which ultimately affects grain yield (Kaul and Murthy, 

1985, Vinocur and Altman, 2005).  

Heterosis (hybrid vigour) was also evident, as the F1 hybrids had greater mean seed set than 

their parental selfs. The specific cross between Giza 150 and Spoetnik had the highest hybrid 

vigour (Table 4.1). The highly significant variations among genotypes indicated extensive 

genetic diversity among the parental selfs and their respective crosses. This suggests the 

possibility of generating new wheat hybrids with higher seed set when exposed to water stress 

during the meiotic process, by selecting appropriate parental lines for crossing (Yao et al., 

2011). Reciprocal differences for seed set in wheat exposed to water stress was significant, 

contrary to a genetic assumption of diallel analysis (Hayman, 1954) which assumes it to be 

absent. A similar result has been reported in a diallel analysis of quantitative traits in alfalfa 
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and tobacco, and the observed significant reciprocal difference was attributed to genetic 

diversity in the breeding materials used (Povilaitis, 1966).  

Heritability measures the amount of phenotypic variation that is due to non-environmental 

variation using a selected population raised in a specific environment. It is an important 

parameter for estimating relative genetic variability in both the broad and narrow sense. The 

high narrow sense heritability (73%) observed indicates the greater importance of additive gene 

action for the control of seed set under water stress. A highly significant additive genetic 

component, large genetic variance and high narrow-sense heritability ensures the effectiveness 

of selection for yield improvement using carefully selected parental genotypes.  

In conclusion, the highly significant GCA values revealed additive gene action as the major 

gene effect responsible for seed set control and inheritance in wheat exposed to water stress 

during meiosis. The ratio of the total number of dominant to recessive genes in all the parentals 

indicated the contribution of dominant genetic effects in the inheritance of seed set. The 

observed high narrow-sense heritability showed that seed set in wheat exposed to water stress 

during meiosis, is a fixable and additively heritable character. The mean seed set of some 

crosses was higher than their parental selfs. As such, progenies with high seed set after 

exposure to water stress during meiosis could be used for further studies to assess their hybrid 

vigour and potentially to pyramid favourable alleles into elite/high yielding- wheat cultivars.  
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Chapter 5:   Identification and validation of a major chromosome region for high 

                     grain number under meiotic stage water stress  

                      in wheat (Triticum aestivum L.)  

 
5.1 Abstract 
 
Grain number is a major trait for wheat yield under dryland farming. An International Triticeae 

Mapping Initiative (ITMI) mapping population comprising 105 recombinant inbred lines (RIL) 

developed from a cross between a Synthetic hexaploid wheat (Triticum aestivum) ‘W7984’ and 

a spring wheat variety ‘Opata M85’ was used to identify quantitative trait loci (QTL) associated 

with grain number per spike under two treatment conditions, normal watering and water stress 

during meiosis. Two major QTL for grain number per spike on the main stem Q.Gnu.uwa-5A-

1 and Q.Gnu.uwa-5A-2 with phenotypic variations of 25.71% and 24.93%, respectively, were 

detected on the long arm of chromosome 5A when plants were exposed to water stress during 

meiosis. One QTL (Q.Gnu.uwa-2A) with a LOD score of 2.8; was detected on the long arm of 

chromosome 2A under normal watering condition. The alleles associated with higher grain 

number per spike under different treatment conditions came from the Synthetic W7984 parent. 

Two populations developed from crosses Synthetic W7984 × Lang and Synthetic W7984 × 

Westonia were used to validate the identified QTL under water stress during meiosis. SSR 

markers Xbarc230 and Xbarc319 linked with the identified QTL on chromosome 5AL were 

validated in the two F2:4 segregating populations. These closely linked SSR markers could 

potentially be utilized in marker-assisted selection to reduce yield loss in regions where water 

stress during meiosis occurs frequently. The identified QTLs can be incorporated into elite 

lines / cultivars to improve wheat grain yield.  
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5.2 Introduction 
 
Bread wheat (Triticum aestivum L.) is one of the most important food crops consumed by 

humans (Monneveux et al., 2012).  It is grown on more than 220 million hectares of land 

worldwide and provides about 20% of the global daily requirements for calories and proteins 

(Shiferaw et al., 2013). One of the primary aims of plant breeding projects is to improve crop 

yield to ensure food security for the ever-increasing world population (FAO, 2016), especially 

under adverse environmental conditions, such as dryland farming that generally leads to 

significant reductions in grain yield.  

Grain yield is a complex trait that integrates many components and developmental processes, 

with gene expressions that are often strongly influenced by the environment (Passioura, 1994). 

Grain number per spike (GN) and thousand grain weight (TGW) are two of the main 

components of grain yield in wheat (Griffiths et al., 2015). The study of individual yield 

components would provide better insight into the genetics of plant development and how it 

affects yield performance (Bezant et al., 1997, Heidari et al., 2011). At physiological maturity, 

final grain number determines grain yield in wheat, such that yield increases have been directly 

associated with increases in grain number (Fischer, 2008, Reynolds et al., 2009, Dolferus et 

al., 2011, Powell et al., 2012, Guo and Schnurbusch, 2015). 

Water stress is a frequent abiotic stress under rainfed agriculture, which can significantly 

reduce grain yield (Monneveux et al., 2012). For example, water stress reduced wheat yield by 

1.1 t/ha during the 2006/2007 cropping season in Australia, resulting in 46% yield reduction 

when compared to the previous (2005/2007 cropping season) year record (ABS 2012). Water 

stress resistance can be defined as the ability of plants to survive and produce measurable yield 

under periodic water stress or limited water supply (Turner, 1979, Farooq et al., 2014). 

Therefore, it is essential to breed crop varieties that are resistant to water stress and maintain 

yield under dryland farming.  
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In Mediterranean-type environments, crops often experience water stress during the 

reproductive or grain-filling phases (Siddique et al., 1989, Fang et al., 2010). Meiosis is a brief, 

yet unique stage during the reproductive processes in plants, and a short duration of water stress 

during this growth phase disrupts grain yield. Water stress during meiosis results in fewer 

grains and consequently lower grain yield (Saini and Aspinall, 1981, Ji et al., 2010, Dolferus 

et al., 2011). Recent studies have indicated that yield reductions due to water stress during 

meiosis in wheat arises from the loss of viability of both male and female reproductive parts 

without any significant reduction in grain weight (Ji et al., 2010, Passioura, 2012, Onyemaobi 

et al., 2017).  

Grain number is a quantitative trait, and quantitative trait loci (QTL) analysis is an important 

tool for determining the chromosomal regions or locating genes underlying its genetic variation 

(Kearsey and Pooni, 1998). QTL studies will facilitate a better understanding of the relationship 

between grain number and yield. Extensive studies have been conducted to identify the genetic 

basis of grain number in diploid crops such as rice, maize, tomato and barley (Gupta et al., 

2006, Kim et al., 2014). For example, the loss of function of the gene OsCKX2 in rice 

contributes to higher grain number (Ashikari et al., 2005, Gupta et al., 2006).  

QTL clusters for yield and yield components have been identified on different chromosomes 

scattered or clustered across the wheat genome (Börner et al., 2002, Groos et al., 2003, Quarrie 

et al., 2005, Kirigwi et al., 2007, Cuthbert et al., 2008, Bennett et al., 2012). Table 2.3 shows a 

list of different yield-related QTL with R2 (proportion of the phenotypic variation explained by 

a QTL) > 20%. Abiotic stress that coincides with the meiotic process can greatly reduce grain 

number. However, most yield-trait related analyses have focused more on the identification, 

validation and/or cloning of genes associated with grain weight while few studies have focused 

on the identification of gene(s) or QTL influencing grain number in wheat, specifically under 

water stress treatment during meiosis (Varshney et al., 2000, Ammiraju et al., 2001, Sun et al., 
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2009, Nezhad et al., 2012, Zhang et al., 2017). Identification of these chromosome 

regions/gene(s) associated with grain number would enhance the efficiency of selection and 

breeding of new wheat varieties with improved water stress resistance.  

Our research focused on the genetic control and molecular basis of grain number in wheat 

plants exposed to water stress during meiosis. The objectives of this study were to identify 

genome regions controlling grain number under water stress during meiosis, validate the 

identified chromosome regions using molecular markers in different mapping populations and 

identify suitable wheat grain number-associated markers for marker assisted selection (MAS). 

 

5.3 Materials and methods 

Plant materials 

A recombinant inbred line (RIL) mapping population developed from a cross between the 

Synthetic W7984 (Altar84/Aegilops tauschii (219) CIGM86.940, female) and Opata (Opata 

M85, male) (Song et al., 2005) along with the parents was used in this QTL identification study. 

A total of 105 RIL lines were evaluated with seeds obtained from the Australian Grains 

Genebank. Two F2:4 populations, Synthetic W7984 × Westonia, and Synthetic W7984 × Lang 

were generated and used for QTL validation and detection of the chromosomal segments from 

the donor parent (Synthetic W7984) into different progenies. Seventy lines from each 

validation population were randomly selected for validation. The closely associated SSR 

markers to the identified QTL were used to genotype segregating lines from the crosses 

mentioned above. 

 

Plant growth and treatment 

Plants were grown in polyvinyl chloride pots (9 cm diameter, 37 cm height), in a controlled-

temperature glasshouse where day and night temperatures were maintained at 22±2°C and 
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15±2°C, respectively at The University of Western Australia (31° 57ʹ S, 115° 47ʹ E) from April 

to September 2015. Each pot, with a 9-mm hole at the bottom to allow free drainage of water 

was filled with 2.1 kg of sterilised soil mixture (5: 2: 3 fine composted pine barks: coco peat: 

brown river sand, pH ~ 6.0). Three seeds were sown per pot for each RIL and later thinned to 

one plant per pot after seven days. A randomized complete block design with three replications 

and two treatments − normal watering (control) and water stress was used, where the location 

of the pots with respect to genotype, replicate and treatment were random within the blocks. 

Scotts Peters® Excel® water soluble nutrient fertilizer with 15 % nitrogen (11.6 % as nitrate 

nitrogen, 1.4 % as ammoniacal nitrogen, 2.0 % as urea nitrogen), 2.2 % phosphorus (soluble in 

neutral ammonium citrate and water), 12.4 % potassium (as potassium nitrate), 5.0 % calcium 

(as calcium nitrate), 1.8 % magnesium (as magnesium nitrate), 0.12 % iron, 0.06 % manganese, 

0.02 % boron, 0.015 % copper, 0.015 % zinc, and 0.010 % molybdenum was supplied weekly 

from 21 days after sowing. Nutrient fertilizer was not applied during the treatment period. For 

the measurement of field (pot) capacity of the soil media, four free draining pots, each 

containing 2.1 kg of sterilised soil mixture, were flooded with water and allowed to drain for 

48h. Two samples from each pot were taken, and their fresh weight and dry weight were 

measured using a balance before and after oven-drying, respectively. The per cent water 

content of the soil mixture at field capacity was calculated as 26% (w/w), using the following 

formula: 

% soil water content = FW−DW
DW

 × 100 

where, FW= fresh weight, and DW= dry weight of the samples. Each pot was weighed daily 

to record the mass of water loss by evapotranspiration. By the next watering the minimum field 

capacity of the pots was around 60%. Based on the amount of moisture lost, each pot was 

watered to bring it up to 80% field capacity. When the auricle distance (AD) — the distance 

between the auricles of the flag leaf and the second last leaf of the plants — reached 0 cm, 
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water stress was imposed by withholding water entirely for 7 days (Onyemaobi et al., 2017). 

Wheat grain yield per plant is determined mainly by the contribution of the main stem under 

rainfed conditions (Elhani et al., 2007). The stress treatment of each pot was based on the AD 

of the main stem of each plant to monitor the effect of water stress on the total grain number 

on the main stem, which hereafter is referred to as grain number per spike. Soil water content 

measurements were conducted to determine plant water status during the stress treatment. 

During the imposed water stress treatment, the pots were weighed daily to monitor the field 

capacity but were not watered throughout the 7 days stress period. However, watering was 

resumed in the stress group as per the normal watering group after the stress treatment. Field 

capacity at the end of the stress period was between 40% - 45%. The daily pot weighing was 

used to record the amount of water loss, corresponding to the daily transpiration of the plants 

or water use during the stress period. The field capacity was maintained at about 80% for the 

whole plant life apart from the stress period until the stage of physiological maturity when 

watering was stopped. 

 

5.4 Data analysis 

QTL analysis 

The Synthetic W7984 × Opata M85 molecular linkage map constructed by Song et al. (2005) 

was used. The map was downloaded from the GrainGenes website 

(https://wheat.pw.usda.gov/cgi-

bin/GG3/report.cgi?class=image;name=Wheat,+Synthetic+x+Opata,+BARC+markers,+5A, 

accessed 10 May 2017). The map had a total of 1,475 SSR and RFLP markers distributed across 

the 21 linkage groups. To ensure maximum genome coverage and reduce errors due to missing 

values, 1,017 markers were selected from the linkage analysis with an average marker density 

of 1 cM after filtering for 60% missing values. The locations and effects of QTL were 
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determined following the composite interval mapping method (CIM). Windows 

QTL(WinQTL) Cartographer v2.5 software was used to perform CIM analysis (Wang et al., 

2012). The CIM analysis was run using a backward stepwise regression method of a window 

size of 10 cM and a step size of 1 cM. The significant threshold LOD scores for QTL detection 

were determined based on 1,000 permutations at P ≤ 0.05 (Doerge and Churchill, 1996). The 

logarithm of odds (LOD) peak location ≥ 2.5 was used to declare a QTL for both water stress 

and normal growing conditions. For cM position, a 0 cM position indicates the first (most 

distal) marker on the short arm of the chromosome. The confidence intervals for the QTL was 

determined by locating the markers on both sides of the QTL peak that correspond to a decrease 

in 1 LOD score relative to the peak marker (Collard et al., 2005). Only SSR markers within the 

1-LOD support interval was used for validating the identified QTL. Adjacent QTL on the same 

chromosome for the same trait was considered as different when the intervals between them 

was not overlapping.   

 

DNA isolation and PCR  

Genomic DNA was extracted from the leaves of three-week-old seedlings of individual plants 

from the parental lines of Synthetic W7984, Westonia and Lang, and each of the F2:4 

populations (70 lines from Synthetic W7984 × Lang and 70 lines from Synthetic W7984 × 

Westonia) using a modified CTAB method (Rogers and Bendich, 1988, Allen et al., 2006). A 

NanoDrop ND-1000 (ThermoFisher Scientific) was used to measure the quality and quantity 

of the total DNA samples. The primers were obtained from Sigma-Aldrich (Sigma-Aldrich Pty 

Ltd, NSW, Australia). Polymerase chain reaction (PCR) contained 50 ng genomic DNA as 

template, 1× Bioline MyTaq™ reaction buffer (containing 1mM dNTPs, 3mM MgCl2, 

stabilizers and enhancers), 0.20 µM of forward and reverse primers and 1 U MyTaq™ DNA 

Polymerase (Bioline, NSW, Australia) in a total volume of 15 µL. The PCR reactions were 
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conducted using an EppendorfMaster cycler ep Gradient S thermocycler (Eppendorf, NY, 

USA) programmed at: 94 C for 5 mins, 35 cycles of denaturation at 94 C for 30 s, annealing at 

varying temperatures obtained from GrainGenes for the different selected SSR markers for 30 

s, elongation at 72 C for 45 s, and a final extension at 72 C for 5 mins. The primers were 

obtained from Sigma-Aldrich (Sigma-Aldrich Pty Ltd, NSW, Australia). 

PCR was run for each marker and their products were analysed based on a previously described 

method by (Castanha et al., 2006) using a LabChip® GX Touch 24 (PerkinElmer, 

Massachusettes, USA).  

 

Statistical data analysis 

The main stems of the parents and each RIL was tagged, and at full physiological maturity, 

grain number per spike was evaluated from the tagged stem only. The populations (F2:4) used 

for the validation studies were F2:4 lines (derived from selfed F2 single seed descent method). 

These lines were also evaluated similarly. The mean values for the control and water-stressed 

treatments were used for QTL analysis. As expected, the numbers of heterozygotes among the 

F2:4 lines screened was few, hence they were excluded from the analysis. Only F2:4 plants 

homozygous for the Synthetic W7984 marker allele and those homozygous for the 

Westonia/Lang marker allele was used to validate the identified QTL. They were placed into 

two separate allele groups: lines that were homozygous for Synthetic W7984 marker allele 

(group 1) and lines with Westonia or Lang marker allele (group 2) for the different SSR marker 

and validation population. Phenotypic statistical data analysis was conducted using Genstat 

statistical software 17th edition (VSN International, 2014). Analysis of variance was conducted 

based on the following fixed effects model: Yĳ  =  µ +  gj  + εĳ  where Yij is observed mean, 

µ is population mean; gj is an effect due to the jth genotype, and ɛij is random error. Heritability 

analysis was conducted using the formula: ℎ2  =  𝛿𝛿𝑔𝑔2  ⁄  �𝛿𝛿𝑔𝑔2  +  𝛿𝛿𝑒𝑒2�   where 𝛿𝛿𝑔𝑔2 𝑎𝑎𝑎𝑎𝑎𝑎 𝛿𝛿𝑒𝑒2 are the 
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estimated genotypic and error variances, respectively (Nyquist and Baker, 1991). The 

genotypic and error variances were estimated as: 𝛿𝛿𝑔𝑔2  = 𝑀𝑀𝑀𝑀𝑔𝑔 −𝑀𝑀𝑀𝑀𝑒𝑒
𝑟𝑟

  and 𝛿𝛿𝑒𝑒2  =  𝑀𝑀𝑀𝑀𝑒𝑒
𝑟𝑟

  where MSg 

is mean square of the RILs, MSe is the residual error, and r is the number of replicates.  

 

5.5 Results 

Phenotypic variation of wheat grain number per spike  

The phenotypic data analysis of variance showed significant (P < 0.01) differences for grain 

number per spike among the 105 RILs of Synthetic W7984×Opata M85 under both normal 

growing conditions (control) and water stress during meiosis (Table 5.1). The mean grain 

number per spike was 39.7 under control and 26.5 under water stress during meiosis. The 

frequency distribution of mean grain number per spike in the RIL population under normal 

growing conditions and under water stress during meiosis are presented in Fig. 5.1. The 

Synthetic W7984 parent had higher grain numbers per spike under normal and water-stressed 

conditions than the Opata M85 parent. Broad sense heritability was 51% for grain number per 

spike under stress and 70% under normal growing conditions (Table 5.1). The high broad sense 

heritability indicated that genetic factors strongly influenced grain number per spike variation 

in the mapping population.  
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Figure 5.1 Frequency distribution of phenotypic variation for wheat grain number per spike among 105 RILs under (a) control (normal watering) 

and (b) water stress during meiosis. Grain number per spike for Synthetic W7984 and Opata M85 parental lines under control and water-stressed 

conditions are indicated by arrows. Values shown are means. 
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Table 5.1 Mean squares, genotypic and phenotypic coefficients of variation, and broad sense heritability of wheat grain number per spike under 

water stress during meiosis and normal growth conditions (control). MSg: mean square of genotype; MSe: mean square of random error;  

δg2: estimated genetic variance; δe2: estimated error variance; δp2: estimated phenotypic variance; 

H2: broad sense heritability. ** indicates significant difference at P < 0.01 

Grain number  MSg MSe δg2 δe2 δp2  H2 

Water stress during meiosis 301.3** 148.0 51.1 49.3 100.4 0.51 

Control 209.3** 64.5 48.3 21.5 69.8 0.70 
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QTL analysis for grain number per spike 

QTL for grain number were detected under both normal and water stress during meiosis 

conditions (Table 5.2, Figure 5.2). The only significant QTL for grain number per spike under 

water stress during meiosis were identified on the long arm of chromosome 5A (Q.Gnu.uwa-

5A-1 and Q.Gnu.uwa-5A-2) with LOD scores of 5.2 and 6.2 respectively—close to SSR 

markers Xbarc151, Xbarc230, Xgwm666 and Xbarc319— and explained 25.7% and 24.9% of 

the phenotypic variation respectively. Q.Gnu.uwa-5A-1 and Q.Gnu.uwa-5A-2 were mapped 

6.5cM apart. One QTL was detected on chromosome 2A (Q.Gnu.uwa-2A) for grain number 

per spike under normal watering conditions, which explained 8% of the phenotypic variation 

and had a LOD score of 2.8. Synthetic W7984 parent contributed high grain number alleles 

under both normal and water stress during meiosis conditions. 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 5 
 

83 
 

Table 5.2 Genetic characteristics of QTL associated with grain number per spike in the Synthetic W7984 × Opata M85 RIL population. QTL 

was detected by composite interval mapping. QTL peak position (cM) is based on linkage between markers from the Synthetic W7984 × 

Opata M85 molecular linkage map constructed by Song et al., 2005. Selected flanking markers includes SSR markers on both sides of the 

QTL peak with 1 LOD score reduction relative to the peak marker. All QTL were detected at LOD ≥ 2.5 threshold following 1,000 

permutations, the percent phenotypic variance (R2 %) and size of the additive effect are also presented. 

Treatment QTL name QTL Peak position 
(cM) 

Flanking SSR markers LOD score R2 (%) Additive effect 

Water stress during meiosis Q.Gnu.uwa-5A-1 77.7 Xgwm666 and Xbarc230 5.17 25.71 0.61 

 Q.Gnu.uwa-5A-2 84.2 Xbarc230 and Xbarc319 6.20 24.93 0.59 

       
Control Q.Gnu.uwa-2A 92.1 Xgwm312 and Xgwm372 2.77 8.04 0.36 
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Figure 5.2 QTL identified in the Synthetic W7984 × Opata M85 RIL population which were 

associated with grain number per spike (a) under water stress during meiosis, located on 

chromosome 5A and (b) under normal watering, located on chromosome 2A using composite 

interval mapping. The horizontal bars just above the horizontal axes indicates the significant 

LOD thresholds for the QTL detection which was set at ≥ 2.5 for both treatments 
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Validation of the QTL for grain number per spike under water stress during meiosis 

Four SSR markers—Xbarc151, Xbarc230, Xbarc319 and Xgwm666—were tightly linked with 

the two identified QTL for grain number per spike under water stress during meiosis. The peak 

position of the Q.Gnu.uwa-5A-1 was 77.7 cM while Q.Gnu.uwa-5A-2 was 84.2 cM; the 

selected four markers span between64.0 cM and 86.4 cM on wheat chromosome 5A. Only two 

markers, Xbarc230 and Xbarc319, were polymorphic between the parental lines of Synthetic 

W7984 × Lang and Synthetic W7984 × Westonia and were therefore used for the QTL 

validation.  

Plants possessing different alleles of markers Xbarc230 (closest to Q.Gnu.uwa-5A-1) and 

Xbarc319 (closest to Q.Gnu.uwa-5A-2) were separated into allele group 1 and allele group 2 

using LabChip®. The fragment sizes in Table 5.3 were used to score the randomly selected 70 

lines from each of the F2:4 populations (Synthetic W7984 × Westonia and Synthetic W7984 × 

Lang) into different groups based on the allele combination observed for the different 

genotypes. 
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Table 5.3 Fragment size of the two SSR markers, with polymorphism among the parents, 

associated with the identified QTL for grain number per spike under water stress in three 

parental lines, Synthetic W7984, Lang and Westonia 

SSR markers Parental lines Fragment size (bp) 

Xbarc230 Synthetic W7984 132 

 Lang 257 

 Westonia 222 

Xbarc319 Synthetic W7984 203 

 Lang 274 

 Westonia 243 
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Figure 5.3 Electropherogram of PCR products of marker Xbarc230 and Xbarc319 from F2:4 Synthetic W7984 × Westonia lines exposed to water 

stress during meiosis. The calculated molecular weight (bp) of PCR product (peaks) is displayed, the black arrows point to amplified fragment 

sizes (a) indicates an F2:4 plant with the alleles of both Synthetic W7984 and Westonia parental lines for SSR marker Xbarc230 (b) indicates an 

F2:4 plant amplified by SSR marker Xbarc319 and possessing the allele of Lang parental line alone.
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The mean performance of genotypes based on two types of allele combination groups (1 and 

2) were used to calculate the phenotypic effect of the identified QTL under water stress during 

meiosis Generally, plants in group 1 had higher grain numbers per spike compared with those 

in group 2 (Figure 5.4). The two-sample t-test revealed that under water stress during meiosis, 

the mean difference in grain number per spike between the allele combination groups in the 

different F4 validation populations was statistically significant (P ≤ 0.05) for both Xbarc230 

and Xbarc319 (Figure 5.4). 
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Figure 5.4 Validation of SSR markers Xbarc230 and Xbarc319 associated with the identified 

QTL for grain number per spike under water stress during meiosis. (a) and (c) indicate F2:4 

lines homozygous for Xbarc230 marker alleles from Synthetic W7984 and Lang parental lines, 

(b) and (d) indicate F2:4 lines homozygous for Xbarc319 marker alleles from Synthetic W7984 

and Westonia parental lines. Values shown are means and error bars are standard errors of the 

means. Two-sample t-test revealed that under water stress during meiosis, the mean difference 

in grain number per spike between the allele combination groups in different F2:4 validation 

populations was statistically significant (P ≤ 0.05) for both Xbarc230 and Xbarc319 marker 

alleles. 
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5.6 Discussion 

The two major QTL identified in this research—Q.Gnu.uwa-5A-1 and Q.Gnu.uwa-5A-2— 

contributing to variations in grain number per spike under water stress during meiosis were 

both located on the long arm of wheat chromosome 5A, a region known to carry major genes 

influencing adaptability and productivity (Dubcovsky et al., 1998, Kato et al., 2000, Börner et 

al., 2002). The genomic region harbouring these two closely-liked major QTL explained 25.7% 

and 24.9% of the total phenotypic variation, respectively. Wheat chromosome 5A is known to 

carry several gene(s) influencing adaptability and productivity (Snape et al., 1985, Kato et al., 

2000, Kirigwi et al., 2007, Edae et al., 2014). Chromosome 5A also plays a crucial role in 

drought resistance. For example, Quarrie et al. (1994) identified a QTL on chromosome 5A 

with a major effect on drought-induced ABA accumulation in wheat. Genomic regions and 

gene(s) of agronomic importance have been mapped on the long arm of wheat chromosome 

5A, with examples including genes for reduced vernalisation response (Vrn-A1), ear emergence 

time, spike morphology, and awn development (Dubcovsky et al., 1998, Kato et al., 1999, Kato 

et al., 2000). 

Vernalisation, the initiation of flowering by prolonged exposure to cold temperatures, is a 

major determinant of flowering time. Börner et al. 2002 already identified flowering time QTL 

in Synthetic W7984 and Opata M85 RIL mapping population on chromosomes 2D, 3A and 

5D. The two major QTL—Q.Gnu.uwa-5A-1 and Q.Gnu.uwa-5A-2—contributing to variations 

in grain number per spike under water stress during meiosis, were found to be located close  

to the vernalisation gene Vrn-A1 based on the physical positions (obtained by blasting against 

the wheat reference genome) of the gene and the identified QTL (https://urgi.versailles.inra.fr). 

However, the QTL results for  final auricle distance (measured at the end of the stress period), 

number of days from final AD measurement to anthesis, the number of days from sowing to 

anthesis, tiller number per plant, and water use during the stress period suggested that the 5AL 
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QTL were not due to a staging artefact caused by Vrn-A1 segregation, because the Vrn-A1 

alleles segregating in the population were not functionally different with regard to flowering 

time under the experimental conditions. 

SSR markers act as anchors in genetic mapping and are potentially useful for MAS (Torada et 

al., 2006). Xbarc230 and Xbarc319 could be potential markers for plant breeding to reduce 

yield loss in regions where water stress during meiosis occurs often. Whether the identified 

QTL region in chromosome 5AL contains one or more key genes for water stress resistance 

during the meiotic process requires further investigation through generating near isogenic lines 

and fine mapping of Q.Gnu.uwa-5A-1 and Q.Gnu.uwa-5A-2 with more DNA markers.  

QTL for final auricle distance (measured at the end of the stress period), number of days from 

final AD measurement to anthesis, number of days from sowing to anthesis, tiller number per 

plant, and water use during the stress period were mapped on almost all the chromosomes 

except 2A, 3B, 4B and 7B (Appendix 3). None of the identified QTL associated with these 

developmental traits occurred in the same chromosome region as the identified QTL for grain 

number per spike on chromosome 5AL (Table 2; Appendix 2).  However, a region on 

chromosome 2D contained QTL effects for both number of days from the final AD 

measurement to anthesis and number of days from sowing to anthesis. By blasting against the 

wheat reference genome (https://urgi.versailles.inra.fr), it was found that photoperiod 

sensitivity (Ppd_D1) gene is closely located to the identified 2D QTL (Q.Ndan.uwa-2D and 

Q.Snan.uwa-2D). Therefore, Ppd_D1 might have influence on the QTL for number of days 

from the final AD measurement to anthesis and number of days from sowing to anthesis. 

Chromosome 5AL has also been reported to harbour the most repeatable grain yield QTL 

across different mapping populations, environments and treatment (Huang et al., 2004, Marza 

et al., 2006, Cuthbert et al., 2008).  Cuthbert et al. (2008) detected two grain yield QTL and 

eight yield-related QTL on the long arm of chromosome 5A. QTL that control both water stress 
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resistant related traits and yield component traits have been detected in this chromosome region 

(Edae et al., 2014).  In this study, we showed that chromosome 5AL affects grain number per 

spike. Such unique attributes highlight the significant contributions of the long arm of 

chromosome 5A to yield improvements and some of those QTL may coincide with the QTL 

detected in this study. 

A QTL, Q.Gnu.uwa-2A, relating to grain number per spike under normal water conditions was 

detected on chromosome 2AL. SSR markers Xgwm312 and Xbarc353, were linked to the 

identified QTL. Q.Gnu.uwa-2A, is in a similar position to a QTL for grain number per ear 

reported by Huang et al. (2004). In other studies, QTL associated with yield traits such as 

relative water content, plant height, days to heading, spikelets per spike and awn length have 

been detected on chromosome 2A (Peng et al., 2003, Yao et al., 2009). 

Clusters of yield QTL have also been identified on different wheat chromosomes, either 

controlling yield itself or a yield component. The results of this study agreed with the report by 

Peng et al. (2003) on the presence of highly significant (P ≤ 0.001) yield-related QTL on both 

wheat chromosomes 2A and 5A. The favourable allele for grain number per spike under normal 

growing conditions and water stress during meiosis was contributed by the Synthetic W7984 

parent. In the study by Börner et al. (2002), two major QTL with LOD > 3.0 and seven minor 

QTL with LOD between 2 and 3, detected for grain yield and yield-related traits across different 

growing seasons and environments, all came from the Synthetic W7984 parent. The present 

finding is consistent with other research that identified drought-tolerant genes and adaptive 

traits in Synthetic W7984 and other Synthetic wheat lines derived from the diploid wild goat 

grass Aegilops tauschii (Reynolds et al., 2007, Sohail et al., 2011, Ayalew et al., 2017), which 

suggests that the Synthetic hexaploid wheat W7984 could harbour a suite of yield-related 

adaptive features that should be further explored. Fine mapping of the QTL loci on the long 

arm of chromosome 5A is now in progress in our laboratory. 
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Grain number is a quantitative trait influenced by both genetic and environmental factors. 

Water stress is a yield-limiting factor and the most intense effects on yield have been recorded 

when stress coincides with the period between the onset of meiosis and early grain initiation 

(Saini 1997, Barnabás et al 2008). In major wheat-growing areas, particularly those with a 

Mediterranean climate, water stress during the meiotic process occurs often. The meiotic 

process in this experiment includes the stage just before, during and just after meiosis to 

produce viable male and female gametes. The assumption is that viability of gametes may 

finally determine the grain numbers. Making direct selections for grain yield components and 

breeding high-yielding wheat cultivars with high grain numbers will positively influence grain 

yield (Peltonen-Sainio et al., 2007). In the present study, identifying grain number per spike 

QTL under water stress during and its effect on grain yield portrays how the selection and 

genetic analysis of a single yield component could be used to potentially increase grain yield. 

Consequently, the identified and validated favourable alleles could be transferred into wheat 

cultivars used in dryland farming; which often experience water stress during the meiotic 

process, to make them more tolerant to drought and increase grain yield. 

 



 

94 
 

Chapter 6:                                              General Discussion  

6.1 Introduction  

Wheat grown under rainfed Mediterranean-type climates such as Western Australia often 

experience water stress during the reproductive stage (Siddique et al., 2000, Fang et al., 2010). 

This type of water deficit (also known as end-of-season or terminal drought) results in low 

grain number (seed set) that significantly reduces grain yield. Meiosis is one of several 

developmental processes that occur during the reproductive stages, and the most water-

sensitive stage in wheat and many other plant species. Several reports have claimed that male 

reproductive parts are the main contributor to low yields under water stress during meiosis 

(Saini et al., 1984, Thakur et al., 2010, Dolferus et al., 2013), yet the role of the female 

reproductive parts and the chromosome regions associated with meiotic-stage drought 

tolerance have not been investigated. 

This research has contributed to knowledge with the following evidences: 

a) Significant genetic variability exists for water stress tolerance during meiosis in 

selected wheat genotypes adapted to Mediterranean environments across the world; 

b) Both male and female reproductive parts are sensitive to water stress during meiosis, 

and male, female or both parts could be the major contributor to yield reductions in 

different wheat genotypes; 

c) Additive gene effects are the major contributors to seed set in wheat exposed to water 

stress during meiosis; 

d) Three QTLs are identified to be associated with seed set inheritance and the phenotypic 

effects of two of the major QTLs are validated under water stress using other bi-parental 

mapping populations with different genetic backgrounds. 
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6.2 Genetic variability for water stress resistance during meiosis 

Grain number (seed set) and grain size are two major determinants of wheat yield (Griffiths et 

al., 2015). The timing and severity of abiotic stress determines whether seed set or grain size 

is affected. Water stress during meiosis reduces seed set and, therefore yield, while maintaining 

seed size (Kirby and Appleyard, 1987). 

In this study, we observed genetic variation in seed set of wheat genotypes screened for water 

stress tolerance during meiosis. The genotypes Belgrade 7, Florida 301, Giza 150, Halberd, 

and Westonia had the highest seed set under water stress during meiosis, while India 344, Jimai 

20, Morocco 426, Norin 10 and W96 had the lowest seed set. In some of the tested genotypes, 

including AUS 12351, Axe, Florida 301, Giza 150, and Halbred, seed set did not significantly 

differ between water-stressed and non-stressed treatments, which further highlighted the 

genetic diversity in these genotypes for studying and understanding the mechanism of water 

stress tolerance. 

Water stress during meiosis reduced wheat yields through significant reductions in seed set but 

had no effect on grain size, confirming seed set was the most vital yield determinant of wheat 

as previously reported (Savin and Slafer, 1991, González et al., 2003, Dolferus et al., 2013, 

Onyemaobi et al., 2017). This study identified the presence of genetic variability which can be 

used as a source for breeding resistance to meiotic-stage water stress. 

 

6.3 Contributions of the male and female reproductive structures to reduced yields in different 

wheat genotypes. 

Water stress has long been claimed to mostly affect the male reproductive development in 

wheat plants while female gametogenesis is physically protected and, therefore, more resilient 

to water stress and less vulnerable to abiotic stresses (Saini, 1997, Dolferus et al., 2011). Pollen 

grains are reported to be the most water-sensitive reproductive organ and the sole contributor 
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to yield reduction in the event of water stress during meiosis (Saini, 1997, Saini & Westgate 

1999, Ji et al., 2010).  

This study, identified for the first time that under water stress during meiosis, the female 

reproductive part in four of the 13 examined wheat genotypes, was a predominant contributor 

to yield reduction (Onyemaobi et al., 2017). This is a clear indicator that both male and female 

parts contributing to yield reduction under water stress during meiosis, suggesting the 

difference of wheat genotypes in their sensitivities to water stress during meiosis and that it 

may be possible to breed drought-tolerant wheat cultivars by combining resistance from both 

male and female reproductive parts.  

The reason for the different performances of male and female reproductive parts under water 

stress during meiosis is likely due to not only different physical structures but also diverse 

cellular responses to water stress signals. We hypothesize that when water stress coincides with 

meiosis in wheat plants, stress signals are sent from the roots due to depletion of soil water 

initiates a cascade of specific signal transduction pathways that in turn change the cellular 

signals. To ensure survival and/or tolerance, the different signalling molecules upregulated by 

water stress cause the plant to respond by aborting either male, female or both reproductive 

organs to safeguard some already developing seeds for the next generation, thereby resulting 

in low seed set and ultimately low grain yield. The regulated signal transduction of the 

reproductive parts under stress may be responsible for the observed variation in seed set 

performances of different genotypes. 

As different wheat genotypes have different sets of genes that control different signalling 

pathways, the male and female reproductive parts in each genotype may respond differently to 

how they perceive and transmit water stress signals during meiosis and, therefore influence 

final seed set. Selective screening of seed set for wheat lines that are tolerant to water stress 

during meiosis is a promising way forward to breed drought-tolerant cultivars. 
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In this study, seed size was not affected by water stress during meiosis; rather, stressed plants 

tended to grow larger seeds when water became available after seed set. 

 

6.4 Gene actions controlling grain number under water stress during meiosis. 

After identifying wheat genotypes with genetic variation for seed set under meiotic stage water 

stress, the next logical research would be to investigate the heritability of this observed 

variation and how it is genetically controlled. Even in this modern era of genomics, making 

crosses between genotypes with different genetic diversity for any trait of interest followed by 

quantitative analysis is still necessary for further studies on the gene actions and mechanism of 

their inheritance. The significance and nature of gene effects and heritability of seed set under 

water stress during meiosis were estimated through diallel analysis.  

Analysis of variance indicated the diversity of parental and progeny lines in their response to 

water stress during meiosis, with both additive and dominant gene effects playing a significant 

role in the control of high seed set. Additive gene effects contributed more to seed set in this 

study than dominance effects, an indication that crosses between genotypes with high positive 

general combining ability (GCA) values could lead to the accumulation of favourable alleles 

from such parental lines. Also, the observed significant contributions of specific combining 

gene actions can be used effectively to develop hybrid lines. The high narrow-sense heritability 

(73%) indicated the importance of additive gene effects in the inheritance of seed set in wheat 

exposed to water stress during meiosis, which can be increased through hybridisation and 

recurrent selection of genotypes (Suh et al., 2000, Franco et al., 2001, Yao et al., 2011). 

The hybrids with the highest seed set Giza 150 × Spoetnik, Spoetnik × AUS 12351, and AUS 

12351 × Morocco 426 can be advanced into pure lines with yield potential that is superior to 

either parental lines used in the hybridisation. Genotypes with contrasting seed set (the highest 
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and lowest seed set) under meiotic-stage water stress can be used to develop a mapping 

population which will effectively identify QTL contributing to seed set.  

 

6.5 QTL identification and validation under water stress conditions. 

Combining genetic variability with DNA markers tightly linked to a trait(s) of interest is a fast 

and effective means of selecting and improving crop productivity. This research is the first of 

its kind to investigate chromosome regions that control wheat grain numbers under water stress 

during meiosis, an essential component for maintaining yield in rainfed farming systems that 

regularly experience terminal drought. 

QTL mapping using Synthetic W7984 × Opata M85 RIL populations identified two QTL for 

grain number per spike under the stress treatment and one QTL under normal condition. The 

synthetic W7984 parent produced more grain under normal and water-stressed conditions than 

the Opata M85 parent. The most significant QTLs for grain number per spike under water stress 

during meiosis were identified on the long arm of chromosome 5A (Q.Gnu.uwa-5A-1 and 

Q.Gnu.uwa-5A-2) with LOD scores of 5.2 and 6.2 and explained 25.7% and 24.9% of the 

phenotypic variation, respectively. The QTL for grain number per spike under normal 

conditions, detected on chromosome 2A (Q.Gnu.uwa-2A), had an LOD score of 2.8 and 

explained 8% of the phenotypic variation. Genomic regions of wheat chromosomes 5A and 2A 

have been reported to harbour QTL related to high grain yield (Snape et al. 1985; Peng et al. 

2003; Huang et al. 2004; Edae et al. 2014). 

Validating the phenotypic effect of identified QTL on genetic backgrounds other than the initial 

mapping population is an important step to confirm the usefulness of the molecular markers 

identified for marker-assisted plant breeding (Collard et al., 2008, Xu, 2010). The meiotic-

stage water stress resistance QTL identified by RIL mapping were transferred into two other 

cultivars, and the phenotypic effect of these QTL was examined. SSR markers Xbarc151, 
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Xbarc230, Xgwm666 and Xbarc319, closely linked to both Q.Gnu.uwa-5A-1 and Q.Gnu.uwa-

5A-2 were used to track down the acquired QTL in two F4 lines, namely, Synthetic W7984 × 

Lang and Synthetic W7984 × Westonia. Only two markers, Xbarc230 and Xbarc319, were 

polymorphic between the parental lines of the two populations and were therefore used for the 

QTL validation. 

Plants possessing different alleles of markers Xbarc230 (closest to Q.Gnu.uwa-5A-1) and 

Xbarc319 (closest to Q.Gnu.uwa-5A-2) were analysed using microfluidic chip-capillary 

electrophoresis (LabChip®). Only F4 plants homozygous for the Synthetic W7984 marker 

allele and those homozygous for the Westonia/Lang marker allele was used to validate the 

identified QTL. They were placed into two separate allele groups: lines that were homozygous 

for Synthetic W7984 marker allele (group 1) and lines with Westonia or Lang marker allele 

(group 2) for the different SSR marker and validation population.  The mean difference in grain 

number per spike between the groups in the different F4 lines was statistically significant (P < 

0.01) for both Xbarc230 and Xbarc319. Plant possessing the Synthetic W7984 marker allele 

(group 1) had higher mean grain number per spike compared to those in group 2 (with either 

Westonia or Lang marker allele). 

The SSR markers validated in this study can be used to identify genotypes with high grain 

number per spike under the stress condition. The identified QTL regions Q.Gnu.uwa-5A-1 and 

Q.Gnu.uwa-5A-2 were mapped 6.5cM apart and both contributed >50% of phenotypic 

variation combined. The identified and validated SSR markers can be incorporated into a MAS 

program for grain number and yield improvement. 

 

6.6 Future directions of meiotic-stage water stress research.  

Water stress during the reproductive phase in many crops especially cereals is the most 

detrimental abiotic stress affecting grain yield in many regions with a Mediterranean-climate. 
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With the changing climatic conditions that forecasts more frequent exposure to terminal 

drought in these regions, identifying physiological traits that reduce the yield gap is essential. 

This study identified the key to sustaining grain yield under water stress during meiosis 

increasing grain number/seed set. Although we do not yet fully understand how the male and 

female reproductive parts contributes in stabilising the number of fertile florets that matures to 

grain in wheat, this thesis provides the foundation for further research. A better understanding 

of the physiological, molecular and signalling processes under water stress conditions that 

disrupts meiosis during male and female gametophyte development may provide us with 

solutions for maintaining grain number. 

Effective breeding of wheat cultivars resistant to water stress during meiosis requires further 

study on: 

a) Screening wider range of wheat germplasm to explore for more sources of variation for 

water stress resistance. Genotypes with high seed set should be further screened under 

field conditions for genetic studies and integrated into breeding programs. 

b) Screening of more wheat germplasm under controlled and field conditions to identify 

the contributions of different reproductive parts (male and female) to seed set. 

c) Gene mining, fine mapping, positional cloning and functional analysis of the identified 

and validated QTLs. Marker assisted selection using the identified SSR markers will 

facilitate selection for high seed set. 

d)  QTL pyramiding incorporating the two closely located genomic regions identified in 

this study to give more detailed information on the gene networks controlling the 

inheritance of seed set under water stress. 
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Article published in Frontiers in Plant Science, 2017, 7. 
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Appendix 2  
Article published in PLoS ONE 13(3):e0194075. https://doi.org/10.1371/journal.  
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Appendix 3. Supporting information for appendix 2. 
S1 Table. Mean grain number per spike for Synthetic W7984 parent, Opata M85 parent and 
105 recombinant inbred lines (RILs) of Synthetic W7984×Opata M85 under both normal 
watering (control) and water stress during meiosis.  

Plant Mean grain no per spike Plant Mean grain no per spike 
Control Water stress Control Water stress 

Synthetic W7984 35.00 28.50 SO_056 46.50 47.00 
Opata M85 24.00 10.50 SO_057 39.50 34.50 
SO_001 52.50 11.50 SO_058 32.50 14.50 
SO_002 45.00 34.00 SO_059 41.00 34.00 
SO_003 51.00 20.00 SO_060 34.50 28.50 
SO_004 51.50 28.00 SO_061 31.50 20.50 
SO_005 51.00 46.50 SO_062 50.00 32.00 
SO_006 52.00 14.50 SO_063 41.00 24.50 
SO_007 32.50 27.00 SO_064 42.50 26.50 
SO_008 51.50 47.00 SO_065 28.00 19.50 
SO_009 53.00 45.00 SO_066 26.50 12.00 
SO_010 40.50 21.50 SO_067 43.00 22.50 
SO_011 26.00 11.50 SO_068 40.00 17.50 
SO_012 30.00 29.00 SO_069 28.00 7.00 
SO_014 28.00 8.50 SO_071 50.00 34.00 
SO_015 53.00 14.00 SO_072 35.00 20.00 
SO_016 38.50 14.00 SO_073 27.50 8.50 
SO_017 40.50 22.00 SO_074 44.00 26.00 
SO_018 49.00 48.50 SO_075 48.00 22.50 
SO_019 56.00 24.00 SO_076 43.00 32.50 
SO_020 52.00 24.50 SO_077 29.00 12.00 
SO_021 50.50 31.50 SO_078 38.00 20.00 
SO_022 28.00 26.50 SO_079 22.50 10.50 
SO_023 17.00 17.00 SO_080 18.00 22.50 
SO_024 50.00 45.50 SO_081 32.00 9.00 
SO_025 44.00 36.50 SO_082 9.00 11.00 
SO_026 36.00 10.00 SO_083 35.00 6.50 
SO_029 57.50 39.50 SO_084 17.50 11.00 
SO_030 37.50 36.00 SO_085 18.00 10.50 
SO_031 37.00 26.50 SO_086 15.50 4.00 
SO_032 46.00 20.50 SO_088 38.50 19.00 
SO_033 51.00 42.00 SO_089 30.00 13.50 
SO_034 51.00 41.00 SO_090 27.00 24.00 
SO_035 39.00 30.00 SO_091 38.50 22.50 
SO_036 33.50 34.50 SO_092 55.00 43.50 
SO_037 37.00 19.00 SO_093 29.50 23.00 
SO_038 54.00 34.00 SO_094 22.00 12.00 
SO_039 55.00 31.00 SO_095 52.00 29.00 
SO_040 37.00 10.50 SO_096 27.50 16.00 
SO_041 49.50 36.50 SO_097 33.50 13.00 
SO_042 34.50 12.50 SO_098 37.00 21.00 
SO_043 41.00 36.50 SO_099 41.00 45.50 
SO_044 58.00 24.00 SO_100 37.50 29.00 
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SO_045 64.00 29.50 SO_101 38.50 42.50 
SO_046 34.50 29.50 SO_102 42.00 34.50 
SO_047 45.00 37.50 SO_103 42.00 42.50 
SO_048 32.50 24.00 SO_104 59.00 61.00 
SO_049 36.00 23.50 SO_106 33.50 35.50 
SO_050 60.00 43.50 SO_110 54.50 60.00 
SO_051 45.50 36.00 SO_111 42.00 16.00 
SO_052 41.50 41.00 SO_112 41.00 31.00 
SO_053 49.00 33.50 SO_113 29.00 18.50 
SO_054 39.50 29.50 SO_114 30.00 23.00 
SO 055 52.50 46.00    
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S2 Table  
QTL associated with different developmental traits under water stress during meiosis (S) and under control (C) condition using Synthetic W7984 × Opata M85 
RIL population. QTL was detected by composite interval mapping. QTL peak position (cM) is based on linkage between markers from the Synthetic W7984 × 
Opata M85 molecular linkage map constructed by Song et al., 2005. All QTL were detected at LOD ≥ 2.5 threshold following 1,000 permutations, the percent 
phenotypic variance (R2 %) and the additive allele effect are also presented. 
 

Trait Treatment QTL name QTL peak LOD R2 % Additive effect 
Final AD (Fiad) S Q.Fiad.uwa-1A-1 5.11 3.42 9.01 0.53 

Q.Fiad.uwa-1A-2 65.9 5.44 15.03 -0.69 
Q.Fiad.uwa-3A 88.3 5.07 14.95 0.77 
Q.Fiad.uwa-6A 2.00 2.74 6.31 -0.39 
Q.Fiad.uwa-7A 38.9 2.86 8.36 0.49 

C Q.Fiad.uwa-1B 60.1 3.72 10.63 0.41 
Q.Fiad.uwa-1D 104.4 2.63 7.72 -0.33 
Q.Fiad.uwa-5D 14.6 6.42 25.58 0.60 
Q.Fiad.uwa-6D 1.00 3.16 9.75 0.37 

Days from final AD to anthesis (Ndan) S Q.Ndan.uwa-1B 28.9 3.43 9.01 1.39 
Q.Ndan.uwa-2D 20.7 6.49 22.10 2.17 

C Q.Ndan.uwa-2D 21.1 8.93 21.45 5.30 
Q.Ndan.uwa-4D 85.5 2.72 6.54 2.84 

Days from sowing to anthesis (Snan) S Q.Snan.uwa-2D 21.1 8.66 22.00 7.06 
C Q.Snan.uwa-2D 27.4 2.87 9.57 1.93 

Q.Snan.uwa-4A 61.9 2.63 7.64 -1.76 
Q.Snan.uwa-6A 47.3 3.46 10.45 2.19 

The negative and positive signs of additive effects show the origin of the increasing allele: positive sign indicates Synthetic W7984 while negative sign shows 
Opata M85 as the origin 
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S3 Table. Mean final auricle distance (AD) measurement (cm) for Synthetic W7984 parent, 
Opata M85 parent and 105 recombinant inbred lines (RILs) of Synthetic W7984×Opata M85 
under both normal watering (control) and water stress during meiosis.  

Plant Final AD(cm) Plant Final AD(cm) 
Control Water stress Control Water stress 

Synthetic W7984 11.60 12.32 SO_056 11.10 4.85 
Opata M85 10.30 9.80 SO_057 11.60 9.55 
SO_001 11.60 8.65 SO_058 12.85 11.00 
SO_002 10.50 9.80 SO_059 10.45 6.65 
SO_003 10.95 7.50 SO_060 10.15 6.75 
SO_004 11.50 7.85 SO_061 9.20 7.25 
SO_005 10.90 9.10 SO_062 10.50 8.40 
SO_006 12.00 7.40 SO_063 12.45 11.30 
SO_007 10.85 6.80 SO_064 9.85 7.00 
SO_008 11.00 9.05 SO_065 10.65 8.65 
SO_009 10.50 7.35 SO_066 10.70 7.10 
SO_010 9.90 9.55 SO_067 11.25 9.15 
SO_011 10.40 8.15 SO_068 13.35 7.90 
SO_012 10.50 8.15 SO_069 10.90 11.25 
SO_014 10.00 8.00 SO_071 10.40 9.40 
SO_015 10.50 7.85 SO_072 9.95 6.65 
SO_016 10.75 8.70 SO_073 8.60 8.00 
SO_017 11.30 8.35 SO_074 10.15 7.75 
SO_018 10.50 8.40 SO_075 9.70 6.80 
SO_019 12.00 6.25 SO_076 11.40 7.00 
SO_020 11.00 9.10 SO_077 10.10 6.70 
SO_021 10.00 7.15 SO_078 11.35 8.45 
SO_022 11.75 9.25 SO_079 11.30 8.25 
SO_023 12.05 8.00 SO_080 11.55 12.25 
SO_024 12.00 10.15 SO_081 12.25 9.50 
SO_025 11.50 7.40 SO_082 12.40 7.50 
SO_026 11.30 7.50 SO_083 10.75 7.80 
SO_029 12.30 8.65 SO_084 14.00 8.40 
SO_030 10.15 6.65 SO_085 11.75 6.65 
SO_031 11.05 10.75 SO_086 10.85 7.75 
SO_032 11.80 9.00 SO_088 10.90 8.64 
SO_033 13.40 9.25 SO_089 9.80 8.35 
SO_034 11.75 7.30 SO_090 9.65 9.30 
SO_035 11.40 8.65 SO_091 9.85 7.40 
SO_036 9.90 7.50 SO_092 14.60 10.25 
SO_037 11.35 10.80 SO_093 10.65 8.60 
SO_038 8.85 6.90 SO_094 10.75 7.70 
SO_039 11.65 8.40 SO_095 10.70 9.75 
SO_040 11.40 6.00 SO_096 9.85 7.85 
SO_041 9.00 6.70 SO_097 10.85 6.80 
SO_042 10.40 7.60 SO_098 11.60 9.40 
SO_043 8.95 8.80 SO_099 12.60 8.20 
SO_044 9.60 8.70 SO_100 11.50 11.00 
SO_045 9.40 6.75 SO_101 10.75 8.65 
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SO_046 9.00 8.45 SO_102 11.20 7.30 
SO_047 9.85 7.60 SO_103 9.00 6.65 
SO_048 8.75 6.80 SO_104 10.50 7.25 
SO_049 9.10 7.50 SO_106 11.65 8.75 
SO_050 12.25 9.40 SO_110 10.40 7.65 
SO_051 9.70 8.85 SO_111 13.25 10.85 
SO_052 10.30 10.00 SO_112 10.90 10.00 
SO_053 12.20 9.80 SO_113 12.40 7.25 
SO_054 11.40 8.10 SO_114 10.60 9.55 
SO_055 12.75 12.50    
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S4 Table. Mean number of days from final auricle distance (AD) measurement to anthesis for 
Synthetic W7984 parent, Opata M85 parent and 105 recombinant inbred lines (RILs) of 
Synthetic W7984×Opata M85 under both normal watering (control) and water stress during 
meiosis.  

Plant No of days from final AD 
measurement to anthesis 

Plant No of days from final AD to 
measurement to anthesis 

Control Water stress Control Water stress 
Synthetic W7984 68 50 SO_056 66 41 
Opata M85 76 48 SO_057 51 34 
SO_001 71 43 SO_058 64 39 
SO_002 51 40 SO_059 51 37 
SO_003 51 39 SO_060 51 38 
SO_004 51 35 SO_061 64 45 
SO_005 76 45 SO_062 51 38 
SO_006 72 43 SO_063 64 39 
SO_007 54 36 SO_064 50 44 
SO_008 53 40 SO_065 54 34 
SO_009 50 42 SO_066 63 39 
SO_010 52 33 SO_067 47 40 
SO_011 68 43 SO_068 71 46 
SO_012 51 37 SO_069 74 45 
SO_014 54 34 SO_071 57 37 
SO_015 82 48 SO_072 54 36 
SO_016 73 46 SO_073 50 40 
SO_017 72 43 SO_074 50 43 
SO_018 51 38 SO_075 50 44 
SO_019 55 37 SO_076 50 44 
SO_020 70 43 SO_077 64 39 
SO_021 60 37 SO_078 66 42 
SO_022 52 40 SO_079 66 42 
SO_023 56 40 SO_080 77 46 
SO_024 69 46 SO_081 76 45 
SO_025 51 39 SO_082 91 53 
SO_026 60 38 SO_083 66 44 
SO_029 50 40 SO_084 69 42 
SO_030 55 41 SO_085 56 39 
SO_031 78 46 SO_086 58 36 
SO_032 51 35 SO_088 74 44 
SO_033 53 44 SO_089 87 51 
SO_034 51 39 SO_090 68 46 
SO_035 73 46 SO_091 54 39 
SO_036 70 47 SO_092 52 33 
SO_037 85 51 SO_093 50 40 
SO_038 62 47 SO_094 50 43 
SO_039 73 48 SO_095 68 41 
SO_040 76 45 SO_096 62 38 
SO_041 51 37 SO_097 52 33 
SO_042 62 38 SO_098 54 39 
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SO_043 50 45 SO_099 50 42 
SO_044 51 41 SO_100 76 45 
SO_045 50 50 SO_101 51 33 
SO_046 77 46 SO_102 51 38 
SO_047 51 38 SO_103 62 38 
SO_048 48 48 SO_104 50 48 
SO_049 55 42 SO_106 61 38 
SO_050 65 44 SO_110 51 37 
SO_051 65 40 SO_111 76 45 
SO_052 51 35 SO_112 87 51 
SO_053 51 38 SO_113 60 43 
SO_054 66 45 SO_114 77 48 
SO 055 69 42    
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S5 Table. Mean number of days from sowing to anthesis for Synthetic W7984 parent, Opata 
M85 parent and 105 recombinant inbred lines (RILs) of Synthetic W7984×Opata M85 under 
both normal watering (control) and water stress during meiosis.  

Plant Mean no of days from 
sowing to anthesis 

Plant Mean no of days from 
sowing to anthesis 

Control Water stress Control Water stress 
Synthetic W7984 101 118 SO_056 107 113 
Opata M85 98 104 SO_057 115 92 
SO_001 111 121 SO_058 113 110 
SO_002 104 98 SO_059 111 95 
SO_003 109 97 SO_060 111 96 
SO_004 104 93 SO_061 109 116 
SO_005 107 128 SO_062 104 96 
SO_006 107 122 SO_063 120 110 
SO_007 112 96 SO_064 107 101 
SO_008 104 99 SO_065 111 95 
SO_009 118 99 SO_066 114 109 
SO_010 114 92 SO_067 110 94 
SO_011 101 118 SO_068 124 124 
SO_012 103 95 SO_069 109 125 
SO_014 104 95 SO_071 116 100 
SO_015 113 137 SO_072 112 96 
SO_016 105 126 SO_073 117 96 
SO_017 108 122 SO_074 108 100 
SO_018 104 96 SO_075 125 101 
SO_019 109 99 SO_076 114 101 
SO_020 107 120 SO_077 112 110 
SO_021 109 104 SO_078 118 114 
SO_022 115 98 SO_079 124 114 
SO_023 106 103 SO_080 116 130 
SO_024 119 122 SO_081 119 128 
SO_025 112 97 SO_082 114 151 
SO_026 113 105 SO_083 116 116 
SO_029 116 97 SO_084 124 118 
SO_030 107 103 SO_085 118 102 
SO_031 108 131 SO_086 119 101 
SO_032 125 93 SO_088 119 125 
SO_033 107 104 SO_089 126 144 
SO_034 118 97 SO_090 122 121 
SO_035 112 125 SO_091 103 99 
SO_036 117 123 SO_092 114 92 
SO_037 119 143 SO_093 113 97 
SO_038 113 115 SO_094 115 100 
SO_039 115 128 SO_095 122 116 
SO_040 121 128 SO_096 111 107 
SO_041 117 95 SO_097 108 92 
SO_042 123 107 SO_098 112 99 
SO_043 116 102 SO_099 116 99 
SO_044 111 99 SO_100 126 128 
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SO_045 110 107 SO_101 119 91 
SO_046 113 130 SO_102 116 95 
SO_047 112 96 SO_103 117 107 
SO_048 117 103 SO_104 111 105 
SO_049 107 104 SO_106 111 106 
SO_050 115 116 SO_110 112 95 
SO_051 116 112 SO_111 125 128 
SO_052 119 93 SO_112 112 145 
SO_053 124 96 SO_113 115 110 
SO_054 125 117 SO_114 114 131 
SO 055 121 118    
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S6 Table. Mean tiller number per plant for Synthetic W7984 parent, Opata M85 parent and 
105 recombinant inbred lines (RILs) of Synthetic W7984×Opata M85 under both normal 
watering (control) and water stress during meiosis.  

Plant Mean tiller number per 
plant 

Plant Mean tiller number per 
plant 

Control Water stress Control Water stress 
Synthetic W7984 11 9 SO_056 6 5 
Opata M85 9 8 SO_057 5 5 
SO_001 8 5 SO_058 5 7 
SO_002 7 9 SO_059 7 8 
SO_003 8 7 SO_060 6 7 
SO_004 6 8 SO_061 6 6 
SO_005 6 5 SO_062 6 8 
SO_006 5 7 SO_063 6 6 
SO_007 10 12 SO_064 7 9 
SO_008 5 6 SO_065 7 8 
SO_009 6 9 SO_066 8 9 
SO_010 9 8 SO_067 7 9 
SO_011 4 9 SO_068 8 5 
SO_012 6 10 SO_069 7 3 
SO_014 9 8 SO_071 6 9 
SO_015 11 8 SO_072 8 11 
SO_016 10 7 SO_073 8 7 
SO_017 7 7 SO_074 9 7 
SO_018 8 10 SO_075 10 6 
SO_019 8 5 SO_076 7 9 
SO_020 8 6 SO_077 8 7 
SO_021 7 8 SO_078 6 5 
SO_022 9 8 SO_079 6 4 
SO_023 8 10 SO_080 6 8 
SO_024 8 7 SO_081 6 6 
SO_025 8 9 SO_082 7 4 
SO_026 8 8 SO_083 8 8 
SO_029 8 7 SO_084 7 5 
SO_030 7 6 SO_085 7 7 
SO_031 6 7 SO_086 6 4 
SO_032 7 8 SO_088 6 7 
SO_033 7 10 SO_089 8 7 
SO_034 8 9 SO_090 8 8 
SO_035 9 4 SO_091 10 12 
SO_036 6 6 SO_092 6 9 
SO_037 8 4 SO_093 8 7 
SO_038 8 5 SO_094 7 10 
SO_039 10 7 SO_095 7 8 
SO_040 10 7 SO_096 6 6 
SO_041 7 8 SO_097 9 11 
SO_042 9 5 SO_098 8 8 
SO_043 6 10 SO_099 7 8 
SO_044 8 10 SO_100 5 6 
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SO_045 9 8 SO_101 7 7 
SO_046 6 6 SO_102 8 11 
SO_047 8 5 SO_103 7 5 
SO_048 5 6 SO_104 7 6 
SO_049 7 8 SO_106 9 5 
SO_050 7 6 SO_110 6 10 
SO_051 7 7 SO_111 8 6 
SO_052 6 5 SO_112 5 6 
SO_053 9 8 SO_113 4 4 
SO_054 8 8 SO_114 6 4 
SO 055 8 6    
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S7 Table. Mean amount of water use (corresponding to the daily transpiration of the pots) 
which was determined by weighing the pots daily (kg) under water stress treatment during 
meiosis for Synthetic W7984 parent, Opata M85 parent and 105 recombinant inbred lines 
(RILs) of Synthetic W7984×Opata M85. 

Plant Water use during 
stress period 

Plant Water use during stress 
period 

Synthetic W7984 0.658 SO_056 0.846 
Opata M85 0.822 SO_057 0.539 
SO_001 0.804 SO_058 0.828 
SO_002 0.559 SO_059 0.746 
SO_003 0.720 SO_060 0.625 
SO_004 0.778 SO_061 0.659 
SO_005 0.886 SO_062 0.726 
SO_006 1.013 SO_063 0.710 
SO_007 0.772 SO_064 0.742 
SO_008 0.639 SO_065 0.716 
SO_009 0.621 SO_066 0.865 
SO_010 0.779 SO_067 0.753 
SO_011 0.801 SO_068 0.803 
SO_012 0.682 SO_069 0.877 
SO_014 0.769 SO_071 0.765 
SO_015 0.835 SO_072 0.696 
SO_016 0.726 SO_073 0.650 
SO_017 0.720 SO_074 0.709 
SO_018 0.805 SO_075 0.740 
SO_019 0.806 SO_076 0.722 
SO_020 0.765 SO_077 0.774 
SO_021 0.728 SO_078 0.792 
SO_022 0.673 SO_079 0.492 
SO_023 0.809 SO_080 0.763 
SO_024 0.745 SO_081 0.805 
SO_025 0.736 SO_082 0.856 
SO_026 0.777 SO_083 0.769 
SO_029 0.728 SO_084 0.850 
SO_030 0.643 SO_085 0.689 
SO_031 0.768 SO_086 0.780 
SO_032 0.758 SO_088 0.846 
SO_033 0.744 SO_089 0.797 
SO_034 0.675 SO_090 0.797 
SO_035 0.742 SO_091 0.752 
SO_036 0.732 SO_092 0.754 
SO_037 0.773 SO_093 0.693 
SO_038 0.779 SO_094 0.686 
SO_039 0.838 SO_095 0.788 
SO_040 0.807 SO_096 0.849 
SO_041 0.744 SO_097 0.803 
SO_042 0.748 SO_098 0.778 
SO_043 0.785 SO_099 0.641 
SO_044 0.778 SO_100 0.771 
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SO_045 0.735 SO_101 0.650 
SO_046 0.823 SO_102 0.724 
SO_047 0.735 SO_103 0.645 
SO_048 0.701 SO_104 0.643 
SO_049 0.650 SO_106 0.770 
SO_050 0.763 SO_110 0.749 
SO_051 1.756 SO_111 0.823 
SO_052 0.481 SO_112 0.967 
SO_053 0.758 SO_113 0.796 
SO_054 0.761 SO_114 0.787 
SO 055 0.951   

 

 
 
 
 
 
 
 
 
 
 
 




