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Abstract
Barley (Hordeum vulgare L.) is the fourth most important cereal crop grown globally and
represents an important livestock feed and major raw material for the malting, brewing
and distilling industries. Despite the importance of barley, it is relatively under researched
compared to other cereal crop species such as wheat and rice. However, their exposure to
the challenges imposed by climate change are likely to be similar, necessitating the need
to improve barley’s productivity. Yield, is a reflection of two key components, number
of grains/m2 and individual grain weight. “Yield is king” from a barley improvement
point of view thus it is surprising that there has been limited research aimed at increasing
productivity through the individual grain weight avenue either directly or indirectly by
targeting component traits such as grain size. This thesis fills some of this research void
by identifying candidate genes contributing to grain size variation and improves our
current understanding surrounding the response of grain size to heat stress events which
are predicted to become more detrimental under a future climate.
To achieve these objectives whole genome linkage analyses were performed on a doubled
haploid (DH) population derived from two Australian malt barley varieties with distinctly
different grain sizes, predominantly grain length. Multiple stable grain size QTL were
identified, two of which were fine mapped to identify candidate genes for further
interrogation. Two candidate genes underlying major grain length QTL on chromosomes
2H (HORVU2Hr1G089310) and 5H (HvDEP1) were identified and reinforced through
comparative gene analysis. Sequence analysis and expression profiling of HvDEP1
between the population’s parents indicated that mutations of multiple cis-regulatory
elements and a reported uORF were likely drivers of grain length variation in addition to
plant architecture as reported in similar studies in rice and barley. Additionally, a
predicted R2R3-MYB transcription factor was identified as a likely candidate gene
driving grain length variation on chromosome 2H. To further interrogate these two
iii

putative candidate genes through reverse genetics approaches, single guide-RNAs
targeting each gene were identified and CRISPR-cas9 binary vector plasmids were
constructed using an adapted protocol with improved efficiency and proven to be highly
efficient at transforming barley immature embryos. Material developed through these
experiments represent important resources to assist in gene functional analysis.
In addition to our genetic understanding of grain size control this research aimed to
address the deficiencies in knowledge regarding the grain size response to heat stress
events during anthesis and grain development. We were able to conclude that grain length
was not significantly affected, conversely grain width and thickness did respond
adversely but not until more intense and longer duration heat stress events were
experienced. Reflecting research in rice and wheat, grain number was the major driver of
yield variation under heat stress conditions rather than grain size indicating future
research should improve grain number retention under stressful conditions foremost.
Further to this, this thesis suggests that transcription factors, such as that identified in this
research represent promising targets for genetic modification to effectively improve the
grain size and overall productivity of barley under adverse abiotic conditions.
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General Introduction
Food security has increasingly becoming a focal point of agricultural debate as we
approach a widely publicised global population of 9 billion people by the year 2050. It is
proposed that to feed the world, agricultural production is going to have to more than
double on current levels in order to meet demand, whilst at the same time achieving this
level of production on an ever-decreasing amount of arable land as a result of human and
climate induced land degradation (Godfray et al. 2010; Molotoks et al. 2018). The Food
and Agriculture Organization of the United Nations already estimates that approximately
820.8 million people globally are undernourished, a figure that has been on the rise since
2014 (FAO 2018). Innumerable publications have indicated that for the global staple food
crops (rice, wheat and maize), yield growth is stagnating in many growing regions due in
large to slow rates of year on year genetic gain hampered by the low overall genetic
diversity that exists in commercial breeding germplasm (Dawson et al. 2015; Maurer et
al. 2015). Over 50 % of the daily calorific needs of the global population are met by a
handful of cereal crops, and with the majority of their growing regions at risk of increased
yield instability driven largely by climate change it is necessary to improve their genetic
gain for yield beyond current rates in order to meet future needs.
Barley (Hordeum vulgare L.) is the fourth most widely cultivated cereal crop species,
widely used as a livestock feed and in the brewing and distilling industries; increasingly
barley is being recognised for its health properties and is entering the human consumption
market (Coventry et al. 2003; Walker and Panozzo 2016; Watt et al. 2019; Wendt et al.
2016). Like other small grained cereal species (rice and wheat) barley yield is a reflection
of two key physiological components; number of grains/m2 and individual grain weight
(Abeledo et al. 2003; Fan et al. 2006; Kennedy et al. 2016; Xing and Zhang 2010). Yield
improvements in barley have largely been driven by optimization of flowering time and
increases in harvest indices promoting more efficient grain filling and lodging resistance
1

(Hill and Li 2016; Prince et al. 2001; Sharma et al. 2018). The polygenic control of the
two key yield related components described above and lack of extensive scientific
research has hindered yield improvement through the capture of desirable alleles
underpinning genes involved in control of these traits. In order to improve a trait such as
individual grain weight, research needs to identify the contributing components; grain
size being one. Capturing improved grain size characteristics (length, width and
thickness) has the potential to increase individual grain weight and ultimately yield more
rapidly because these traits in comparison are more heritable (Sharma et al. 2018). Grain
size also has important economic implications and is reflected in grain classification
grades, where a grain samples with a higher percentage of small grains (<2.2 mm) are
downgraded resulting in an economic loss. The importance of grain size from economic
and yield perspectives make it an attractive trait to improve upon. Albeit research into the
underlying genetic control of grain size characteristics is limited and to date only a
handful of studies have identified significant Quantitative Trait Loci (QTL) for these
characteristics that have since been further fine mapped to the extent where the output
would be useful for Marker Assisted Selection (MAS) and trait improvement.
Couple the slow output of tangible research with the impact that future climate change is
going to have on barley production and the need for improved yield becomes increasingly
apparent. The impact that climate change has already had and is going to have on barley
production is varied depending on location, whilst the majority of studies point towards
reduced yields (Bootsma et al. 2005; Gammans et al. 2017; Ray et al. 2019; Xie et al.
2018), although in some instances yields will improve (Holden et al. 2003; Yawson et al.
2016). In Australia the outcome is largely going to be negative, with the largest barley
producing state (32 % average national production since 1999) of Western Australia
expected to experience a decrease in rainfall of 16 % by 2060 (ABARES 2018; Anwar et
al. 2015). Couple reduced rainfall with increased average daily temperature and an
2

increased frequency of heat stress events, modelled barley yield losses of up to 0.9 % for
every percentage drop in growing season rainfall could be realised (Anwar et al. 2015;
Dreccer et al. 2018).
The aim of this thesis is to first build on our current understanding of the genetic control
of grain size components being; length, width and thickness. The complex polygenic
control of grain size characteristics, the epistatic interactions of alleles and the interaction
with environment necessitates the need to identify population specific QTL and validate
in a wider germplasm pool to confirm stability of phenotype. The next aim is to explore
the response of grain size to heat stress events and facilitate the development of
hypotheses for future research.
Based on the limited pre-breeding research focussing on these important characteristics
the following research aims to;
1. Map significant QTL linked to the three grain size characteristics of length, width
and thickness in a DH-derived population.
2. Fine map major QTL and develop diagnostic molecular markers for the
underlying gene(s) suitable for MAS in breeding programs.
3. Elucidate the mechanism(s) by which the underlying gene(s) influence grain size.
4. Explore response of grain size to heat stress during anthesis and grain
development.
The research undertaken in this thesis is a combination of field trials, laboratory and
glasshouse experiments (Fig. 1-1). Chapter 2 explores the broader literature surrounding
some of the genetic research techniques utilised in barley, grain size in cereal crops and
our current knowledge in barley. Chapters 3-4 outline initial QTL mapping and fine
mapping results in the format of published journal articles. Chapter 3 explores the initial
QTL mapping of grain size related characteristics and the fine mapping result of a major
3

grain length QTL detected. Chapter 4 outlines the fine mapping result of a second major
grain length QTL initially identified and proposes a candidate gene responsible for trait
variation. Chapter 5 investigates the relationship between trait variation and sequence
polymorphisms located within the promoter region of the candidate gene identified in
Chapter 3. Chapter 6 explores the response of grain size to heat stress during anthesis
and grain development and Chapter 7 presents a new protocol for the fast-track
development of binary vector construct for the CRISPR-Cas9 pathway of Agrobacteriummediated transformation of barley using the candidate genes identified in Chapters 3-4
as targets. Chapter 8 addresses potential to harness transcription factors, like that
identified in Chapter 4 for the simultaneous improvement of abiotic stress tolerance and
grain size across the cereal crop species. Chapter 9 culminates this thesis, drawing
together the discoveries and conclusions of the research and provides future direction.
Fig. 1-1 Main thesis
aims and where they
are addressed. Colours
indicate which aims
are addressed in each
chapter and arrows
chapter connectivity
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Literature Review
2.1 Barley Domestication
Cultivated barley (Hordeum vulgare L. ssp. vulgare) is a member of the Hordeum genus
of grasses that comprises 32 independent species, some of which are diploid, tetraploid
or hexaploid (where n = 7), with mixed reproductive systems (von Bothmer et al. 2003).
While most of the species have a perennial growth cycle, modern day cultivated barley
and its immediate ancestral relative Hordeum vulgare L. subsp. spontaneum are selfpollinating, annual diploid species (Pourkheirandish and Komatsuda 2007; Salamini et
al. 2002). As a crop, barley is one of the earliest domesticated crop species having been
in continuous cultivation for close to 10,000 years (Harlan and Zohary 1966). Originating
in the fertile crescent (modern day Israel, Syria, southern Turkey, Iraq, southwest Iran
and Jordan) barley spread throughout Eurasia and eastern Asia after the last glacial
maximum as evidenced in archaeological sites that have proven the practice of beer
brewing, which would have been important in promoting the spread of the barley
throughout Asia and Europe (Russell et al. 2014; Wang et al. 2016a).
2

Modern domesticated barley is predominantly used as a livestock feed representing 3 of
1

annual production, with the remaining 3 predominantly used for the brewing, malting and
distilling industries with a very small, but increasing proportion entering the human food
market (Muñoz-Amatriaín et al. 2014; Walker and Panozzo 2016). Globally barley is the
fourth most important cereal crop in terms of both area cultivated and production but in
Australia it is the second most important cereal crop cultivated and approximately 8
million tonnes are harvested each year (FAOSTAT 2019).
Three key domestication traits underpin the distinction between modern domesticated
barley and its immediate ancestor Hordeum spontaneum L.: (1) selection for a non-brittle
rachis, the extension of the stem which supports the head; (2) six rowed heads; and (3)
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increased individual grain weight (Komatsuda and Mano 2002; Pourkheirandish and
Komatsuda 2007; Salamini et al. 2002; Youssef et al. 2017). Manipulation of these traits
thousands of years ago was a result of continuous phenotypic selection by early farmers
and random mutation events that have now been linked to the presence of largely
recessive genes underlying each trait, with evidence of epistasis particularly for the sixrowed head trait (von Bothmer et al. 2003). These domestication traits, coupled with
reduced vernalisation requirement and photoperiod insensitivity promoted the migration
of barley into regions outside of its origin centre (Pourkheirandish and Komatsuda 2007;
von Bothmer et al. 2003). Furthermore, despite the inferior agronomic performance of
Hordeum spontaneum L. compared to modern barley the absence of crossing barriers
enables the potential introgression of novel traits from wild barleys to combat biotic and
abiotic stress in agronomically superior backgrounds (Komatsuda et al. 2007; Shavrukov
et al. 2010).
2.2 Genetic tools in Barley
Cultivated barley has a large and highly repetitive genome size of ~5.1 gigabase (Gb), 13
times that of rice, and as a diploid (2n = 2x = 14) species it is relatively simple compared
to wheat (allohexaploid) to undertake genetic research (Muñoz-Amatriaín et al. 2014).
Despite their differences, analyses of co-linearity between cereal species is made possible
by the construction of reference genomes. The first reference genome of barley cv. Morex
was completed in 2012 using high-information-content fingerprinting combined with
assembly of 9,265 contigs represented by assembling 571,000 bacterial artificial
chromosome (BAC) clones involving a consortium of barley researchers from numerous
countries. This original assembly represented approximately 98 % of the barley genome
(4.98 Gb) and approximately 84 % is represented by repetitive sequence structures such
as retrotransposons (The International Barley Genome Sequencing Consortium et al.
2012). In 2017 the high quality reference genome of barley cv. Morex was completed
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using hierarchical whole-genome shotgun sequencing and de novo assembly, a strategy
adopted for genome construction for genomes of large size and further re-assembled in
2019 using TRITEX to reduce the shortcomings associated with (1) large sequence gaps,
(2) redundancies, and (3) local mis-assemblies (Table 2-1) (Beier et al. 2017; Mascher et
al. 2017; Monat et al. 2019; Muñoz-Amatriaín et al. 2015). A total of 39,734 highconfidence genes were annotated based on gene prediction, RNA-sequencing data and
sequence homology with other species.
Table 2-1 Assembly information of the high quality cv. Morex reference sequence
(Mascher et al. 2017; Monat et al. 2019)
Assembly data

Value

Scaffold assembly size

4.65 Gb

Scaffold N50

3.4 Mb

Sequence anchored to the POPSEQ genetic map (Mascher et al. 2013)

4.63 Gb (97 %)

Size of pseudomolecules

4.26 Gb

Number of annotated high confidence genes

39,734

Repetitive elements

3.7 Gb (80.8 % of genome)

Next generation whole-genome shotgun sequencing of subsequent barley varieties is a
relatively recent strategy utilised for discovery of genetic variants between individuals.
In brief it involves rebuilding sequences by aligning and anchoring highly similar or
identical reads to the barley reference genome, a process which has increased the
identification of sequence polymorphisms and development of molecular markers (Jia et
al. 2016; Mascher et al. 2013).
The rise in molecular marker development has largely paralleled the rapidly improving
Next Generation Sequencing (NGS) technologies, and largely focussed on the
identification and development of Single Nucleotide Polymorphism (SNP) and InsertionDeletion (InDel) markers (Gong et al. 2013; Jia et al. 2016). Restriction Fragment Length
Polymorphism (RFLP) and Simple Sequence Repeats (SSR) are other ‘historical’ marker
types that are becoming increasingly uncommon particularly for the development of
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genetic mapping research because they are not as ‘user’ friendly as SNPs or InDels (Jia
et al. 2016; Zhou et al. 2015). Simple Sequence Repeats have been suggested to be the
most preferable marker type for MAS due to their low cost, suitability for high throughput
sequencing technologies and high heterozygosity (Szira et al. 2011; Würschum et al.
2013). Although it should be noted that they are low density, labour intensive and timeconsuming suggesting that in reality they are not suitable for high throughput genotyping
of large numbers of individuals.
Marker array technologies, first introduced in 2006, specifically SNP arrays such as the
barley 50k iSelect SNP array (49,461 SNPs) represent the modern frontier of high
throughput and high coverage genotyping in barley in addition to genotyping-bysequencing (Bayer et al. 2017). This rise in the use and development of marker array
technologies has piggybacked on the wealth of polymorphism information as a result of
the constantly reducing cost of sequencing. The 50K iSelect SNP array for example was
developed using polymorphisms identified through exome capture sequencing of 170
accessions chosen to cover the broad diversity of barley and enhance minor allele
frequency, whilst others have used RNA-seq for array development (Tanaka et al. 2019).
The recent barley pan-genome project represents further advancement in the
identification of polymorphisms that will contribute to marker array development
(Jayakodi et al. 2020). In addition to SNP-arrays, genotyping-by-sequencing represents
an alternative approach to identify whole-genome polymorphisms which reportedly
enhances minor allele frequency (important for linkage/association analysis of rare
variants) however in barley, a recent publication cited that per datapoint it is cost
prohibitive and SNP-array genotyping is still the cheapest to obtain high coverage and
high throughput genotype data (Darrier et al. 2019).
Initial development of linkage maps and reference genomes utilised a whole array of
marker types to ensure higher sequence coverage, improving the ability to analyse co8

linearity between cereal species (Jia et al. 2016; Szűcs et al. 2009; Wang et al. 2016b;
Zhou et al. 2015). The advent of SNP-array and genotyping-by-sequencing identification
of polymorphisms enables high throughput, high coverage identification of
polymorphisms between individuals in parallel which is creating vast amounts of data.
Currently, array and sequencing based approaches represent a growing proportion of
initial polymorphism identification association and/or linkage mapping of traits (Close et
al. 2009; Wenzl et al. 2004). These array type approaches enable researchers to
circumvent the limitations of traditional molecular markers, specifically low throughput.
The majority of important traits in barley are controlled by genes, of which QTLs are
statistically significant correlations between a trait and a genetic region that often contains
many underlying genes. Identification and molecular dissection of these QTLs is what
provides the fundamental knowledge with which to improve upon current varieties.
Association and linkage mapping are the two approaches that proceed marker
development that are used to identify significant QTL. In essence, both mapping
approaches require a genetic map that can be a combination of multiple marker types.
Linkage mapping is an approach to identify QTLs in bi-parental populations, whereas
association (linkage disequilibrium) mapping identifies QTLs in natural populations
(varieties) or complex multi-parent populations (i.e. four-way crosses and nested
association mapping populations) (Korte and Farlow 2013). Ultimately both rely on the
analysis of relationships between molecular markers and traits of interest, where a greater
number of individuals and markers increases the statistical accuracy and robustness of
identified relationships (Darvasi et al. 1993; Wójcik-Jagła et al. 2018; Zheng et al. 2014).
Linkage mapping relies on calculating the rate of recombination between a pair of
molecular markers to identify functional QTLs, the closer two markers or genes are the
lower the rate of recombination. Association mapping, also referred to as a Genome-Wide
Association Study (GWAS) is more complex than linkage mapping but has a number of
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key advantages over linkage mapping that make it attractive for QTL identification.
Firstly, a greater number of trait alleles can be investigated in natural and/or more
complex populations compared to bi-parental populations which only exhibit two alleles
for a given locus but often with limited ability to capture rare variants. Secondly, an
increased number of recombination events in natural populations over many generations
increases the resolution and precision of QTL identification. Both of these mapping
approaches have been utilised successfully for QTL identification in the past; the present
research utilises linkage mapping to identify QTL for yield and grain size related
characteristics but similar approaches have been used to identify QTL for non-brittle
rachis (Komatsuda and Mano 2002; Pourkheirandish et al. 2015) and stripe rust resistance
(Fan et al. 2017) among many others. Association mapping has successfully identified
QTLs related to different grain size characteristics, but also biotic and abiotic stress
tolerance (Richards et al. 2017; Saade et al. 2016; Sharma et al. 2018; Wójcik-Jagła et al.
2018; Xu et al. 2018b) among others.
Despite improvements in marker technology and throughput; to date relatively few
examples of MAS exist in barley, compared to the number of association and linkage
mapping studies that have been conducted and this has been suggested to be a result of
combinations of technical, logistical and statistical factors. Zhang et al. (2017) state that
of 632 QTL identified for drought, salinity and waterlogging tolerance in barley only 195
were appropriate for further development for MAS as a result of having LOD scores (>3)
and percentages of phenotypic variation explained above 10 %. Although often the most
important and complex quantitative traits (i.e. yield) are polygenic in nature being
explained by many interacting loci of small affect and there is often a significant
interaction with environment that can hinder the ability to identify QTL (Collard et al.
2005; Kraakman et al. 2004; Sharma et al. 2018; Wang et al. 2019a; Würschum et al.
2013). One approach for development of markers for MAS would be instead to target
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QTL that are stable across environments and genetic backgrounds, irrespective of percent
variation explained, for example Obsa et al. (2017) identified 18 significant yield related
QTL of which only one explained >10 % of the phenotypic variation within three distinct
populations.
2.3 Grain size in barley and other cereal crops
Grain size is an important component of individual grain weight and therefore yield. The
grain is comprised primarily of the endosperm which represents the energy source for
germination in addition to the embryo and seed coat. Larger, plump grains typically
attracts a premium price because they have a higher malt extract and better feed
conversion than smaller grains (screenings <2.2 mm diameter) (Agu et al. 2007; Coventry
et al. 2003). This is primarily driven by undesirable starch:protein ratios in the endosperm.
Economically, grain size is determined by fractionation of grain samples through fixedwidth sieves with the percentage of plump grain considered as anything >2.5 mm in
width, and anything <2.2 mm classified as screenings (Coventry et al. 2003). Although
this particular definition of grain size is reflective of barley; grain length, which is a
component also contributing to grain size and consumer preference is a major
characteristic of importance in rice (Fan et al. 2006; Li et al. 2019c; Miura and Matsuoka
2015; Segami et al. 2016). Whilst grain length does not drive consumer preference in
barley per se, a longer grain will increase the individual grain weight, contributing to
yield a phenotype that has been extensively researched in this thesis.
Grain size is the culmination of complex biological processes involving numerous
regulatory pathways acting pre- and post-anthesis that influence source-sink
relationships. Broadly, pre-anthesis factors correspond with the ‘source’ side of the
relationship and post-anthesis factors correspond with the endosperm or ‘sink’ (Coventry
et al. 2003). Optimising pre-anthesis development is critical to maximise grain size
potential, this vegetative period of growth ultimately determines potential assimilate
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availability (size of source) and grain number/m2 (size of sink). Optimisation of these
developmental stages is characterised by tolerance and/or resistance to abiotic and biotic
stresses which would otherwise reduce photosynthetic activity and reduce assimilate
production and deposition into developing grain. Stress would also influence the number
of grains/m2 reducing the size of the sink. There is additional evidence to suggest grain
number is also controlled somewhat during post-anthesis development via grain abortion
pathways, however this relates primarily to stress response (Coventry et al. 2003; Ugarte
et al. 2007; Xu et al. 2020).
Post-anthesis pathways are more reflective of grain development itself and can be divided
into two major phases, embryogenesis and maturation (Bian 2019; Coventry et al. 2003).
Embryogenesis references cell division in the early stages of grain development that
ceases 20-25 days post the initiation of anthesis. This stage is indicative of endosperm
cell division (grain width and thickness) and elongation (grain length) which combined
with cell expansion determines the capacity to accumulate dry matter in the grain which
is positively correlated with grain size and weight (Coventry et al. 2003; Yu et al. 2017).
The second stage of post-anthesis grain development is maturation/cell expansion which
involves the accumulation of dry matter (carbohydrates, proteins and lipids) in the grain.
Grain maturation contributes most to individual grain size and weight, beginning 5 days
after the initiation of anthesis and continuing until physiological maturity in barley which
under optimal conditions can be 50 days after anthesis (Coventry et al. 2003; Lim et al.
2019). In the temperate cereals such as wheat and barley, grain development often
coincides with periods of increased stress in particular abiotic stress. Anthesis and grain
fill represent the most sensitive growth stages to temperature related stress, in particular,
heat stress; and as such stress during this period has large negative impacts on grain size
and weight by influencing complex biological processes that impact dry matter
accumulation in developing grain (Almeselmani et al. 2009; Coventry et al. 2003; Farooq
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et al. 2011; Paynter and Young 2001). Processes relating to increased degradation of
photosystem II, reduced carbohydrate catabolism and lower chlorophyll biosynthesis
amongst others (Pradhan and Prasad 2015; Xu et al. 2020).

Fig. 2-1 Representation of grain size variation between two Australian malt barley
varieties Buloke (top) and Vlamingh (bottom)
Grain size is a quantitative trait controlled by numerous genes of large and small affect.
The complexity of biological processes involved in determining grain size indicates
genetic improvement of the trait can be achieved via many different, yet often
interconnected avenues. The genetic control of grain size has been extensively studied in
cereal crop species such as wheat (Triticum aestivum L.) and rice (Oryza sativa L.)
(Table 2-2), which act as important models for analysing genetic control of grain size in
barley due to the conservation of relative gene order and content between cereal species
(Caldwell et al. 2004; Kovalchuk et al. 2016; Li et al. 2010a; Richards et al. 2016; Walker
and Panozzo 2016; Watt et al. 2019). In wheat, a large number of studies have identified
numerous QTL responsible for controlling multiple traits that influence either directly or
indirectly grain size (Kumar et al. 2016; Mohler et al. 2016; Shirdelmoghanloo et al. 2016;
Yan et al. 2017). For example Mohler et al. (2016) identified a significant QTL associated
with grain length on chromosome 2D that co-located with a QTL for spike number; which
will influence grain size via the complex source-sink relationships with more spikes
equating to a greater grain number and increased dilution of partitioned assimilates during
grain fill.
The complex genetic nature of grain size is evident from Table 2-2. Although what is
represented here is a brief synopsis of the current literature; in rice there have been
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hundreds of significant QTL identified that contribute to variations in grain size, dozens
of which have been cloned, and in maize it is believed that 200-300 QTL are involved in
kernel size and development (Chen et al. 2016a; Chen et al. 2016b; Huang et al. 2013;
Yu et al. 2017). Already in barley multiple studies have mapped over 100 QTL related to
multiple grain size related characteristics such as length and width (Ayoub et al. 2002;
Walker et al. 2013; Wang et al. 2019a; Watt et al. 2019). Although given the genome size
of barley (~5.1 Gb) is substantially larger than that of rice (~430 Mb) or maize (~2.3 Gb)
it is likely there are many more loci as yet undetected. In rice alone a recent study
identified 99 significant QTL for grain length, of which 92 were novel (Yu et al. 2017).
The many QTL that contribute to a quantitative trait necessitates the need for further indepth research in order to functionally annotate the underlying candidate genes and
develop tools for barley breeding. Huang et al. (2013) concluded that of the over 400
hundred significant grain size QTL identified in rice only a small proportion have been
functionally annotated (Sun et al. 2019). However in recent years there have been
substantial improvements in understanding the regulatory and functional control of many
more, however the focus has consistently been placed on rice (Guo et al. 2018; Li et al.
2019b; Shi et al. 2019; Zhou et al. 2019).
The relatively slower output of research functionally annotating genes involved in the
regulation of grain size is a challenge for molecular breeding in all the major cereal
species as it requires a large body of work to map, fine map, identify the underlying genes
and then validate their effects in multiple genetic backgrounds to ensure they have
suitable applications in breeding programs. It is this relative lack of knowledge that makes
rapid and significant genetic improvement difficult, particularly in barley where the body
of research is much more in its infancy compared to wheat or rice for example.
The conservation of relative gene order and content between the major cereal crop species
previously eluded to, improves the identification and functional annotation of grain size
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QTL in barley. A recent study was able to identify 164 barley orthologues through
sequence BLAST searches of 112 grain size related genes that have been annotated in
rice, wheat and maize. Despite the many QTL identified, functional characterisation of
underlying genes has focussed on loci that indirectly influence grain size; such as the VRS
gene family or Int-c (Bull et al. 2017; Komatsuda et al. 2007; Ramsay et al. 2011; Youssef
et al. 2017). There is limited research characterising genes in barley that directly regulate
grain size components such as genes that influence cell division and elongation in
developing inflorescences and/or grains with the majority of our understanding based on
comparative genomic research (Wang et al. 2019a). A recent analysis in barley represents
our most advanced understanding of grain size related QTL and comparative gene
regions, the study by Wang et al. (2019a) used five QTL mapping methods and
subsequently identified 593 QTL for grain size and weight related characteristics with 45
promising candidate genes identified with the assistance of comparative genomic
approaches.
Furthermore, recent publications which comprise the entirety of Chapters 3 and 4 present
the identification of two major grain size QTL and the underlying candidate genes which
are responsible for driving variation observed in Fig. 2-1. The interval fine mapped in
Chapter 3 contained a promising candidate gene for grain size, HvDEP1 proven to
regulate grain length in rice (Huang et al. 2009; Li et al. 2016a; Li et al. 2019c). In chapter
4 the fine mapped interval contained three predicted genes, the most promising candidate
representing a MYB-like transcription factor which based on comparative sequence
analysis with rice and wheat directly influences grain length via the regulation of cell
elongation in the inflorescence tissues that surround the developing grain (i.e. glumes).
Despite the benefit comparative genomic research contributes to the identification of
promising genetic regions in barley, specific functional analysis within barley itself is still
necessary because their functional specificity may be divergent. This concept holds true
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for the rice locus GW2 which regulates grain weight by encoding for a RING-type E3
ubiquitin ligase, the orthologues of which in wheat control grain weight via different
mechanisms, a function of the three copies of TaGW associated with each distinct genome
of wheat (Geng et al. 2017; Song et al. 2007; Zhang et al. 2018b).
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Table 2-2 List of major QTL controlling grain/seed size in rice, wheat, maize and the model species Arabidopsis

Rice

Chr.

Loci

Functionality/control

Reference(s)

Population

1

SRS1/DEP2

Controls width and length

(Abe et al. 2012)

Taichung 65/Fujiminori

2

GW2.2; 2.4

Controls width (ring type E3 ubiquitin ligase)

GS2/GL2;
GRF4

3

4

5

7
8

Wheat

GL3.1; 3.2;
3.3/GS3

(Song et al. 2007)
(Huang et al. 2013)
(Wang et al. 2017)

Controls width and length

(Nadolska-Orczyk et al. 2017)
(Zhao et al. 2017b)

Transmembrane protein with multiple domains

(Sun et al. 2013)
(Huang et al. 2013)

WY3/Fengaishan-1; Review of many studies

3 RIL populations

ZS97/Nanyangzhan; ZS97/SLG; Review of
many studies

D11

Seed size (phytochrome P450 enzyme)

(Tanabe et al. 2005)

N58/Shiokari

GIF1

Involved in assimilate carbon partitioning during early grain fill

(Wang et al. 2010b)

Transgenic population of ZH11

GS5

Grain size (serine carboxypeptidase)

GW5/SW5

Regulates cell division of outer glume

(Huang et al. 2013)

Review of many studies

GLW7

Controls width and length

(Si et al. 2016)

No crossing population

GW8/GT8/

Controls width and yield (SQUAMOSA Promoter binding protein-

(Huang et al. 2013)

Review of many studies;

(Sun et al. 2013)
(Wang et al. 2017)

ZS97/SLG; 3 RIL populations

SPL16

like 16)

(Wang et al. 2012)

Basmati385/HJX74

10

GS10/GL10

Controls shape, width, length and weight

(Wang et al. 2017)

3 RIL populations

11

SRS5

Seed size (alpha tubulin protein)

(Huang et al. 2013)

Review of many studies

1B; 1D

Rht1

Reduced height 1 (impacts gibberellin signalling and metabolism)

(Pearce et al. 2011)

3 NIL populations

2D

Ppd-1

Photoperiod response

(Beales et al. 2007)

Multiple varieties

4A

GW6

Grain weight and size

(Hu et al. 2016)

36 varieties

4B

GS3

Grain size (orthologue to OsGS3)

(Kumar et al. 2016)

ND705/WCB462

GS5

Grain size (serine carboxypeptidase)

(Ma et al. 2016)

595 Chinese varieties

3A; 3B;
3D
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Wheat cont.

6A; 6B

GW2

6A; 6D;

Gpc1

2B; 2D

(NAM1)

3A; 3D;

A. thaliana

(Kumar et al. 2016)

ND705/WCB462

Influences leaf senescence

(Distelfeld et al. 2014)

Review of many studies

(Lu et al. 2015)

CKX

Cytokinin oxidase genes (control grain size and weight)

7A

GASR7

Controls grain length (gibberellin regulator)

(Kumar et al. 2016)

ND705/WCB462

7A

TEF

Controls grain length (elongation factor)

(Zheng et al. 2014)

262 Chinese varieties

1

GS3

Controls kernel size (Transmembrane protein with multiple domains)

(Li et al. 2010b)

Based on results from other studies

KL1.07

Kernel length and size

(Qin et al. 2016)

Huangzaosi/Mo17; 627 maize inbred lines

Involved in assimilate carbon partitioning during early grain fill

(Gupta et al. 2006)

(orthologue of OsGIF1)

(Chen et al. 2016a)

7A; 7B

Maize

Grain weight and size (orthologue to OsGW2)

(Chang et al. 2015)

Jing411/Hongmangchun21

2

Mn1

3

KL3

Kernel length and size

(Chen et al. 2016a)

MAGIC population D276/D72//A188/Jiao51

4

GW4.05

Kernel weight and size

(Chen et al. 2016b)

Huangzaosi/LV28

4; 5

GW2

Controls width (ring type E3 ubiquitin ligase) (orthologue of

(Li et al. 2010a)

OsGW2)

(Liu et al. 2016e)

5

KW5/HKW5

Kernel width and size

(Chen et al. 2016a)

MAGIC population D276/D72//A188/Jiao51

7

KW7

Kernel weight and width

(Li et al. 2016b)

Ye478/Huangzaosi

KL7

Kernel length and size

(Chen et al. 2016a)

MAGIC population D276/D72//A188/Jiao51

MINI3

Controls endosperm proliferation

(Herridge et al. 2011)

Mutant population

DA2

Controls seed coat cell proliferation, high similarity to rice GW2

(Liang et al. 2014)

Mutant population, Columbia-0 background

3

IKU2

Controls endosperm proliferation

(Wang et al. 2010a)

Mutant population

4

SHB1

(Liang et al. 2014)

Mutant population, Columbia-0 background

1

5

Controls endosperm cell proliferation
Member of the SYG1 protein family

MAGIC population D276/D72//A188/Jiao51

Maize/Teosinte

AP2

Controls endosperm cell proliferation and regulates ABA

(Liang et al. 2014)

Mutant population, Columbia-0 background

HSL1

Controls seed coat cell elongation

(Li et al. 2004)

Mutant population
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2.4 Heat stress and barley
Barley often experiences a combination of abiotic stress conditions during the critical
periods of reproduction and grain development, particularly across the majority of
Australian crop production regions. Whilst drought is considered to be the most limiting
stress towards global crop productivity, in field situations, drought often co-occurs with
heat stress (periods where temperatures exceed 30 oC for barley) necessitating the need
to assess the impact of heat stress alone (Högy et al. 2013; Prasad et al. 2017). Glasshouse
experiments have determined that short periods (5 days) of heat stress during early barley
grain development can reduced individual grain weight by upwards of 13 % (Savin and
Nicolas 1999). Additionally, studies in related cereal crop species show that increases of
1 oC in average seasonal temperature could reduce yields up to 8 % equating to global
reductions of approximately 42 Mt oC-1 (Abhinandan et al. 2018; Hatfield et al. 2011;
Zhao et al. 2017a). Combine this with an increased frequency of heat stress events and
realised yield reductions could be as high as 17.5 % (Devasirvatham et al. 2016; Yang et
al. 2017). During reproduction and grain development, barley crops often experience
temperatures above the optimum during the daytime, reported to be 18‒25 oC indicating
that yield losses associated with elevated temperatures could be equally as high as they
are in wheat or rice which share similar optimal temperature ranges. Interestingly, it has
been widely cited that night time heat stress negatively impacts yield and yield
components more so than day time heat stress in rice, wheat and maize. Additionally it
has been linked to the adverse effects of increased dark-respiration consuming more
carbohydrates, disturbing the internal carbon balance that is not alleviated by daytime
photosynthesis (Akter and Rafiqul Islam 2017; Prasad et al. 2008; Wang et al. 2020; Xu
et al. 2020).
Irrespective of day or night time, heat stress is widely cited to increase rates of senescence
and crop maturation. This impacts the production and subsequent translocation of
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assimilates to the developing grain, adversely influencing grain size and crop yield
(Shirdelmoghanloo et al. 2016; Zhang et al. 2017). In wheat for every unit increase in
heat degree days, the duration of grain filling was reduced between 0.3-0.6 % (Liu et al.
2016a). Additionally, faster development as a result of heat stress in maize and rice
reduced grain filling duration and directly contributed to reduced grain weight via smaller
grain size (Hatfield et al. 2011). The literature suggests that the reduction in grain size
and subsequent yield is primarily associated with the increased rates of senescence and
that ‘staying-green’ longer plays an important role in maintaining grains size under heat
stress conditions because it enables an elongated grain filling period (Chang et al. 2015;
Farooq et al. 2011; Hays et al. 2007; Shirdelmoghanloo et al. 2016; Ullah et al. 2019).
Interestingly, heat stress during early grain development can influence endosperm cell
number whilst heat stress later in grain development can adversely affect the size of these
endosperm cells, with both contributing to reduced grain size and weight (Barnabás et al.
2008). However, heat stress earlier during reproductive development primarily affects
grain number, an important contributor to grain yield via reduced pollen viability and/or
insufficient assimilate supply to developing florets which both contribute to sterility and
reduced seed set (Abdelrahman et al. 2019). Barley is particularly hypersensitive to heat
stress during floral organogenesis and several consecutive days where daytime
temperatures exceeded 35 oC resulted in complete pollen sterility as a result of
transcriptional inhibition leading to a failure of the tapetum and pollen mother cells to
differentiate (Abiko et al. 2005).
In barley there is limited recent research aimed at understanding the influence of heat
stress on grain size and yield, particularly at the molecular and metabolic levels. However,
general conservation of gene order and function between barley and the more widely
researched cereal species enables researchers to elucidate the physiological effect heat
stress might have on grain size and begin to understand the molecular and metabolic
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controls that influence source-sink relationships under heat stress conditions (Caldwell et
al. 2004). Comprehensive reviews by Barnabás et al. (2008) and Arshad et al. (2017) on
the structural, physiological and metabolic response of major cereal species to heat stress
during reproduction and grain development offer suitable explanations regarding likely
stress responses in barley. Some of the main physiological and metabolic responses to
heat stress and how they contribute to reductions in yield are summarized in Fig. 2-2.

Fig. 2-2 Summary of some of the major physiological and metabolic responses to heat
stress during reproductive development and grain fill
Despite the infancy of research identifying candidate genes responsible for grain size
variation in barley, numerous studies have mapped significant QTL for grain size related
characteristics. Although the known impact of heat stress on grain size and its importance
for crop productivity has not yet translated to studies identifying QTL that may contribute
to the maintenance of grain size under such conditions. We know from one important
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example that ‘stay-green’ in barley is linked to improved yield under heat stress
conditions and this is likely driven by increased grain size and individual grain weight as
an indirect result of an elongated grain development. However more research needs to be
undertaken, particularly focussing on the use of wild relatives and landrace cultivars as
modern breeding has gradually minimised the plasticity for stress response rendering
barley increasingly vulnerable to climatic changes (Prasad et al. 2017).
The majority of heat stress studies rely on growth chamber experiments to induce heat
stress at desired growth stages because of the difficulty of inducing and maintaining
suitable temperature regimes in field trial scenarios without complex, costly and labour
intensive equipment (Telfer et al. 2018). Interestingly, despite growth chamber studies
representing an ideal standard for heat stress research it has been noted that depending on
experimental setup (i.e. soil type, method of inducing heat stress or point or temperature
measurement) different results can be obtained. A study in wheat concluded that
reductions in yield between heat treatments and the control where significant for a sandy
soil but not a soil with greater water holding capacity. Additionally, there are differences
in temperature measurements depending on whether the sensor is close to the grain spike
or further away, with higher temperatures further away reflecting transpiration cooling
which complicates the ability to compare experimental studies (Rezaei et al. 2018).
Furthermore, growth chamber experiments typically do not correlate consistently with
field imposed heat stress due to confounding factors, such as rapid drying out of pots and
hotter rooting substrates (Bergkamp et al. 2018). Large scale multi-environment trials
(MET) can avoid this inconsistent correlation however studies often do not have the
luxury of multi-year, multi-site field trials as described by Telfer et al. (2018). In the
absence of suitable resources to induce heat stress at desired growth stages such a heat
tents (Bergkamp et al. 2018; Thistlethwaite et al. 2015), time of sowing trials are
commonly used to delay flowering of later sown trials to coincide with a higher incidence
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of heat stress, combined with irrigation to avoid the confounding effect of drought
(Bennett et al. 2012; Pinto et al. 2016; Pinto et al. 2010; Telfer et al. 2018). Collection of
environmental co-variates (i.e. mean maximum temperature during anthesis) is also
crucial to incorporate into statistical analyses to improve comparisons between times of
sowing (Sadras et al. 2015). With all this in consideration, Chapter 6 aims to contribute
to the general lack of knowledge in this area by evaluating the effect of heat stress on
barley’s grain size and other agronomic traits under irrigated field conditions using
multiple times of sowing to coincide anthesis and grain fill with periods of heat stress.
2.5 Genetic engineering for enhanced grain size and yield
Development of new and improved crop varieties has increased considerably through the
incorporation of new techniques such as MAS or genomic selection into conventional
breeding programs. Despite improvements in breeding techniques (i.e. MAS, speed
breeding), conventional plant breeding is still relatively time consuming and new varieties
typically do not reach market until 8-10 years in the case for barley. Genetic engineering
represents the new frontier in plant breeding and has the potential to rapidly improve crop
varieties for desirable traits such as yield, nutrition and tolerance/resistance to stress.
Despite the rapid benefits that can be obtained through genetic engineering, limitations
exist that have hindered the rapid uptake of genetic engineering in breeding programs
ranging from development cost through to the public and political environment (Kamthan
et al. 2016). An important distinction must be made between ‘genome editing’ and
‘genetic modification’ despite the terms often being used interchangeably during
communication of research with external parties (Zahry and Besley 2019).
Genetic modification refers to approaches to artificially modify a plants DNA through
approaches that include transgenesis, cisgenesis, intragenesis and genetic engineering.
Approaches to genetically modify crop species have advanced considerably since they
were first discovered in the 1980’s. ‘Classical’ genetic modification as perceived by the
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wider public involves the introduction of DNA from foreign organisms (i.e. bacteria) into
a plant system (i.e. canola or cotton). This form of genetic modification has successfully
yielded crops that are grown across millions of hectares in numerous countries. Cotton
genetically modified to be resistant to cotton bollworm (Helicoverpa armigra) and termed
Bt cotton so named because it expresses protein(s) introduced from soil bacterium
Bacillus thuringiensis represents 99.5 % of all the cotton grown in Australia (OGTR
2018). Numerous other examples exist where transgenes have been successfully inserted
into crop species for nutritional enhancement (i.e. ‘Golden rice’, enhanced β-carotene;
maize, increased iron content) (Drakakaki et al. 2005; Paine et al. 2005); herbicide
tolerance (i.e. Roundup Ready® canola, glyphosate tolerant) (Green 2009) and stress
tolerance (i.e. tomato and tobacco resistant to Sclerotinia sclerotiorum) (Kesarwani et al.
2000). Despite the importance of genetically modified crop development in improving
the sustainability and profitability of production a great deal of social and political
negativity is exhibited towards genetically engineered organisms (GEOs). This negative
opinion is primarily attributed to the use of gene(s) from unrelated organisms giving rise
to varieties that would otherwise largely not exist and often referred to as ‘Franken-foods’
(Klümper and Qaim 2014). Recent advancements in approaches to genetically engineer a
crop species DNA have the potential to remove the negative stigma surrounding GEOs
and they revolve around genome editing approaches.
Genome editing is a process of modifying a plant species in such a manner that the
modified crop is indistinguishable from a crop that might have been created through
natural mutation events. The relatively new approach of using clustered regularly
interspersed short palindromic repeats (CRISPR) associated nuclease 9 (CRISPR-Cas9)
amongst other second-generation editing tools such as zing-finger nucleases (ZFN) and
transcription activator-like effector nucleases (TALEN) are efficient strategies to induce
sequence specific double stranded DNA breaks enabling some level of control for the
24

type of mutation induced (Kamthan et al. 2016). These double stranded breaks are then
either repaired by non-homologous end joining (NHEJ) or homology-directed
recombination (HDR) pathways which can result in random InDels and substitution
mutations, respectively (Jaganathan et al. 2018). These differ from traditional genetic
modification approaches where transgenes are inserted at random and can result in
unsuitable phenotypes depending on the location where the introduced genetic material
is incorporated in the host DNA and the cis-regulatory elements nearby.
Development of GEOs using CRISPR-Cas9 has dominated the scientific literature in
recent years (Shah et al. 2018). Modification of plant species via CRISPR-Cas9 is more
efficient than ZFNs and TALENs as the development of plasmids targeting different
sequence regions is extremely simple with researchers only needing to design a small 2022 bp short guide RNA (sgRNA) complementary to the desired target sequence (Chen et
al. 2016c; Jaganathan et al. 2018; Kamthan et al. 2016; Shah et al. 2018). In comparison
ZFN and TALEN mediated modification are more complicated and require protein
engineering (Jaganathan et al. 2018). A review by Shah et al. (2018) indicates that
CRISPR-Cas9 has been used successfully to study abiotic and biotic stress, yield
improvement and herbicide resistance in multiple plant species. The large quantity of
studies (>5000) pertaining to crop modification through the use of CRISPR-Cas9 have
largely been to understand the functional behaviour of particular genes on traits of interest
in contrast to commercially available crop varieties (Jaganathan et al. 2018). It is possible
that the reason behind this focus on functionally understanding gene function instead of
practical development of improved material relates to public opinion, regulatory
environments and cost of GEO development. Interestingly recent changes to legislation
in the US and Australia relax the legislation regarding the use of CRISPR-Cas9 and
classification as a GEO, with modified plants developed through non-homologous end
joining (NHEJ) being exempt from GEO classification allowing a faster path to market.
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This particular legislation change is reported to also save 10’s of millions of dollars in the
case of a CRISPR-Cas9 developed Camelina sativa variety ‘Yield10’ that has enhanced
omega-3 oil content and a drought tolerant soybean (Waltz 2018).
In a practical laboratory sense hurdles to GEO development can also be due to different
induced gene mutations having different effects on plant phenotype, necessitating an
increase in the size of a program and further increase in costs. For example a multiplex
CRISPR-Cas9 system (multiple sgRNAs combined into one plasmid) induced multiple
mutations in four different yield related genes and it was found that different mutations
within the same gene could have a contrasting effect on plant phenotype (Li et al. 2016a).
In addition, off-target mutations of highly homologous sequence regions to the sgRNA
can occur with high frequency, particularly for gene families (i.e. MYB transcription
factors) which necessitates the need to screen for off-targets. Having a completely
sequenced genome can reduce the likelihood of off-target mutations because researchers
can bias their targets for regions with low (ideally none) homology elsewhere in the
genome. The availability of modified Cas9 enzymes and an increase in size of the
recognition site (protospacer adjacent motif, PAM) are additional strategies that can be
utilised to reduce off-target mutations (Jaganathan et al. 2018).
A protocol was only recently adapted for CRISPR-Cas9 mediated transformation of
barley (Lawrenson et al. 2015). A key requirement for directing CRISPR-Cas9 to induce
mutations is firstly an understanding of the gene of interest and the gene model. In barley
however, there is a general lack of knowledge surrounding the specific genes controlling
grain size characteristics as indicated in section 2.3. Advanced knowledge of the genes
responsible for variation in grain size identified in rice and wheat for example have
facilitated numerous studies inducing mutations via CRISPR-Cas9 methodologies to
further characterise gene function. In rice four yield-related genes one of which is a major
grain length gene DEP1, orthologous to HvDEP1 (Chapter 3 and 5) were reassessed and
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simultaneously mutated using CRISPR-Cas9 to facilitate further dissection of the
complex gene regulatory networks in a single cultivar (Li et al. 2016a). Further research
in barley to identify candidate genes responsible for contributing to grain size variation
such as Chapters 3-4 will facilitate the generation of CRISPR-Cas9 mediated mutation
studies to further enhance gene function knowledge and identify promising mutations that
can drive increases in grain size and yield. Chapter 7 represents a newly adapted protocol
for the fast-track mutation of genes using CRISPR-Cas9 utilising the candidate genes
identified in Chapters 3-4 as examples of its use.
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Fine mapping of qGL5H, a major grain length locus
in barley (Hordeum vulgare L.)
3.1 Preface
The following chapter is published in the journal Theoretical and Applied Genetics
(2019), 132(11):883–893. This manuscript includes the initial whole genome linkage
analysis and fine mapping result of a major grain length locus identified. Supplementary
information located in Appendix 1. Chapter data available online.
3.2 Abstract
QTL mapping have been used extensively in barley to detect QTLs that underlie complex
traits such as grain size. In the present study, we utilised 312 doubled haploid (DH) lines
derived from a cross between two Australian malting varieties cv. Vlamingh and cv.
Buloke to dissect the genetic control of a number of grain size characteristics. Digital
image analysis was used to measure grain size characteristics including length, width,
thickness and plumpness which are important traits influencing barley yield and grain
physical quality. Using data from four independent environments and molecular marker
genotype data, we identified 23 significant QTL for these four traits, ten of which were
consensus QTLs and identified in two or more environments. A QTL region on
chromosome 5H designated qGL5H that was associated with grain size was fine mapped
to a 1.7 Mb interval. qGL5H was able to explain 21.6 % of phenotypic variation for grain
length within the population. This major QTL is an appropriate candidate for further
genetic dissection and the identification of underlying gene that can improve grain size.
3.3 Introduction
Increasing grain yield is one of the most important objectives of cereal breeding; as global
demand for grains increase and the available area under cultivation decreases. Globally,
barley is the fourth most important cereal crop grown in terms of both production and
cultivated area (FAOSTAT 2019). Barley is an important stockfeed and a major raw
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material for malting and brewing with an increasing proportion entering the human food
market (Walker and Panozzo 2016; Wendt et al. 2016). Grain yield in cereal crop species
is a reflection of three key components; number of heads or tillers per plant, number of
grains per head and individual grain weight (Fan et al. 2006; Xing and Zhang 2010). Grain
size is a dominant determinant of grain weight along with duration of grain filling in
barley. Size is not only important from a yield perspective but is as important as protein
content from a marketing and end use perspective, for example plumper grain is preferred
for malting because they have more desirable starch:protein ratios than samples with a
higher proportion of screenings (<2.5 mm) (Agu et al. 2007). Enhancing grain size is
therefore an efficient means by which to increase yield and improve the marketing and
end-use efficiency of barley, although its focus as a breeding objective has lagged due to
the genetic control of grain size being poorly understood.
Barley grain size is co-ordinately controlled by programmed cell death, cell division
(width and thickness) and elongation (length) within the developing endosperm and
maternal tissues, a process that ceases 20-30 days after initiation of flowering (Brinton
and Uauy 2019). Favourable growing conditions during this period increase the grain size
potential of the plant by increasing storage capacity of the grain (Coventry et al. 2003; Li
et al. 2018). Grain size characteristics are complex traits under polygenic and
environmental control (Sun et al. 2013; Walker and Panozzo 2016). With many QTL
mapping studies in barley having been conducted in diverse genetic backgrounds to better
understand the genetic regions controlling grain size.
Significant QTL controlling grain size have been identified on all seven barley
chromosomes using QTL mapping techniques (Marquez-Cedillo et al. 2000; Mather et
al. 1997; Matthies et al. 2012; Walker et al. 2013). Many QTL have been mapped to
locations in close proximity to major genes controlling plant development such as the
morphology modifying gene vrs1, which controls the two- and six-row inflorescence type
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or the major semi-dwarf gene ari-e (Jia et al. 2016). It is possible that certain major genes
are in fact directly controlling grain size characteristics however the absence of fine
mapping studies in barley limits our understanding of the direct genetic control of grain
size. The identification and association of important QTLs with grain size is critical in
order to accurately transfer and pyramid these genes into new varieties in order to increase
yields to meet future demand (Vafadar Shamasbi et al. 2017).
Walker et al. (2013) previously identified significant QTL controlling grain size in a
distinct V×B DH population to the present study. This and other studies have identified
chromosomes 2H and 5H as being hotspots for grain size QTL. In order to improve our
understanding of what loci control grain size we developed a DH population derived from
a cross between two Australian malting varieties, cv. Vlamingh and cv. Buloke (V×B)
and used an increased number of markers to genotype this population. Double haploid
populations are hugely beneficial for mapping studies because of their rapid development,
homozygosity and lack of dominance effects (Vafadar Shamasbi et al. 2017). In this study
we report the identification of genomic regions associated with four major grain size
characteristics that directly influence grain yield. Furthermore, we report the fine
mapping result of a major grain length QTL on chromosome 5H that is able to explain a
high percentage of phenotypic variation for grain length in our DH population.
3.4 Materials and Methods
Plant material
The population consisted of 312 DH lines derived from a cross between cv. Vlamingh
and cv. Buloke, two Australian malting varieties with distinctly different grain
phenotypes. cv. Vlamingh has a short, wide grain phenotype and cv. Buloke has a thin,
long grained phenotype, however both varieties have similar malting qualities and
phenology which make them suitable for mapping grain size characteristics (Ayoub et al.
2002; Walker et al. 2013).
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Field trials
Partially replicated rainfed field trials were grown in four different environments
(Katanning 2008; Esperance 2015, 2016 and Wongan Hills 2017) throughout Western
Australia. Commercial barley varieties acted as controls in each trial. Trial sizes varied
depending on the location and amount of available seed. Each genotype was sown in a
1x5 m2 plot, reduced to 3 m in late August to ensure no contamination due to carry-over
of seed from one plot to the next during seeding. At seeding 135 kg/ha of macro-pro extra
fertiliser (CSBP) was placed into the furrow with the seed and the trials were top-dressed
with 80 L/ha of urea ammonia nitrate (Flexi-N®, CSBP) and 0.5 L/ha Zn when the crop
began to tiller at Zadoks growth stage 21 (ZGS 21) (Zadoks et al. 1974). Fungal and insect
management varied depending on the severity of infestation and control followed
standard agricultural practice for the western region. Throughout the growing season,
rainfall and temperature records were maintained for accountability during statistical
analysis.
Measurement of grain size characteristics
Grain yields (t ha-1) from the harvest of each genotype in the field trials were recorded
post-harvest for all trials. Grain size characteristics were measured using an SC6000R
digital image analyser (Next Instruments, Condell Park, Australia). All field trials had
grain size characteristics measured. Grain plumpness was represented as a score out of
10 and was only available for the 2008 Katanning field trial. Grain length, width and
thickness were measured on a 300–400 grain sub-sample using the standalone digital
image analyser with inbuilt software for image analysis. Awns and cracked grains were
removed from the grain plate prior to imaging. A previous study by Walker et al. (2013)
validated digitally analysed grain size attributes to physically measured samples for the
purpose of QTL analysis, determining that there is a significant positive correlation
between the two with acceptable standard errors. We chose not to validate the
measurements provided from the image analysis because the standard errors were
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acceptable for each trait measured. Statistically significant differences between
individuals and trials for each grain size characteristic was determined using students ttests in Excel 2016.
Genotyping and QTL mapping
Genomic DNA was isolated from grain using an adapted method from Ahmed et al.
(2009) where instead of a phenol:chloroform:isoamyl alcohol protein precipitation step
we use a 60 oC water bath for 1 h to denature any proteins and then used ethanol to
precipitate DNA prior to resuspension. Whole genome Diversity Array Technology
(DArT) genotyping was conducted by Diversity Arrays Technology Pty Ltd (Canberra,
Australia). A total of 712 DArT, SSR and SNP markers were used to genotype 312 DH
lines. Further, polymorphic InDels between cv. Vlamingh and cv. Buloke were
determined within the major QTL region determined from analysis of whole genome
marker data using the BarleyVar database and used for fine mapping (in house database).
Primers were developed within the major interval using Primer3 software based on the
reference genome sequence (Mascher et al. 2017; Untergasser et al. 2012). PCR reactions
were performed in a total volume of 10 µL containing 10x buffer and GC buffer, 0.25 mM
dNTPs, 0.2 µM of each primer, 50 mM MgCl2, 10 ng genomic DNA and 5 U Taqpolymerase. InDel markers were separated in 2 % agarose gels in 0.5x TBE buffer and
visualised under UV light. The PCR profile for agarose markers was as follows: 95 oC
for 4 min, 38 cycles of 94 oC for 30 s, 55-57 oC (primer dependent) for 30 s, 72 oC for
30 s and a final extension at 72 oC for 10 min.
Map construction was carried out using JoinMap5, a total of 619 markers mapped onto
the seven linkage groups, the unmapped 93 markers were not used for further analysis.
MapQTL6.0 was used for linkage analysis. Composite interval mapping (CIM)
algorithms were used to conduct QTL mapping using individual trial data. The LOD
scores were calculated based on 1,000 permutations at a cut-off p-value of 1.0e-08, a
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minimum walk speed of 1 cM and a threshold LOD value for significance of 3.0. Initial
identification of QTLs from CIM were further investigated using the more sensitive
Multi-QTL Mapping (MQM) algorithms with the same threshold criteria. Percentage of
phenotypic variation explained by each QTL was estimated as R2 (coefficient of
determination). Multi-QTL mapping results from MapQTL were validated using
IciMapping3.2 to ensure reliable marker-trait associations were captured (result not
present) (van Ooijen and Kyazma 2011). The linkage map and identified QTLs were
drawn using the MapChart software (Voorrips 2002). Detected QTLs that were stable
across two environments or more and had similar genetic positions were considered the
same. Any QTL that explained >10 % of the phenotypic variation was considered as a
major locus and <10 % as minor. Analysis of the four field trials was also conducted as a
MET, whereby Best Linear Unbiased Predictions (BLUPs) for yield and grain size
characteristics were produced using mixed linear models by combining field trial data
from Wongan Hills and Esperance 2015–2016. Combining the trials into a MET enabled
the removal of the environmental effect on grain size. Analysis of BLUP data used a
resultant 308 DH lines after error lines were removed. Mixed linear models to develop
BLUPs were conducted using the R software package “ASReml”.
The BLUP data was analysed via the same process with which individual trial data was
analysed. R software was further used for Principle Component Analysis (PCA).
Fine mapping qGL5H
Fine mapping was achieved using polymorphic InDel markers generated on chromosome
5H in the region initially associated with the major grain length QTL determined using
the whole-genome DArT, SSR and SNP marker data. The InDel markers were designed
by alignment of the whole genome shotgun sequence of the two parental varieties cv.
Vlamingh and cv. Buloke (un-published data) with the cv. Morex sequence. A total of 16
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polymorphic markers were used for fine mapping qGL5H and identification of flanking
markers was achieved through phenotypic analysis of the recombinant lines.
3.5 Results
Phenotypic summary
Each trait measured was normally distributed in all field trials. Within each field trial,
there were significant differences in each measured trait among DH lines, but the
differences among field trials varied. Grain width from the 2017 Wongan Hills field trials
was significantly different than both Esperance field trials, although when comparing the
two Esperance trials there were no significant differences observed for width, but there
were for length and thickness. In the 2015 Esperance field trial, there was a significant
positive correlation between grain width and thickness (r = 0.87, p = 0.05), as in the
Wongan Hills trial (r = 0.73, p = 0.05), but this correlation becomes weakly negative and
non-significant in the 2016 Esperance trial. Length and width were significantly
(p = 0.05) negatively correlated in Wongan Hills and 2015 Esperance trials, but not in
2016. Grain width and yield were significantly positively correlated in 2016 Esperance
although this relationship was weak (r = 0.38). An analysis of MET BLUP data found
that there was a significant negative correlation between grain length and yield (r = –
0.25). The PCA of MET BLUPs (Fig. 3-1) indicates that of the three key grain size
metrics measured, length is the most discriminatory in this population. The PCA also
shows that from the MET analysis cv. Vlamingh is higher yielding than cv. Buloke.
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Fig. 3-1 Unscaled two-dimensional PCA using MET genotype × phenotype BLUPs,
expanded to discern correlations between traits. The first two principal components
combined account for 96.64 % of the sum of squares. Created using the R software

Identification and mapping of QTL
Using the two-stage mapping process in MapQTL and our validation process using
IciMapping 3.2, we were able to identify 23 significant QTLs for the four grain size
characteristics measured across the four environments. Significant QTL for these
important traits were only detected on chromosomes 1H, 2H, 5H and 6H. Chromosomes
2H and 5H were hotspots for significant QTL with 14 of the QTL detected located on
these chromosomes. Loci that were detected in two or more environments (consensus)
were only detected on chromosomes 2H, 5H and 6H (Table 3-1). Grain plumpness is a
reflection of the grain width and thickness. Unsurprisingly, several plumpness QTL
detected in analysis of Katanning trial data co-located to QTL detected for grain width
and thickness in analysis of other individual trials.
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Table 3-1 Consensus genomic regions harbouring significant QTLs for grain size
characteristics detected in two or more environments
Chr.

Env.

LOD

R2

Additive

Higher

Marker

Name

159.8–

3.97–

8.5–10.7

–(0.12–

Buloke

bPb-9490–2651-

QTL-GL1

179.4

5.37

48.5–71.1

5.22–

10.1–

–(0.13–

6.43

11.7

0.15)

11.1–

13.6–

0.04

11.5

19.0

Pos. (cM)

Grain length (mm)
2H

5H

3

2

0.14)

1774
Buloke

2146-2256–2465-

QTL-GL2

793

Grain thickness (mm)
5H

2

42.0–48.5

Vlamingh

bPb-5369–2146-

QTL-GT1

2256

5H

2

243.5

3.5

5.4

–(0.02)

Buloke

8682-406

QTL-GT2

6H

3

65.3–77.6

3.94–

6.2–10.7

0.02–0.03

Vlamingh

bPb-0014–bPb-9697

QTL-GT3

10.8–

0.03–0.03

Vlamingh

bPb-47246–2146-

QTL-

2256

GW1

bPb-0014–bPb-9697

QTL-

4.83
Grain width (mm)
5H

2

29.6–48.5

4.5–7.3

13.9
6H

2

65.3–77.6

3.3–4.8

5.3–7.9

0.03

Vlamingh

GW2
Plumpness (score 1-10)
5H

2

42.0–48.5

5H

2

243.5

6H

3

65.3–77.6

11.1–

13.6–

0.97

Vlamingh

11.5

19.0

12.6
3.94–

bPb-5369–2146-

QTL-P1

15.3

–(1.05)

Buloke

8682-406

QTL-P2

6.2–10.7

0.63

Vlamingh

bPb-0014–bPb-9697

QTL-P3

2256

4.83
Chr. chromosome ID, Env. Number of environments detected, Pos. genetic position, LOD logarithm of the odds, R2 %
trait variation explained by the QTL, Additive. mean additive effect, Higher parent contributing discriminating allele,
marker QTL discriminating marker, and Name of locus

Chromosome 2H
On the long arm of chromosome 2H only one consensus QTL was detected for grain
length (QTL-GL1) in this study. This locus was detected in three environments and was
able to explain 8.5-10.7 of phenotypic variation for grain length with the cv. Buloke allele
contributing a longer grained phenotype that mapped to a region between whole-genome
markers bPb-9490 and 2651-1774 (Fig. 3-2, Table 3-1). Two other significant QTL were
detected that did not co-locate with QTL detected in other trials. One of these QTL was
able to explain 3 % of phenotypic variation for grain plumpness in the 2008 Katanning
field trial, and the other was able to explain 7 % of the variation for grain length in the
37

2016 Esperance field trial with cv. Buloke increasing length and plumpness in both
instances.
Chromosome 5H
Of the ten consensus QTLs detected in this study, six were detected on chromosome 5H.
A consensus QTL for each measured trait was detected (Fig. 3-2, Table 3-1). A region
between 29.6 and 71.1 cM was associated with all four measured traits. In this region,
QTL-GL2 accounted for 10.7-11.7% of phenotypic variation, QTL-GW1 10.8-13.9%,
QTL-GT1 13.6-19.0% and QTL-P1 a similar 13.6-19.0%. cv. Buloke contributed the
favourable allele that increased grain length, and cv. Vlamingh contributed the favourable
alleles for width, thickness and plumpness characteristics. On the opposite end of the
chromosome, two consensus QTLs were detected in two environments each, one was
associated with grain thickness (QTL-GT2) and the other plumpness (QTL-P2). Both colocated to one another despite being detected in different environments (Fig. 3-2). This
locus explained a higher percentage of phenotypic variation for grain plumpness than it
did thickness, 15.3 % and 5.4 %, respectively (Table 3-1). cv. Buloke alleles increased
grain plumpness and thickness at both of these loci.
Chromosome 6H
An interval spanning 65.3-77.6 cM between markers bPb-0014 and bPb-9697 was
associated with grain width, thickness and plumpness (Fig. 3-2). Each of these QTLs was
detected in distinct environments indicating the importance of this locus in controlling
grain size. This locus was able to explain 6.2-10.7 % of phenotypic variation for both
grain thickness and plumpness, whereas this locus explained between 3.3 % and 4.8 % of
variance for grain width. At this locus, there were four significant QTLs detected, two for
grain thickness and one each for width and plumpness all of which associate to the same
marker interval. This result suggested that at this locus grain thickness was more
indicative of grain plumpness than width due to the large relative LOD score for
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thickness. For all significant associations, cv. Vlamingh was the parent that increased
these grain size characteristics.

Fig. 3-2 Genetic map of chromosomes 2H, 5H and 6H and the associated consensus QTL
detected in the present study using whole-genome DArT, SSR and SNP marker data
created in MapChart. Markers are presented to a scale of genetic distance (cM)
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Fine mapping of 5H consensus region
A total of ten consensus QTLs were detected in analysis of individual trials using whole
genome marker data. Chromosome 5H was associated with more QTL than 2H, and we
were able to detect a region between 29.6 and 71.1 cM on chromosome 5H that was
associated with all grain size characteristics analysed (Fig. 3-2). This region explained a
large proportion of the phenotypic variation for all measured traits (Table 3-1). The initial
QTL region detected spanning 108.5 Mb from 393.3 to 501.8 Mb contains 819 putative
candidate genes. Using 16 InDel markers spanning this interval, one QTL using the BLUP
data for each grain size characteristic from the combined Wongan Hills and Esperance
field trials was detected. The previously identified grain length QTL was fine mapped to
an interval between InDel markers 5H481890840 and 5H483598291, which physically
spans approximately 1.7 Mb which is a reduction of 106.8 Mb in the known interval
(Fig. 3-3).
Fig. 3-3 Fine-mapping results of
qGL5H created in MapChart. A.
Subset of whole-genome marker
data and consensus QTL (red)
detected during initial mapping
and B. genetic map created using
InDel markers and associated
fine-mapped QTL region (black)
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This newly associated QTL was able to explain 21.6% of the phenotypic variation for
grain length with an associated LOD score of 20.6. This new interval contains 23 putative
candidate genes (Table 3-2). A total of four recombinant types were identified in this
interval using newly developed InDel markers (Fig. 3-4). Individuals that are
homozygous for cv. Buloke alleles at both QTL flanking markers (5H481890840;
5H483598291) have longer grains than those with cv. Vlamingh alleles. Recombinant
types 1 and 3 which harbour cv. Buloke alleles within the interval are significantly longer
than types 2 and 4 which have cv. Vlamingh alleles.
Table 3-2 Predicted genes in qGL5H region
Gene ID

Physical position

Predicted function

HORVU5Hr1G061820

481,898,189–481,900,691

Protein kinase superfamily protein

HORVU5Hr1G061830

482,103,916–482,104,455

DEP1

HORVU5Hr1G061840

482,216,327–482,217,933

DEP1

HORVU5Hr1G061850

482,224,160–482,227,666

Protein kinase superfamily protein

HORVU5Hr1G061860

482,420,960–482,424,637

GDSL esterase/lipase

HORVU5Hr1G061870

482,425,442–482,428,147

Ribosome production factor 2 homolog

HORVU5Hr1G061880

482,478,262–482,480,236

GDSL esterase/lipase

HORVU5Hr1G061930

482,524,100–482,526,530

Cytochrome P450 superfamily protein

HORVU5Hr1G061950

482,615,521–482,618,141

Cytochrome P450 superfamily protein

HORVU5Hr1G061960

482,623,010–482,626,248

Cytoplasmic tRNA 2-thiolation protein 1

HORVU5Hr1G061970

482,626,848–482,692,111

Phenylalanine--tRNA ligase alpha subunit

HORVU5Hr1G061990

482,696,742–482,700,377

Subtilisin-like protease

HORVU5Hr1G062010

482,751,402–482,753,621

ubiquitin family protein

HORVU5Hr1G062000

482,750,889–482,754,662

AIG2-like (avirulence induced gene) family protein

HORVU5Hr1G062030

482,985,970–483,048,422

Alcohol dehydrogenase

HORVU5Hr1G062040

483,095,832–483,100,212

Protein SCAI

HORVU5Hr1G062050

483,100,439–483,101,543

copper transporter 5

HORVU5Hr1G062070

483,203,649–483,204,162

copper transporter 5

HORVU5Hr1G062080

483,236,263–483,236,941

Deoxyuridinen 5'-triphosphate nucleotidohydrolase

HORVU5Hr1G062090

483,237,696–483,244,300

Aldehyde dehydrogenase family 7 member A1

HORVU5Hr1G062110

483,314,512–483,318,306

DNA topoisomerase 2-binding protein 1

HORVU5Hr1G062120

483,318,652–483,322,261

Leucine-rich receptor-like protein kinase family

HORVU5Hr1G062140

483,571,583–483,572,946

alpha/beta-Hydrolases superfamily protein
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Fig. 3-4 Genotypes and phenotypes of parents and important recombinant types within
the DH population using BLUP data for grain length. Genetic structure depicted as black
(homozygous Buloke) and white (homozygous Vlamingh) in the region corresponding to
the major grain length QTL fine mapped on chromosome 5H (dash). Table on the right
indicates the variation in grain length (mm) between recombinant types and the number
of individuals in brackets, letters indicate significant differences at p = 0.05. Individuals
homozygous for the Buloke allele between border markers are significantly longer than
homozygous Vlamingh individuals
3.6 Discussion
QTL mapping is an efficient way in which to analyse the genetic control of complex traits
such as grain size. In the present study, cultivars cv. Vlamingh and cv. Buloke, which
have distinctly different grain phenotypes were used to detect QTLs controlling grain size
characteristics across the whole barley genome. Both parents have been important
commercial varieties in Australia and have been utilised in previous association mapping
studies. In this study, a DH V×B population was developed to determine the genetic
regions controlling four important grain size characteristics. Predicted means of each DH
line showed that on average grain thickness was greater than that of both the parents;
conversely, the average grain width of the population was less than both parents that had
similar grain widths despite the strong positive correlations between the two traits. As
expected for a polygenic and quantitatively inherited trait such as grain size these
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characteristics were normally distributed (Abdel-Haleem et al. 2010; Coventry et al.
2003; Lai et al. 2017; Sadeghzadeh et al. 2010; Vafadar Shamasbi et al. 2017). Strong
associations between certain genetic loci and grain width and thickness suggest both traits
are under similar control. Fine mapping these regions has the potential to reduce
screenings in a variety, which has important economic implications.
A total of four environments were used for field trial analysis in Western Australia.
Across all analyses a total of 23 significant QTL controlling grain length, width, thickness
and plumpness were detected in analysis of individual trials. Of these significant QTL
only 10 were detected in two or more environments. QTL mapping studies have
previously been conducted in DH populations derived from multiple crosses although
none have gone further to fine map any major QTL detected. A major study conducted
by Walker et al. (2013) using a similar V×B DH population was able to identify 29
consensus QTLs associated with grain length, width, thickness and plumpness, which
they referred to as grain volume. They identified no QTL for grain width or thickness on
chromosome 2H which is supported by our own results where the only grain width and
thickness QTLs were detected on chromosome 5H. Ayoub et al. (2002) previously found
strong marker-trait associations on 5H for width and plumpness characteristics (F-shape
and F-circle) and none on chromosome 2H in analysis of their two-rowed DH population.
Lack of any detectable grain width and thickness QTL on chromosome 2H in the present
study is reflected in previous studies using two-rowed genetic material. Studies in wheat
and rice have found similar results, reporting that length QTL are often not coincident
with QTL for width or thickness (Rabiei et al. 2004; Segami et al. 2016; Wu et al. 2015).
Interestingly, analysis of six-rowed DH lines by Ayoub et al. (2002) is in contrast to our
results with strong associations on 2H for grain width, thickness and plumpness
characteristics.
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Inflorescence type has a strong influence on grain size characteristics and the source-sink
relationship, although despite being previously reported, the major inflorescence type
locus vrs1 at approximately 652.1 Mb on 2H was not found to influence grain size
characteristics in the present study or in results reported by Walker et al. (2013).
Interestingly in a genetically distinct population to the current research, vrs1 is reported
to be the main contributor to seed size, with two-rowed lines having increased thousand
grain weight than six-rowed lines (Vafadar Shamasbi et al. 2017). Given that the V×B
DH populations were all two-rowed, the effect of vrs1 is masked, allowing the detection
of other associated QTL otherwise masked in a population with six-rowed phenotypes. In
fact, the effect of QTLs on chromosome 5H on grain plumpness characteristics is reduced
in six-rowed barleys compared to two-rowed types which is expected given that average
grain plumpness and thousand grain weight is negatively correlated to grain number per
head (Paynter and Young 2001; Vafadar Shamasbi et al. 2017). It is important to note that
the relationship stated by Vafadar Shamasbi et al. (2017) includes the smaller lateral floret
grains of six-rowed barleys in analysis, compared to only central floret grains from the
two-row types, a more accurate relationship would have compared central floret grains
only (Paynter and Young 2001).
We were able to detect a consensus QTL for grain plumpness on chromosome 6H that
explained 10.7 % of the phenotypic variation, and this region corresponded to an
individual plumpness locus detected in analysis of the Katanning 2008 trial that colocated to thickness and width QTL. However, we were not able to detect any significant
correlation between plumpness and width or thickness, as these traits were not measured
in Katanning. Given that grain plumpness is a reflection of thickness and width, the
detected consensus QTL corresponding to these two characteristics suggests this is an
important locus controlling grain size. Walker et al. (2013) previously identified a
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consensus grain volume QTL on 6H, but the physical interval reported in this study
(398.1-514.7 Mb) does not overlap with that previously reported (564.9–577.5 Mb).
The major dwarfing locus ari-e has been reported to control a number of agronomic traits
including grain size. Jia et al. (2016) was able to fine map ari-e to an 0.6 Mb interval on
chromosome 5H that is in close proximity to a major length QTL detected in this study
which we have denoted as qGL5H. Another study was able to associate the HvDEP1 gene
on chromosome 5H with grain length. In particular; the ari-e.GP allele, conferring a loss
of function at HvDEP1, results in a semi-dwarf phenotype and shorter grain. Interestingly
HvDEP1 spans 482.1–482.2 Mb (Wendt et al. 2016). This gene is proposed to be the
candidate gene underlying ari-e, although this contradicts the fine mapping results of Jia
et al. (2016) that fine mapped ari-e to an interval between 487.8–488.4 Mb that is
approximately 5 Mb upstream of HvDEP1. Wendt et al. (2016) report that HvDEP1 is
identical to ari-e using transgenic approaches, whereas Jia et al. (2016) was not able to
confirm this relationship. It is possible that the differing results are due to errors in the
initial construction of the genetic map in the study by Jia et al. (2016). The region
corresponding to HvDEP1, overlaps our major grain length QTL fine mapped that
explains 21.6 % of phenotypic variation. In rice the DEP1 locus, which shares 74 %
protein sequence homology to HvDEP1 has been found to be a positive regulator of grain
length and RNA interference (RNAi) lines displayed significantly shorter grains than the
wild type, and the overexpression lines. Interestingly both the overexpression and RNAi
lines had shorter plant heights than the wild type suggesting that in rice this locus does
not have a significant effect on dwarfism (Sun et al. 2018a). HvDEP1 is a promising
candidate gene underlying this locus because a duplicated gene on chromosome 3H shares
99 % sequence similarity with HvDEP1 and is designated as a gene encoding a grain
length protein. The presence of this duplication was not detected by Wendt et al. (2016),
rather we were able to detect this duplication through our own BLAST searches. This
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duplication is not a true copy and is instead a result of incorrect placement of contigs
during chromosomal scaffolding which is supported by our genotyping data which
localised this gene region on chromosome 5H, in support of previous findings. Increasing
marker densities within the new region is necessary to determine the most likely genetic
association with grain length and enable separation of the HvDEP1 gene and the locus
controlling grain length, if they are distinct loci. A comparison between Rec 1 and Rec 3,
and Rec 2 and Rec 4 indicated that the major QTL detected in this study maps between
5H481890840 and 5H483598291. Our PCA indicates that in this population grain length
is the most discriminating factor between DH lines and our detection of the major length
QTL on 5H supports this conclusion.
An extension in maturation eludes to reduced rates of senescence and increases in grain
size as highlighted by Emebiri (2013) that determined this association in a DH V×B
population. They found a major QTL on chromosome 5H around 393 Mb that explained
12.7 % of phenotypic variation for loss of green colour with cv. Buloke providing the
higher value allele, having a slower rate of senescence and extended grain fill than
cv. Vlamingh. Interestingly cv. Vlamingh yields more on average in higher yielding
environments whereas cv. Buloke, despite having a thinner longer grain yields more in
lower yielding environments. This has led to the belief that grain length is associated with
yield more so than width or thickness particularly in lower yielding environments,
although the observed differences in yield may be a result of rate of senescence rather
than potential size of the grain which has been reported in numerous studies (Chang et al.
2015; Emebiri 2013; Shirdelmoghanloo et al. 2016). In this study a major grain length
QTL was mapped in close proximity to this senescence related locus, and due to their
close proximity, they are likely to be in linkage disequilibrium. Correlation analysis did
not detect any significant association between grain length and yield in any field trial
which supports the concept, staying green longer equates to an extended grain fill duration
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and higher yield. This is problematic because it indicates that the major QTL fine mapped
in this study potentially has a negative influence on grain yield.
Overall QTL mapping studies in barley are important tools with which to identify the
associations of key genetic regions with grain size characteristics. Consensus QTLs have
been the focus of this study and we were able to detect ten using grain size data from four
distinct environments. Fine mapping of a region on chromosome 5H found to associate
with all grain size characteristics was able to report a major grain length QTL using BLUP
data that was coincident with a major dwarfing gene ari-e and a major grain length locus
previously identified in a DH V×B population (Ellis et al. 2002; Walker et al. 2013;
Wendt et al. 2016). However, it is worth to note that both parental varieties are non-dwarf
types. The interval corresponding to qGL5H was initially mapped between 393.3–501.8
Mb using the initial whole genome marker data and was reduced to a 1.7 Mb long interval
that contains 23 putative candidate genes. Further fine mapping of qGL5H will help to
identify the underlying candidate gene and its functional control on this important trait,
which will assist breeding programs develop larger grained varieties.
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Fine mapping qGL2H, a major grain length locus in
barley (Hordeum vulgare L.)
4.1 Preface
The following chapter is published in the journal Theoretical and Applied Genetics
(2020), 133(7):2095-2103. This manuscript presents the fine mapping result of a major
grain length and yield locus identified on barley chromosome 2H. Supplementary
information located in Appendix 2. Chapter data available online.
4.2 Abstract
Increasing yield is an important target for barley breeding programs. One approach to
increase yield is to enhance individual grain weight through regulation of grain size. Fine
mapping of major grain size related QTL is necessary for future MAS strategies, yet
studies of this nature are limited in barley. In the present study, we utilised a doubled
haploid population derived from two Australian malt barley varieties, cv. Vlamingh and
cv. Buloke, coupled with extensive genotypic and phenotypic data from three independent
environments. A major grain length locus previously identified on chromosome 2H
designated qGL2H was fine mapped to a 140.9 Kb interval. qGL2H explained 25.4 % of
phenotypic variation for grain length and 10.2 % for grain yield within this population.
Underlying qGL2H region, there were three high confidence genes. One of the three
genes encoding a MYB transcription factor represents a promising grain length candidate
gene for further research.
4.3 Introduction
“Yield is king,” a sentiment held by many cereal crop breeders across the globe with yield
representing the most important driver of grower profitability. Changing climate, rising
global population and reduction in arable land area necessitate the need to increase cereal
yield potentials beyond what are currently achieved in order to meet future demand,
which is expected to more than double by 2050 (Molotoks et al. 2018). Barley is the
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fourth most important cereal grain crop grown globally in terms of both production and
area cultivated (FAOSTAT 2019). It is an important stockfeed and the primary grain used
for beer and spirit production (Wendt et al. 2016). Changes to climatic conditions threaten
barley production with yield modelling indicating average yield losses of up to 17 % as a
result of the increased frequency and severity of heat stress events alone. In comparison,
growth chamber experiments have indicated this reduction could be as high as 52 % when
coupled with the increased average global temperature (Ingvordsen et al. 2018; Xie et al.
2018). Like all small grained cereal crops, barley yields are a reflection of two key
phenotypic components; number of grain per m2 and individual grain weight (Fan et al.
2006; Ugarte et al. 2007; Xing and Zhang 2010). Yield improvements through prebreeding and breeding have largely been driven by the optimisation of flowering time and
increases in harvest index, enabling lodging resistance and more efficient grain filling
(Hill and Li 2016; Prince et al. 2001; Sharma et al. 2018). Despite this, year-on-year yield
improvements have begun to stagnate because desirable allelic combinations have largely
been captured in current cultivars and this yield growth stagnation is reflected in
increasing numbers of undernourished people globally (FAOSTAT 2019; Ray et al. 2012;
Schauberger et al. 2018; Xu et al. 2018a). In some regions yield growth rates are already
decreasing due to recent changes in climatic conditions resulting in poorer cultivar
adaptation. Alternative traits to target are therefore necessary in order to improve the yield
potential of barley.
Grain size is a major determinant of individual grain weight and has higher heritability
than yield per se making it a desirable alternative trait to target. Grain size is not only
important from a yield perspective but is also important from a processing standpoint. For
example maltsters prefer a plump grain because it has a more desirable starch:protein
ratio, improving the efficiency of alcohol production (Agu et al. 2007). Increasing grain
size is therefore an efficient and necessary strategy by which to increase yield and
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improve grain quality, and has been a recent focus of pre-breeding research (Walker et
al. 2013; Watt et al. 2019; Wendt et al. 2016; Xu et al. 2018a).
Grain size characteristics are complex polygenic traits that are also strongly influenced
by environment (Sun et al. 2013; Walker and Panozzo 2016; Xu et al. 2018a). Optimising
the most desirable allelic combinations into elite backgrounds can be rapidly achieved
through the use of tightly linked molecular markers and MAS coupled with speed
breeding approaches (Watson et al. 2018). Identification and mapping QTL for grain size
related characteristics has been achieved in various genetic backgrounds (Walker et al.
2013; Watt et al. 2019; Xu et al. 2018a; Zhou et al. 2016). In many instances the identified
QTL co-located with genes sharing close homology to grain size related genes identified
in wheat and rice resulting in promising putative candidates for further research, although
research of homologous gene regions in barley is restricted to a small number of
publications (Bélanger et al. 2014; Wang et al. 2019a; Watt et al. 2019; Xu et al. 2018a).
Despite our current understanding of QTL regions contributing to grain size only one
study has fine mapped a major QTL and identified a potential candidate gene (Watt et al.
2019). Whilst analysis of homologous sequence regions between barley and the other
widely studied cereal crop species provides a promising starting point for grain size
research, independent linkage and association mapping studies are still necessary to
validate gene regions and identify desirable alleles underlying these homologs that will
improve grain size in barley (Walker and Panozzo 2016; Zhou et al. 2016).
QTL mapping studies have successfully identified significant QTL on all seven barley
chromosomes reported to control grain size related characteristics (Marquez-Cedillo et
al. 2000; Mather et al. 1997; Matthies et al. 2012; Walker et al. 2013; Watt et al. 2019;
Xu et al. 2018a; Zhou et al. 2016). Although the limiting step is not QTL identification,
but the process of fine mapping and identifying the underlying candidate gene responsible
for trait variation. This is followed by validation of gene effect and characterisation of
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desirable alleles in different genetic backgrounds. Development of tightly linked
molecular markers to underlying candidate genes and identification of desirable alleles is
necessary for effective MAS. Diagnostic molecular markers have been identified for
numerous traits such as waterlogging tolerance (Zhang et al. 2016); malting quality (Gong
et al. 2013; Xu et al. 2018c) and disease resistance (Dinglasan et al. 2019; Zantinge et al.
2019). Despite numerous studies having mapped significant QTL associated with grain
size characteristics on all seven barley chromosomes, limited research fine mapping these
regions has impacted the development of diagnostic molecular markers for breeding
purposes. A previous study by the authors represents the only research to date with a
specific focus on fine mapping a major grain size related locus, designated qGL5H (Watt
et al. 2019). Using the same genetic population as Watt et al. (2019), this study describes
the fine mapping result of a major grain length QTL identified on chromosome 2H that
was able to explain a high proportion of the phenotypic variation for grain length and
yield. An underlying gene identified in the fine mapped interval represents a promising
target for future genetic research and the development of diagnostic flanking molecular
markers in this study has potential use in MAS.
4.4 Materials and Methods
Plant material
The population consisted of 306 DH lines derived from a cross between cv. Vlamingh
and cv. Buloke, two-rowed spring barley varieties with distinctly different grain shapes.
This is the same genetic population used by Watt et al. (2019).
Field trials
Phenotypic data from three independent and rainfed field trials (Esperance 2016; South
Stirling 2016 and Wongan Hills 2017) were used for this study and represented
contrasting environments in the Western Australian wheatbelt. Briefly, each genotype
was sown in a 1×5 m2 plot, reduced to 3 m in late August of each season. Genotypes were
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partially replicated with a minimum of one replication and maximum of four in each field
trial. Commercial varieties acted as controls. There were two applications of fertiliser, the
first at seeding and the second when the crop had begun to tiller at Zadoks growth stage
21 (Zadoks et al. 1974). Biotic stress management varied depending on the severity of
infestation and control followed standard agricultural practice for the western region.
Growing season rainfall and temperature records were maintained for inclusion as
covariates during statistical analysis.
Measurement and analysis of grain size characteristics
Grain size characteristics were measured using an SC6000R digital image analyser (Next
Instruments, Condell Park, Australia) using the same protocol as Watt et al. (2019). Yield
(t ha-1) was determined post-harvest. Grain length, width and thickness were measured
on a 20-25 g sub-sample of grain.
BLUPs for grain size characteristics and yield were calculated using linear mixed models
for individual trials and a combined analysis of all three field trials known as a MET the
purpose of which was to remove environmental effects.
The simplified model is given by;
𝒚 = 𝑿𝝉 + 𝒁𝒖 + 𝒆
Where y is the vector of observations for different grain size characteristics; X is a design
matrix associated with a vector of fixed effects 𝝉; Z is a design matrix associated with a
vector of random effects u; and e is the vector of residuals that includes residual error
variance associated with autoregressive spatial correlations in the row and column
directions (Smith et al. 2019). Linear mixed models using advanced restricted maximum
likelihood techniques to obtain trait BLUPs were run using the R software package
‘ASReml’. Statistically significant differences between individuals and trials for the
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phenotypic measurements collected were determined using Students t-tests using the
R software, which was also used for Principle Component Analysis (PCA).
Genotyping and QTL analysis
Genomic DNA was isolated from grain samples using an adapted method from Ahmed
et al. (2009) where instead of a phenol:chloroform:isoamyl alcohol protein degradation
step, samples were placed in a 65 oC water bath for 1 h to denature any protein. Following
denaturing DNA was precipitated using ethanol, spun at 4,000 RPM to pelletise DNA
prior to resuspension. InDels between cv. Vlamingh and cv. Buloke were determined
within the QTL region identified from initial whole genome QTL mapping activities
using the BarleyVar database (in-house database) and used for fine mapping on a total of
306 DH lines. Primers were developed using the barley cv. Morex reference genome
sequence in the Geneious v10.2.3 software (Kearse et al. 2012; Mascher et al. 2017).
PCR reactions were performed using freshly extracted genomic DNA from leaves in a
total volume of 10 µL containing 1 µL of 10× buffer and GC buffer, 0.25 mM dNTPs,
0.2 µM of each primer, 50 mM MgCl2, 50 ng genomic DNA and 0.2 U Taq-polymerase.
The PCR protocol for gel markers was as follows: 95 oC for 3 min, 38 cycles of 94 oC for
20 s, 55-57 oC (primer-dependent) for 20 s, 72 oC for 20 s and a final extension at 72 oC
for 5 min. Standard InDel markers were separated in 2 % agarose gels in 0.5x TBE buffer
and visualised under UV light.
Initial whole genome QTL mapping analyses used a total of 619 DArT, SSR and SNP
markers after removal of unmapped markers as outlined in a previous publication by Watt
et al. (2019). The genetic map for this initial analysis was developed using JoinMap5 as
described by Watt et al. (2019). Composite interval mapping (CIM) algorithms were used
to conduct initial whole genome scans using individual field trial BLUP data in
MapQTL v6, culminating in a separate analysis for each field trial. LOD scores were
calculated based on 1,000 permutations at a cut-off P-value of 1.0e-08, a minimum walk
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speed of 1 cM and a threshold LOD value for linkage significance of 3.5. Identified QTL
were further investigated using the more sensitive multi-QTL mapping (MQM) algorithm
by adding more QTL sequentially until no new loci were detected with similar threshold
criteria to CIM. Percentage of phenotypic variation explained by each QTL was estimated
as the R2 (coefficient of determination). The linkage map and identified QTL were drawn
using the MapChart software (Voorrips 2002). Detected QTLs that were stable across two
or more environments and had similar genetic positions (overlapping) were considered as
singular loci. Any QTL that explained >10 % of the phenotypic variation was considered
a major locus.
QTL fine mapping and candidate gene annotation
Initial whole genome QTL analysis using individual trial BLUP data identified three
overlapping intervals for qGL2H. Fine mapping of qGL2H was then achieved by
saturating the interval delineated by the two outermost flanking markers identified with
InDel markers. In total 95 InDel markers were identified and designed as in Chapter 3
and combined into the genetic map with further QTL analyses using MET-BLUP
phenotypic data then carried out using the same approach described previously. We used
the MET-BLUP data during fine mapping to ensure we captured the stable effect of
qGL2H. Following marker development and subsequent QTL analysis with the newly
developed InDel marker set we were able to narrow down the interval. In the newly
identified qGL2H interval we then identified recombinant DH lines and used student’s ttests to compare the phenotype of recombinants that fell into two distinct groups to
validate allelic effects at this locus. Candidate genes in the fine mapped interval were
identified using the BarleyVar database by inputting the physical positions of the QTL
flanking markers. Relative gene expression profiles were investigated using The Barley
Genome Explorer (BARLEX) database which is the combination of the barley cv. Morex
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reference sequence and high and low confidence gene predictions (Beier et al. 2017;
Colmsee et al. 2015; Mascher et al. 2017).
4.5 Results
Phenotypic summary
Grain size characteristics were normally distributed in each individual field trial after
removal of outliers as expected for polygenic and quantitatively inherited traits.
Phenotypic differences between the two parental lines, cv. Vlamingh and cv. Buloke are
shown in Figure 4-1A. Transgressive segregation was evident for grain length in all trials
(Fig. 4-1C). Correlation between grain size traits and yield varied significantly, driven by
strong environmental effects (Fig. 4-1B). At the individual trial level, grain length was
significantly positively correlated with yield in the Wongan Hills field trial, but there
were no significant correlations between grain length and yield in either Esperance and
South Stirling trials. Generalised narrow sense heritability ranged from 0.27 at Wongan
Hills to 0.81 at both Esperance and South Stirling respectively. The low heritability in
Wongan Hills was believed to be driven by heterogeneous field variation that was not
properly captured by the model and is reflected in low accuracy of BLUPs for this site
despite the high replication of control varieties.
Principal Components Analysis using combined trial MET-BLUP data indicated that
length was the most discriminating grain size trait measured within this population
(Fig. A2-1). The Principal Components Analysis clearly indicates two distinct groups
along the first principle component which is most correlated with grain length, where
groups are based on the parental allele present at qGL2H and indicate that lines with the
cv. Buloke allele tend to be longer on average. Predicted values from combined trial
MET-BLUP analysis indicated all traits were significantly correlated apart from width
and yield, which is inconsistent with the correlations detected in the raw field trial data
(Fig. 4-1B).
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Fig. 4-1 A. Grain length of the two parents Buloke (top) and Vlamingh (bottom).
B. Pearsons correlation coefficients between yield and three grain size characteristics
measured across each field trial. C. Distribution of grain length in each field trial. Vertical
lines indicate average grain length of parents; Vlamingh (blue) and Buloke (red). *
indicates significant correlation at p = 0.05. ESP: Esperance 2016; STI: South Stirling
2016 and WH: Wongan Hills 2017

There were significant negative correlations between length and the other three traits
compared overall. Grain thickness was significantly positively correlated with width and
yield. Grain length was significantly positively correlated with yield in the Wongan Hills
trial only. Wongan Hills representing a harsher environment than South Stirling and
Esperance, with grain length likely contributing more to yield than grain width and
thickness which were more important contributors to yield in the more favourable
growing environments of Esperance and South Stirling.
Identification and mapping of QTL
Using the two-stage linkage mapping procedure in MapQTL (CIM followed by MQM),
15 significant QTLs were detected for the grain size traits only, and none for yield using
whole genome marker data and individual trial BLUPs. Of these QTL nine were
associated with grain length, a conclusion supported by PCA where width and thickness
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are not large drivers of grain size diversity within this population (Fig. A2-1). Significant
QTL were detected on all chromosomes aside from 3H and 7H. Chromosomes 2H and
5H were hotspots with a total of 11 QTL detected. Major loci that were detected in two
or more environments (consensus) were only identified on chromosomes 2H and 5H
using the individual trial BLUP data (Table 4-1). In this study we were only able to detect
two consensus major QTL regions, both of which regulated grain length, one being
qGL5H and the other qGL2H (Table 4-1). These loci were identified in each individual
trial QTL analysis reflecting the heritability and stability of this trait in this population.
Fine mapping of 2H major grain length QTL region
Two significant major grain length QTL were identified using combined trial METBLUP data in this population, one each on chromosome 2H and 5H. The interval
identified on chromosome 2H overlapped with the major consensus region qGL2H
identified through individual trial QTL analyses (Table 4-1). Using MET-BLUP data, the
LOD scores for qGL2H and qGL5H were 22.7 and 20.9 respectively. The percentage of
phenotypic variation was 25.4 % and 21.6 % for qGL2H and qGL5H respectively.
Furthermore, a previous study found a strong QTL for grain length in a similar location
to qGL2H making it a suitable candidate for fine mapping (Wang et al. 2019a). Whole
genome QTL analyses using individual trial BLUP data indicated qGL2H was flanked by
SNP markers 2651-1774 and 6117-1507, which based on the barley cv. Morex reference
sequence is a large interval spanning 530.3 Mb (Table 4-1). Analysis using MET-BLUP
data found qGL2H accounted for 25.4 % of phenotypic variation for grain length with a
LOD score of 22.7. No other grain size characteristic was influenced by qGL2H which
was consistent with initial whole genome mapping results. Interestingly, qGL2H was also
able to explain 10.2 % of the phenotypic variation for grain yield when using the METBLUP data, a relationship not observed during individual trial QTL analyses.
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To fine map qGL2H, we designed 95 polymorphic InDel markers saturating this
530.3 Mb interval and used the combined trial MET-BLUP data to undertake successive
QTL analyses and marker development to continuously narrow down the target region.
Using this dataset which consisted of the entire DH population being genotyped, we were
able to fine map qGL2H to a 140.9 Kb interval between markers 2H638,235,731 and
2H638,376,721 representing a substantial reduction in the size of this interval (Fig. 4-2
and 4-3, Fig. A2-2). At a population level, DH lines that have the cv. Buloke allele at both
of these flanking markers have an average grain length of 8.78 mm compared to 8.47 mm
for those with cv. Vlamingh alleles which are significantly different at p = 0.001. Of the
population, four recombinant DH lines in total were identified within the qGL2H interval
(Fig. 4-3), three of which had cv. Buloke alleles between the flanking markers (Rec061,
Rec068 and Rec081) and in each individual trial had grains that were significantly longer
than the recombinant line with cv. Vlamingh alleles, Rec160. This is supported by an
effect at this locus indicating that the cv. Vlamingh allele reduces grain length upwards
of 0.22 mm in this population (Table 4-1).
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Table 4-1 Consensus genomic regions harbouring significant QTL for grain length using whole genome marker data
Chr.

Env.

Pos. (cM)

LOD

R2

Additive

Higher

Marker

Physical position

Name

Grain length (mm)
2H

3

124.6–179.4

4.44–9.44

8.5–16.7

0.12–0.22

cv. Buloke

2651-1774–6117-1507

47.3–577.6

qGL2H

5H

3

48.5–80.0

5.22–8.48

10.1–14.9

0.13–0.21

cv. Buloke

2146-2256–3928-513

393.2–518.1

qGL5H

Chr, chromosome ID; Env, Number of environments detected; Pos, genetic position; LOD, logarithm of the odds;

R2, %

trait variation explained by the QTL; Additive, mean additive effect; Higher, parent

contributing discriminating allele; Marker, QTL discriminating flanking markers; Physical position, based on barley reference genome in Mb; and Name, of locus. *Consensus; an overlapping chromosomal
region detected in two or more field trials and considered to be the same locus
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Within this newly mapped interval three high confidence predicted genes were identified,
HORVU2Hr1G089310, a predicted MYB transcription factor of subgroup 15, which is a
promising candidate as it has been reported to be involved in cell cycle control and cell
division in the longitudinal direction (Qi et al. 2018; Tombuloglu et al. 2013; Wu et al.
2017). The other predicted genes were HORVU2Hr1G089320 (Hexosyltransferase) and
HORVU2Hr1G089330 (Root UV-B sensitive 2 protein). Relative gene expression
indicates that of the three candidate genes, the MYB transcription factor has the highest
expression of the three genes in tissues associated with the developing inflorescence
(Fig. A2-3).
Fig. 4-2 Fine mapping result
of qGL2H. A. Subset of
whole-genome DArT marker
data and consensus

QTL

interval (red) detected during
initial whole genome mapping
and B. genetic map created
using InDel markers and
associated fine-mapped QTL
region (black)

Within this newly mapped interval three high confidence predicted genes were identified,
HORVU2Hr1G089310, a predicted MYB transcription factor of subgroup 15, which is a
promising candidate as it has been reported to be involved in cell cycle control and cell
division in the longitudinal direction (Qi et al. 2018; Tombuloglu et al. 2013; Wu et al.
2017). The other predicted genes were HORVU2Hr1G089320 (Hexosyltransferase) and
HORVU2Hr1G089330 (Root UV-B sensitive 2 protein).
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Fig. 4-3 Genotypes and phenotypes of parents and recombinant DH lines using BLUP
data for grain length. Genetic structure depicted as white (homozygous Buloke) and black
(homozygous Vlamingh) in qGL2H (dash) using a subset of the 88 interval markers.
Table on the right indicates variation in grain length; letters depict significant differences
at p = 0.05

Relative gene expression indicates that of the three candidate genes, the MYB
transcription factor has the highest expression of the three genes in tissues associated with
the developing inflorescence, those maternal tissues known to be important for grain size
(Fig. A2-3). At a population level, DH lines that have the cv. Buloke allele at both of
these flanking markers have an average grain length of 8.78 mm compared to 8.47 mm
for those with cv. Vlamingh alleles which are significantly different at p = 0.001.
4.6 Discussion
Linkage mapping is an efficient method to identify the genetic control of polygenic traits
such as grain length. In the present study, cv. Vlamingh and cv. Buloke, two elite
Australian two-rowed malting varieties with contrasting grain lengths were used to
generate a DH population to fine map a major grain length locus that overlapped with one
previously identified on chromosome 2H (Watt et al. 2019). Grain length was normally
distributed in each environment as expected for a polygenic and quantitatively inherited
trait (Lai et al. 2017; Sadeghzadeh et al. 2010; Vafadar Shamasbi et al. 2017). Correlation
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between the three grain size characteristics varied from weakly positive to negative in
each trial, indicating that there is significant genotype by environment interaction
occurring. Within individual field trials, grain length was only significantly correlated
with grain width in the Esperance environment (Fig. 4-1B). For the most part, grain
plumpness characteristics, width and thickness tended to be significantly positively
correlated with yield in individual environments apart from grain width at Wongan Hills
which was negatively correlated with yield (p = 0.05). A possible reason for this
distinction is Esperance and South Stirling are milder environments compared to Wongan
Hills, enabling a genotypes maximum grain width and thickness to fully express, whereas
in the harsher Wongan Hills environment grain length would become a larger contributing
factor for grain yield as supported by the significant positive correlation between the two
(Fig. 4-1B).
Watt et al. (2019) previously identified 23 significant QTLs for grain yield and three grain
size characteristics of which two represented major loci controlling grain length in this
population. One designated qGL5H was previously fine mapped to a 1.7 Mb interval that
was able to explain 21.6 % of the phenotypic variation for grain length. In this present
study we fine mapped the second major grain length QTL originally identified, designated
qGL2H to a 140.9 Kb interval containing three high confidence predicted genes.
Consistent with studies in wheat and rice, grain length QTL tend not to coincide with
other grain size related characteristics such as width and thickness. This is due to the fact
that grain length in cereal species is to a large extent controlled at the cellular level by
cell elongation and proliferation in the longitudinal direction in developing endosperm
and husk tissues (Rabiei et al. 2004; Yu et al. 2017). In contrast, grain width and thickness
correlate primarily with endosperm cell proliferation in the transverse direction (Segami
et al. 2016; Wang et al. 2015). In the present study qGL2H did not coincide with other
grain size related characteristics, however it did represent a major locus for grain yield
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explaining 10.2 % of the phenotypic variation for this trait using MET-BLUP data but not
individual trial BLUPs. This result is likely to be driven by the reduced shrinkage of
BLUPs towards the mean when running a MET compared to individual trial analyses.
Interestingly a previous study identified significant QTL for grain length in a similar
region to qGL2H although they also led to variation in other grain size related
characteristics such as grain width (Wang et al. 2019a). The fine mapping result of
qGL2H indicates there are two QTL regions near one another on chromosome 2H
contributing to grain length variation, however it is evident that due to the genetic
background of each population neither were able to be identified simultaneously.
Three high confidence predicted genes are located within qGL2H. A promising candidate
for the control of grain length is HORVU2Hr1G089310, encoding a MYB transcription
factor protein of subgroup 15. Previous research in other cereal species has indicated that
transcription factors of this family are involved in the control of grain size by the
regulation of cell proliferation and differentiation (Arora et al. 2017; Gong et al. 2018; Ji
et al. 2019; Qi et al. 2018). Specifically, a MYB transcription factor designated OsGL4
was shown to regulate cell elongation in the outer and inner glumes of African rice which
directly regulated grain length (Wu et al. 2017). In the present study, comparisons
between the three putative candidate genes indicated that the MYB transcription factor
has the highest relative expression in developing inflorescence tissues of the lemma and
palea compared to the other two genes (Fig. A2-3). Wu et al. (2017) found that in rice, a
premature stop codon in the coding region of this MYB transcription factor was
responsible for the significant differences in grain length observed. Interestingly the MYB
transcription factor gene located within qGL2H shows approximately 90.37 % DNA
sequence homology to SH4, a MYB-like protein encoding gene associated with nonshattering in Asian rice that is orthologous to OsGL4. A review of the current literature
did not find any clear link between the Hexosyltransferase and root UV-B sensitive
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protein encoding genes and any grain size related characteristic, further reinforcing that
the MYB transcription factor is the likely candidate gene underlying qGL2H.
Watt et al. (2019) previously conducted whole genome QTL analysis to identify loci
controlling yield and three components contributing to grain size (length, width and
thickness). The present study fine mapped qGL2H, which was found to significantly
associate with grain length and yield. We identified one promising candidate gene that,
based on current research is likely to regulate grain size, annotated as
HORVU2Hr1G089310 and encoding a MYB transcription factor. MYB-like proteins
represent one of the largest families of transcription factors and have been linked to
numerous biological functions, including abiotic stress tolerance and control of grain size
characteristics (Qi et al. 2018; Wu et al. 2017; Xiong et al. 2014). Whilst the other two
candidate genes cannot be ruled out, the MYB transcription factor represents the most
promising avenue on which to focus further research. In lieu of further research into these
genes, the two flanking InDel markers of qGL2H could be highly useful for MAS as they
are diagnostic for grain length and yield within this population. As it stands, qGL2H
represents a promising genetic region with which yield, and grain length can be
manipulated simultaneously.
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A novel polymorphism in the promoter of HvDEP1
is associated with grain length and 1000-grain weight in
barley (Hordeum vulgare L.)
5.1 Preface
The following chapter has been accepted for publication in Crop and Pasture Science
(2020), 71(8):752-759. This follows on from Chapter 3 taking an in-depth look at the
candidate gene; HvDEP1. Supplementary information located in Appendix 3.
5.2 Abstract
The gene HvDEP1 on barley (Hordeum vulgare L.) chromosome 5H, encodes a γ-subunit
of the heterotrimeric G-protein complex and was previously determined to be a candidate
gene underlying a major QTL for grain length. In the present study, we identified a 9 bp
indel at position -84 bp from the start codon within a reported upstream open-reading
frame located in the 5' UTR (untranslated region) and developed a diagnostic molecular
marker. We also identified a 13 bp indel -514 bp in linkage disequilibrium that bridges
an important regulatory motif. Using a doubled-haploid population and a barley diversity
panel we were able to show that the effects of these indels were environmentally stable,
and consistently delineated phenotypic groups based on grain length and 1000-grain
weight. Genotypes represented by deletions at these two positions relative to the reference
cv. Morex had consistently shorter grains by 3.69-3.96 % and lower 1000-grain weight,
by 2.38-4.21 %, in a DH population studied. Additionally, a diversity panel was tested
but consistent differences were observed only for grain length reinforcing previous
literature indicating the importance of this gene for grain length regulation. The frequency
of the longer and heavier grained reference allele was higher in modern cultivars,
suggesting that indirect selection for longer grain may have occurred through direct
selection for grain yield via grain weight improvement. These results indicate that grain
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length and 1000-grain weight in barley can be manipulated by targeting variation in gene
promoters through marker-assisted selection.
5.3 Introduction
As the fourth most important cereal crop grown globally, improving the yield and quality
of barley (Hordeum vulgare L.) represents an important focus of breeding programs.
Grain yield in barley is a product of number of grains per area and individual grain weight.
In rice (Oryza sativa L.), individual grain weight is influenced by grain length, changing
the physical appearance of the grain which is part of the culinary quality (Li et al. 2019c).
As such, many loci and genes have been identified in rice that contribute to variations in
grain length; for example, qGL3 is associated with increased 1000-grain weight (TGW)
owing to a significant increase in grain length with little to no interaction with
environment (Wan et al. 2006; Zhang et al. 2012). A GNAT-like protein encoded by
OsGW2 increases grain length and weight through spikelet hull enlargement and
accelerated rate of grain fill (Song et al. 2015). Rice qPE9-1/DEP1 has been manipulated
to varying extents, with multidimensional effects on grain length and weight dependent
on the specific genetic background and allele (Li et al. 2019c). This multidimensional
effect of DEP1 has also been identified in barley (Wendt et al. 2016). Wan et al. (2006)
concluded that smaller effect QTLs influencing grain length were less environmentally
stable than qGL3 because of environmentally induced epistasis between these loci, unlike
the major effect QTL.
Breeding for high levels of grain plumpness, as measured by retention of grain on a slotted
screen and often referred to as screenings, is a key focus in barley breeding, but grain
plumpness has not generally been selected for by deliberately manipulating grain length.
Understanding the relationship between grain plumpness, grain length and grain weight
when breeding for yield in barley is critically important to breeding programs attempting
to select for improved grain yield while simultaneously maintaining industry acceptable
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levels of grain plumpness. Grains of landrace barleys and barley progenitor species
(Hordeum vulgare ssp. spontaneum) are typically much longer, and less plump than those
of modern cultivars. However, there is sufficient variation in modern cultivars to warrant
population development for the purpose of improving our understanding of the genetic
basis of grain size in barley and increasing the rate of introgression of positive grain size
alleles into elite backgrounds providing the negative relationship between grain length
and plumpness can be broken (Schnaithmann and Pillen 2013).
In a previous study, a major locus on barley chromosome 5H was found to have a
significant influence on grain length. This particular locus was able to explain 21.6 % of
the phenotypic variation for grain length and was identified in a doubled-haploid (DH)
population derived from two elite Australian barley cultivars, Vlamingh and Buloke. A
candidate gene identified underlying this locus, HvDEP1, represents a promising target
for further genetic and molecular characterisation (Watt et al. 2019). HvDEP1 shares 94.8
%, 81.2 % and 88.8 % sequence identity with wheat (Triticum aestivum L.), maize (Zea
mays L.) and rice (Oryza sativa L.) orthologues, respectively, making it a suitable target
for further molecular characterisation.
In barley, our understanding of which genes contribute to variation in grain size is limited
and is based primarily on the collinearity of gene sequence and function between the
major cereal crop species. In this study, we report the identification of novel
polymorphisms in the promoter region of HvDEP1 that are diagnostic for variation in
grain length and TGW. HvDEP1 encodes a plasma membrane associated Gγ subunit of
the G-protein signalling pathway that dimerises with a G subunit and interacts with the
G subunit to perform a variety of signalling functions (Sun et al. 2018b; Wendt et al.
2016). Several polymorphisms identified in the promoter region of HvDEP1 in the
present study are believed to drive variation in gene expression, resulting in changes in
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grain length and TGW in both a DH population and a natural population included in this
study. We further investigate the prevalence of promoter polymorphism in modern barley
cultivars and its relevance for barley breeding.
5.4 Materials and Methods
Plant material and phenotypic analysis
Two different sets of barley germplasm were used in this study; (i) DH population
consisting 246 lines in total, derived from two Australian two-rowed barley cultivars,
Vlamingh and Buloke; and (ii) a diversity panel comprising 64 barley cultivars, landraces
and breeding lines (see Table A3-1). Field trials were partially replicated and arranged in
complete blocks. Current commercial varieties acted as controls. The DH population was
grown during 2007 under irrigation and rainfed conditions at Horsham, Victoria, and;
during 2017 under irrigated conditions at South Perth, Western Australia. The number of
lines represented ranged from 228 to the full population across the three trials. The barley
germplasm diversity panel was grown during 2018 at South Perth in trials across five
times of sowing (TOS) from mid-April to mid-August with monthly intervals between
consecutive sowings. These five TOS represent different growth and maturity
environments driven largely by variation in temperature and photoperiod (supplemental
irrigation was supplied when necessary to avoid drought). These TOS trials were used to
interrogate the relationship between grain length and TGW across varying environments
in the diversity panel. Grain length and TGW were measured with an SC6000R digital
image analyser (Next Instruments, Condell Park, NSW). Measurements were performed
on a sub-sample of 300–400 grains from each harvested plot.
Molecular marker development and sequencing
Genomic DNA for both sets of barley germplasm was extracted from young leaf tissue.
Additionally, DNA was extracted from 1,111 modern cultivars and 96 wild barleys for
analysis of allele frequency and interrogation of linkage disequilibrium between
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identified polymorphisms; of theses 1207 lines, only 64 had phenotypic data available.
Extraction of DNA followed an amended method of Ahmed et al. (2009) described by
Watt et al. (2019), the main difference represented by a protein degradation rather than
precipitation. Previous research associating HvDEP1 with grain length indicated that the
parents of the DH population should be sequenced to identify any potentially diagnostic
polymorphisms that might be driving variation in grain length (Watt et al. 2019; Wendt
et al. 2016). The coding and promoter region (1.6 kb upstream) of HvDEP1 was
downloaded from the BarleyVar database, an in-house database of the Western Crop
Genetics Alliance based on the chromosome conformation capture ordered sequence of
the reference variety cv. Morex (Mascher et al. 2017). Primers were then designed
spanning the entire main open reading frame of HvDEP1, including 2 kb upstream and
downstream start and stop codons respectively, using Geneious Prime 2019.2.1 software
(https://www.geneious.com/prime/) (Table A3-2). Primers pairs were designed ensuring
that amplicons overlapped.
High-quality genomic DNA was isolated from the DH population, their parent cultivars
and the diversity panel as described previously (Watt et al. 2019). PCR reactions were
performed in a total volume of 10 μL containing 1 µL 10× buffer and GC buffer, 0.25
mM dNTPs, 0.2 µM each primer, 50 mM MgCl2, 50 ng genomic DNA, and 0.2 U Taqpolymerase. The thermocycler protocol was as follows: 95 oC for 3 min, 38 cycles of 94
o

C for 20 s, 55-57 oC (primer-dependent) for 20 s, 72 oC for 20 s, and a final extension at

72 oC for 5 min. Amplicons for sequencing were separated in 1 % agarose gels in 1× TAE
buffer, and correct bands were excised from the gel under UV light. Amplicon DNA was
purified from gel fragments by using a Wizard® SV Gel and PCR Clean-Up System
(Promega, Madison, WI, USA) and adjusted to 100 ng μL-1 for sequencing.
One-eighth Sanger sequencing reaction concentrations were made for each purified
amplicon in 10 µL volumes containing 1 µL dye terminator mixture, 1.5 µL 5×
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sequencing buffer, 3.2 pmol primer (forward or reverse) and, 50 ng DNA amplicon and
made up to final volume with sterile water. The thermocycler protocol was as follows
96 oC for 2 min followed by 25 cycles of 96 oC for 10 s, 56 oC for 5 s, and 60 oC for 4
min. Post-reaction purification was then performed by using an ethanol–EDTA–sodium
acetate precipitation step followed by sequencing in an Applied Biosystems 3730 Genetic
Analyzer, 96-capillary array (Thermo Fisher Scientific, Waltham, MA, USA).
Overlapping sequences were aligned using Geneious Prime 2019.2.1 software. Primer
pairs based on identified polymorphisms between the two parents were developed and
tested on the DH population and the diversity panel. Amplicons were separated in 2 %
agarose gels in 0.5× TBE buffer and visualised under UV light.
In silico analysis of HvDEP1 promoter
A 1.6 kb region upstream of the HvDEP1 start codon was amplified from both
cv. Vlamingh and cv. Buloke (Table A3-2). Both sequences were searched for cisregulatory

elements

in

the

plant

promoter

database

PlantCARE

(http://bioinformatics.psb.ugent.be/ webtools/plantcare/html/) and compared to the
reference sequence of cv. Morex (Lescot et al. 2002). In silico protein modelling
prediction was performed using I-TASSER software (https://zhanglab.ccmb.med.
umich.edu/I-TASSER/) by inputting the upstream open reading frame (uORF) sequence.
RNA isolation, cDNA synthesis and RT-qPCR
Total RNA was isolated from 1 cm developing inflorescences of cvv. Vlamingh
and Buloke by using TRIsure following the manufacturer’s protocol for plant tissues
(Bioline, London). Genetic and functional sequence assembly of the barley reference
cultivar (Morex) has defined the expression profile of HvDEP1, with the highest relative
expression exhibited in the developing inflorescences at 1 cm (Colmsee et al. 2015;
Mayer et al. 2012). Four biological replicates were collected from individual plants grown
under glasshouse conditions. RNA was precipitated with isopropanol and resuspended in
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water treated with DEPC (diethyl pyrocarbonate). Quality and quantity of RNA was
determined on a NanoDrop One/One spectrophotometer (Thermo Fisher Scientific,
USA). First strand complimentary DNA (cDNA) was synthesised from 1 µg RNA using
the SensiFAST™ cDNA Synthesis Kit (Bioline) following the manufacturer’s protocol.
Reverse transcription quantitative real-time PCR (RT-qPCR) reactions were performed
by using the SYBR-Green detection chemistry in 10 µL reaction volumes containing 5
µL SYBR-green super mix (Bio-Rad, Hercules, CA, USA), 10× forward and reverse
primers (Table A3-2) and, 100 ng cDNA template, and made up to final volume with
sterile water. Each biological replicate had three technical replicates with the reaction
performed in a ViiA-7 Real-Time PCR system, and data was analysed using
QuantStudio™ software (Thermo Fisher Scientific). Relative expression was calculated
using the 2−ΔΔCT method, and HvActin was used for expression normalisation.
5.5 Results
Analysis of HvDEP1 promoter region
The HvDEP1 gene, including 1.6 kb upstream and 1 kb downstream, was sequenced from
both DH population parent cultivars (Vlamingh and Buloke). No polymorphisms were
identified within any of the five exons comprising this gene or the 3' UTR (untranslated
region) sequenced.
Analysis of the promoter region identified a number of polymorphisms, of note two large
indels at positions -84 bp and -514 bp from the start codon. The indel at position -84 bp
was a 9 bp polymorphism present in a reported uORF encoding for a transcript of 70
amino acids located within the long 297 bp 5' UTR. Additionally, the 13 bp indel was
located -514 bp upstream of the transcription start site at a position represented by a
putative G-box regulatory motif (Fig. 5-1). In both instances cv. Vlamingh represented
the mutant allele with a deletion in a repetitive sequence of 5'-GCTGCTGCT-3' in the
uORF and a deletion of 5'-GGTGGGTCGTGGC-3' at the position of a G-box.
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Interestingly, screening a large collection of modern cultivars and wild barley accessions
determined that the cv. Buloke allele was over-represented at 82% in the modern cultivars
and 66% in the wild barleys. An additional SNP (G-C) was located at position -704 bp,
which in cv. Vlamingh was responsible for the loss of a CAG-motif (Fig. 5-1). Other
polymorphisms were identified; however, they did not coincide with cis-regulatory
elements and were not further explored (Fig. 5-1B).

Fig. 5-1 Gene model of identified mutations within the HvDEP1 promoter region and
the corresponding difference in cis-regulatory elements between cvv. Vlamingh and
Buloke. A. HvDEP1 gene model with 5ʹ UTR region (red), associated uORF (black) and
exons (grey). B. Mutations located within 1.6-kb promoter region identified between
aligned sequences of Vlamingh and Buloke; cis-regulatory elements impacted by a
polymorphism (blue). C. Polymorphisms present and type. D. Cis-regulatory elements
that contrast between the two varieties
In silico sequence transcription indicated a truncated protein of 67 amino acids encoded
by the cv. Vlamingh uORF compared with cv. Buloke and previous reports (Bélanger et
al. 2014). Furthermore, in silico protein structure prediction using I-TASSER software
(Yang et al. 2015) indicated the loss of a stabilising -strand as a result of this 9 bp
deletion that truncated the cv. Vlamingh predicted peptide.
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Expression profile of HvDEP1
The relative expression profile of HvDEP1 was compared between the DH population
parents in the developing inflorescences (1 cm) by using RT-qPCR and gene specific
primers DEP1-cDNA-RT normalised against HvActin (Table A3-2). There was a
significant 2.6-fold reduction in the relative expression of HvDEP1 in cv. Vlamingh
compared to cv. Buloke (Fig. 5-2). Surprisingly, uORFs are reported to reduce
downstream gene expression primarily through post-transcriptional control, although this
finding does not corroborate the reduced grain length and gene expression pattern of cv.
Vlamingh which represents the mutant allele in this instance. Despite the large differences
a time course of gene expression variation would be needed to best understand expression
dynamic and rule out the possibility of developmental delay being the cause of expression
variation
Fig. 5-2

Expression profile of HvDEP1 in the

developing inflorescences (1 cm) of cvv. Vlamingh
(HvDEP1-V) and Buloke (HvDEP1-B). Values
represent mean ± s.e. (3n = 9); *P < 0.05

Phenotypic validation of promoter polymorphism
Molecular markers were designed for the two indels and a SNP located within the
regulatory elements of the promoter region; however, no recombinant individuals were
identified by using these markers in the DH population because they are in LD. Therefore,
we chose to genotype the diversity panel with only the DEP1-uORF marker. Two allelic
groups were demarcated based on the polymorphism identified in the 5' UTR in both sets
of germplasm. These two groups, designated as ‘HvDEP1-V’ and ‘HvDEP1-B’,
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representing cvv. Vlamingh and Buloke allelic groups, respectively, exhibited consistent
differences in grain length and TGW between them across multiple contrasting
environments. In the DH population, grain length and TGW were highly significantly
correlated in each environment (r = 0.31–0.71; p < 0.001), with significant correlations
observed between environments (Fig. 5-3A). Additionally, the two allelic groups
exhibited consistently significant differences for TGW and grain length. Grain length was
3.69–3.96 % greater for the HvDEP1-B allelic group than HvDEP1-V with a range of
8.39–8.76 mm (Table 5-1). Consistent with the significant positive Pearson’s correlation
between grain length and TGW, HvDEP1-B had significantly higher TGW than the
alternative allele, by 2.38–4.21 %.
A

B

Fig. 5-3 Pearson’s correlation between 1000-grain weight (TGW) and grain length
(GL) in: A. Doubled-haploid population grown in 2007 (irri, irrigated; non, rainfed) and
2017; and, B. diversity panel grown across different times of sowing (months).
Significant correlations: *P < 0.05; **P < 0.001
As expected for a diversity panel, there were large phenotypic variations within each
allelic group delineated by their DEP1-uORF genotype driven by the strong genetic
diversity present within this panel (Table 3-1). For example, within the HvDEP1-B allelic
group grain length ranged from 7.79 to 10.27 mm for the April TOS trial. Average grain
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lengths for the HvDEP1-B allelic group were significantly greater across April, June and
August TOS trials, ranging from 8.36 to 8.75 mm representing a 3.79–5.08 % increase on
the HvDEP1-V allelic group (Table 5-1). There was a significant difference in TGW in
the April TOS only, with the HvDEP1-B group 8.23 % heavier than HvDEP1-V. Grain
length and TGW were significantly positively correlated with each other in each TOS
trial apart from August (Fig. 5-3B). There was no clear trend in the diversity panel with
later TOS and trait variation; in fact, the May TOS trial had the lowest TGW and shortest
grain. The relatively late July TOS resulted in longer grains but lower TGW than the TOS
that would be considered optimal (i.e. April): 8.87 ± 0.07 mm and 50.3 ± 0.86 g compared
with 8.54 ± 0.03 mm and 58.87 ± 0.39 g. Principal component analysis of the diversity
panel indicated that neither grain length nor TGW sufficiently discriminated on the basis
of TOS, suggesting that either a reduced influence of environment on these two traits or
the high degree of background genetic variability led to varying genotype performance
with later TOS (Fig. A3-1B). Indeed, some varieties tended toward longer grains with
later TOS, whereas some tended toward shorter grains, although this did not necessarily
reflect origin of the germplasm (Table A3-1). Principal Components Analysis indicated
that TGW was more discriminating than grain length in the DH population; however,
grain length did vary significantly between the irrigated (8.6 mm) and rainfed (8.23 mm)
Horsham trials, and between the 2017 South Perth (8.53 mm) and rainfed Horsham trials,
suggesting that water limitation may be the leading driver of the grain length variation
observed.
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Table 5-1

Average grain length and 1000-grain weight (TGW) across the doubled-

haploid and diversity panel genetic material genotyped for the HvDEP1 UTR
polymorphism
No. of genotypes

Grain length (mm)

TGW (g)

Vlamingh

124

8.38 ± 0.04a

57.65 ± 0.53a

Buloke

122

8.69 ± 0.04b

60.08 ± 0.45b

Vlamingh

123

8.07 ± 0.03a

40.21 ± 0.18a

Buloke

122

8.39 ± 0.03b

41.57 ± 0.18b

Vlamingh

115

8.43 ± 0.02a

38.61 ± 0.15a

Buloke

113

8.76 ± 0.03b

39.53 ± 0.16b

Vlamingh

11

8.41 ± 0.18a

46.32 ± 0.92a

Buloke

53

8.72 ± 0.07b

50.13 ± 1.68b

Vlamingh

11

8.04 ± 0.13a

35.2 ± 1.19a

Buloke

53

8.26 ± 0.06a

36.5 ± 0.86a

Vlamingh

12

8.04 ± 0.12a

47.56 ± 1.36a

Buloke

52

8.36 ± 0.06b

47.40 ± 0.89a

Vlamingh

11

8.62 ± 0.21a

48.46 ± 1.58a

Buloke

53

8.93 ± 0.07a

50.73 ± 0.99a

Vlamingh

11

8.33 ± 0.14a

33.06 ± 1.54a

Buloke

53

8.75 ± 0.07b

35.33 ± 0.96a

Doubled haploid population

2017, South Perth (irrigated)

2007, Horsham (irrigated)

2007, Horsham (non-irrigated)

April-sown

Diversity panel

May-sown

June-sown

July-sown

August-sown

Values are means ± s.e. Means followed by the same letter are not significantly different between allelic groups at P = 0.05

5.6 Discussion
Identification of candidate genes that contribute to variation in grain size and weight is in
its infancy in barley, and more so is the identification of novel polymorphisms that are
diagnostic for trait variation across multiple environments, and therefore appropriate for
marker-assisted selection (MAS). Previous studies have identified polymorphisms in
DEP1 as being responsible for variation in grain length, weight and plant architecture in
rice and barley (Huang et al. 2009; Li et al. 2019c; Sun et al. 2018a). Furthermore,
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previous studies in barley have mapped major grain length loci, with one study finemapping a major locus on chromosome 5H and identifying HvDEP1 as a promising
candidate gene warranting further research (Watt et al. 2019; Wendt et al. 2016). In the
present study, we were able to associate a novel HvDEP1 promoter polymorphism to
variation in grain length and TGW in two distinct sources of barley germplasm across
multiple environments, indicating the stability of the allelic effect. In the present research,
no polymorphisms were detected in the main coding region of HvDEP1 or the 3' UTR.
Previous research has not addressed the role of the promoter region in expression of
HvDEP1; therefore, we addressed this deficiency by sequencing a 1.6 kb promoter region
immediately upstream of the start ATG codon and identified six polymorphisms between
cv. Vlamingh and cv. Buloke. Of these identified variants, three polymorphisms required
further interrogation because they were located in important regulatory elements. A 9 bp
deletion was identified in a reported uORF at position -84 bp, a regulatory element
conserved between the major cereal crop species and reported to be involved in posttranscriptional regulation (Bélanger et al. 2014). An additional deletion of 13 bp was
identified in cv. Vlamingh bridging a G-box regulatory element located at -514 bp. Last,
a G–C SNP at -704 bp in cv. Vlamingh resulted in the deletion of a CAG-motif. Molecular
markers were designed but owing to linkage disequilibrium of all identified
polymorphisms in the promoter region, only the 9 bp indel marker was used for
genotyping purposes presented here.
Allelic groups delineated by the 9 bp indel marker consistently exhibited significantly
different grain length and TGW in numerous environments. A DH population derived
from cvv. Vlamingh and Buloke, with contrasting grain lengths was phenotyped in three
independent environments. DH lines with the HvDEP1-B allele had significantly longer
grain and higher TGW in all environments tested (Table 5-1). Despite the promise of this
marker for delineating superior allelic groups, testing within a DH population with limited
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genetic variability is not indicative of overall marker performance in germplasm with
diverse genetic backgrounds. As such a diversity panel comprising commercial cultivars,
barley landraces and breeding lines was screened with this marker. Despite the diverse
origins of this material the marker was able to delineate two allelic groups with
contrasting phenotypes. Those matching HvDEP1-B had significantly longer grain in
three environments tested than those matching HvDEP1-V, whereas TGW was
significantly different in the April TOS trial only, which is likely to be driven by the
extended duration of grain fill compared to later TOSs (Table 5-1). Despite the lack of
significant differences, the correlation between grain length and TGW was significantly
positive in four of five TOSs (Fig. 5-3B), supporting the notion that a longer grain
contributes to a heavier grain as observed in rice and wheat. However, a greater number
of genotypes with phenotypic data and further contrasting environments would have
improved our interpretation of marker effects, trait correlation and environmental stability
(Wang et al. 2018; Ying et al. 2018). The consistent relationship between the promotor
polymorphism and grain length across environments, showing a stable influence of
promoter polymorphism, indicates that grain length is much less influenced by
environment than is TGW. This is unsurprising given grain length has high heritability
compared to TGW, which is controlled by a number of interrelated factors not exclusive
of grain size (Avni et al. 2018; Roy and Shil 2020; Watt et al. 2020). However, the
positive correlations between grain length and TGW suggest that this polymorphism
would still be useful for MAS improvement of TGW, and hence grain yield which
typically has much lower heritability. Interestingly, Australian National Variety Trial
(NVT) data indicate that cv. Buloke has a consistently higher TGW than cv. Vlamingh
across contrasting environments indicating the usefulness of targeting this particular locus
through MAS. It should be noted that screenings, an important quality parameter, is
highly correlated with grain plumpness. In hotter and drier environments, a plumper
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variety (typically shorter, i.e. cv. Vlamingh) tends to have lower screenings than a longer
grained variety such as cv. Buloke, although NVT data indicate that this contrast becomes
less pronounced in favourable environments where source–sink relationships are less
limited. In order to improve the potential usefulness of the identified polymorphisms for
MAS, additional trials in environments drier and hotter than those tested in the present
study would be beneficial, coupled with MAS targeting grain plumpness loci to address
grain quality variation associated with TGW and screenings.
Expression analysis of HvDEP1 in the developing inflorescences clearly indicated that
gene expression was significantly reduced in cv. Vlamingh, by 2.6-fold, compared to
cv. Buloke. Extensive research in rice has found that differential expression of qPE91/DEP1 induced by gene knockout and overexpression significantly influenced grain
length, TGW and plant architecture (Huang et al. 2009; Li et al. 2019c; Sun et al. 2018a).
We were able to identify multiple promoter polymorphisms in linkage disequilibrium in
our DH population. A molecular marker targeting a 9 bp uORF polymorphism
consistently indicated that genotypes harbouring the cv. Vlamingh allele, synonymous
with reduced HvDEP1 expression in this instance exhibited significantly reduced grain
length and TGW compared to the reference allele in multiple environments (Table 5-1).
A finding supported by Li et al. (2019c) that found knockout mutants of OsDEP1 had
significantly reduced grain length and TGW compared to wild types. Furthermore, cvv.
Vlamingh and Buloke have distinct plant architectures with Vlamingh being visibly more
erect than Buloke, which has implications for light harvesting capability, in-crop
ventilation and potential tolerance to crop lodging. Unfortunately, the favourable allele
for TGW from cv. Buloke is associated with the less erect canopy structure. Similarly in
rice, the allele for reduced grain length at the qPE9-1/DEP1 locus was associated with a
more erect plant structure and with negative yield effects (Li et al. 2019c).
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The absence of two cis-regulatory elements and truncation of the uORF in cv. Vlamingh
offer multiple possible explanations as to the molecular processes that have occurred to
reduced gene expression significantly and drive phenotypic variation. The first
explanation pertains to the presence of a predicted uORF, a cis-regulatory element proven
to control gene expression predominantly through post-transcriptional regulation.
Upstream ORFs encode for small peptides that are highly conserved and over-represented
in the 5' UTR of regulatory genes such as those that control plant growth, development
and response to environment, and the presence of such regulatory elements commonly
down-regulates translation of the main CDS region (Jorgensen and Dorantes-Acosta
2012; Morris and Geballe 2000). It is therefore unsurprising that we find such a cisregulatory element in the 5' UTR of HvDEP1, owing to its role in G-protein signalling
(Sun et al. 2018a; Wendt et al. 2016). Research assessing the role of uORF mediated gene
expression in plants has focussed on the post-transcriptional control through processes
such as ribosomal stalling and mRNA decay (Laing et al. 2015; Srivastava et al. 2018).
Protein synthesis experiments were not conducted in this study; however, RT-qPCR
analysis of HvDEP1 concluded that expression of HvDEP1 in cv. Vlamingh was
significantly reduced compared to cv. Buloke. Amino acid sequences of translated uORFs
located in the 5' UTR of HvDEP1 orthologues are highly conserved indicating that the
translated peptide is the active element involved in gene expression control and not the
CDS transcript itself (Bélanger et al. 2014). However mRNAs undergo a number of
different quality control processes to protect a cell from translation of aberrant RNAs and
potentially toxic or dysfunctional peptides (Karamyshev and Karamysheva 2018).
Another possible explanation for reduced gene expression observed in cv. Vlamingh
could therefore be related to structural differences in the mRNA or the nascent peptide
during translation because of a 9 bp deletion that triggers mRNA decay. In silico analysis
of the predicted peptides encoded by cv. Vlamingh and cv. Buloke sequences indicates
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the loss of a key -strand secondary structure in the peptide encoded by the cv. Vlamngh
uORF. The -strands are important secondary structures contributing to the stability of a
peptide, and research indicates that aberrant proteins can be degraded through non-stop
or no-go mediated decay, where mRNAs that lack stop codons are degraded (as in the
case for the HvDEP1 uORF) or mRNAs stalled in ribosomal complexes are degraded
(Karamyshev and Karamysheva 2018). In the present research, mRNA no-go mediated
decay is unlikely to result in the observed gene expression difference because GC-rich
sequences as characteristics of this 9 bp deletion region are reported targets for ribosomal
stalling and no-go decay (Shoemaker and Green 2012). Therefore, if no-go decay was
responsible for the observed expression variation, one would expect cv. Buloke to exhibit
a significantly reduced gene expression pattern compared to cv. Vlamingh, which lacks
this GC-rich segment. This expectation is contrary to RT-qPCR results. Alternatively,
non-stop mediated mRNA decay represents a promising explanation as to how this uORF
polymorphism drives gene expression variation. The truncated peptide translated lacks a
stabilising -strand secondary structure compared the reference peptide that may play an
important process in protecting the mRNA from non-stop decay.
Aside from potential degradation of the mRNA as a result of an indel located within a
reported uORF, two alternative polymorphisms located within cis-regulatory elements
upstream of the uORF could be responsible for gene expression and trait variation. A
13 bp deletion and G–C SNP in cv. Vlamingh result in deletions of a G-box and CAGmotif, respectively, upstream of the core conserved TATA- and CAAT-box promoters.
Both of these cis-regulatory elements are involved in light responsiveness pathways (Fig.
5-1D). CAG-motifs are not well researched; however, Ku et al. (2011) concluded from
their study that a mutation of the CAG-motif binding site could change gene expression
and was associated with plant architecture in maize. By comparison, G-box regulatory
elements have been extensively studied and demonstrated to be essential functional
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components for downstream gene expression, deletion or mutations of which have been
shown to reduce dramatically overall promoter activity and response to stimuli (Liu et al.
2016c; Menkens et al. 1995; Ramegowda et al. 2017; Ravel et al. 2014). Variation in
grain length and TGW in rice has been shown to be driven by cell proliferation in the
developing endosperm and controlled by auxin and cytokinin mediation of DEP1;
additionally, G-box regulatory elements have been demonstrated to be essential elements
conferring endosperm-specific expression (Ravel et al. 2014; Zhang et al. 2019). Based
on the literature, G-box driven variation in gene expression is preferential to that of the
CAG-motif in this particular instance, although progressive 5' promoter deletion construct
analysis would indicate the influence of both elements on gene expression and trait
variation. Therefore, we cannot exclude the CAG-motif deletions or the uORF
polymorphism as potential drivers of trait variation based on the current data.
Furthermore, additional single-cell type expression data would be beneficial to determine
whether HvDEP1 is expressed in the developing endosperm thus more work is required.
The deletions of two key cis-regulatory elements in the promoter region of cv. Vlamingh
offer alternatives to the decay of mRNA as hypotheses regarding the driver(s) of
differential gene expression and grain length and TGW variation. The G-protein
complexes are positive regulators of grain length and TGW in rice and reduced expression
of HvDEP1 which encodes a -subunit of this heterotrimeric complex is a likely
contributor to reduced grain length and TGW of varieties that harbour HvDEP1-V alleles
as observed in this study (Sun et al. 2018a). A marker designed to target the uORF
deletion and in linkage disequilibrium with the other identified polymorphisms was
diagnostic for grain length and TGW variation. Furthermore, it appears to be
environmentally stable, and the longer and heavier grained allele representative of
cv. Buloke (and cv. Morex) over-represented in modern cultivars and wild barleys at
frequencies of 82 % and 66 %, respectively, suggests some selection pressure at this locus.
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Field evaluation of yield and grain size response to
heat stress during anthesis and grain fill
6.1 Abstract
Heat stress often co-occurs with anthesis and/or grain development in the majority of
barley producing areas globally, particularly in Australia. Understanding the response of
yield and yield components to heat stress could help drive future breeding and research
objectives. Here, we report on the response of these components to heat stress using time
of sowing (TOS) trials to expose germplasm to varying stress frequency, intensity and
duration. Heat stress was found to decrease grain yield more when it occurred during
grain fill than during anthesis. The opposite was true of grain number and grain size
components. Grain yield variation was driven mostly by grain number, although the
response of grain size components did vary significantly. Grain length did not
significantly reduce with later times of sowing suggesting some compensatory
mechanism involved in this trait compared to grain width and thickness that were
significantly reduced in TOS3.
6.2 Introduction
Abiotic stresses such as heat, drought and frost impose significant constraints to barley
production. It is widely accepted that the global average temperature is increasing, at a
rate of approximately 0.2 oC per decade with anticipated increases in the frequency of
heat stress episodes (>30 oC) particularly during the highly sensitive reproductive and
grain filling developmental stages for the majority of temperate cereal crop species
(Devasirvatham et al. 2016; He et al. 2018; Paul et al. 2020; Telfer et al. 2018). As a
temperate cereal, barley often experiences heat stress episodes of varying duration and
severity during reproductive development and grain fill. Prolonged or short periods of
heat stress during these growth stages can significantly reduce grain yield, size and quality
dependant on the specific timing, duration and severity of stress (Rasel et al. 2017). Our
85

physiological and metabolic understanding of the processes that occur in response to heat
stress come largely from studies in wheat, maize and rice as the most important and
extensively studied cereal species.
Heat stress typically occurs during reproduction and grain development in the
Mediterranean-type climates characteristic of southwest Western Australia. Temperature
dynamics are fundamentally important for plant growth and productivity and there are
optimal temperature ranges that vary with plant development, outside of which growth
can stall and/or become irreversibly damaged. The interaction between heat stress and
barley is complex with numerous physiological, structural and metabolic processes
affected. Where heat stress co-occurs with anthesis, pollen fertility is reduced as a result
of tapetum degeneration, reduced starch deposition and disturbed anther dehiscence
among others, ultimately negatively affecting grain number, a critical component of yield
(Arshad et al. 2017; Fahad et al. 2017). Heat stress during pollen development, where
high temperature treatment for several consecutive days resulted in abnormal pollen
development and complete sterility in barley highlights the hypersensitivity of the
reproductive stage (Barnabás et al. 2008). Conversely, heat stress during grain
development inhibits the accumulation of starch due to the low thermostability of key
starch synthesis enzymes and the up-regulation of genes encoding starch-consuming
enzymes (i.e. -amylases) among other effects such as reduced photosynthetic capacity
(Akter and Rafiqul Islam 2017; Arshad et al. 2017). Fig. 2.2 highlights some of the
responses to heat stress and what aspects of yield determination they influence the most.
Aside from the direct metabolic impacts of heat stress, prolonged and short periods of
elevated temperature also shorten the developmental stages of cereals, increasing the rate
of senescence and reducing the duration of key growth stages such as grain fill (Barnabás
et al. 2008). Interestingly, heat stress during early grain fill influences endosperm cell
number whilst later heat stress influences the deposition of assimilates into these cells
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affecting cell size directly associated with grain size and weight. Numerous studies have
identified the ‘stay-green’ trait as a physiological marker for performance under heat
stress where genotypes able to maintain photosynthetically active leaf area longer,
performed better than those that rapidly lost their photosynthetic area as a result of heat
stress (Liu et al. 2016c; Pinto et al. 2016; Ullah et al. 2019). This decline in photosynthetic
activity is mainly attributed to photoinhibition of photosystem II as a direct result of
enzymatic changes such as the diminished activity of ribulose-1,5-bisphosphate
carboxylase/oxygenase (Rubisco) (Eyshi Rezaei et al. 2015). In rice and wheat an
increase of 1 oC above the ambient temperature (25 oC) reduced grain filling duration by
three days and negatively affected grain weight which could not be compensated by the
increase in grain filling rate (Barnabás et al. 2008; Devasirvatham et al. 2016; Tashiro
and Wardlaw 1991).
Large differences in gene expression and proteomics have been identified in barley as a
result of heat stress in controlled environment studies (Cantalapiedra et al. 2017; Rollins
et al. 2013). These studies identified large genetic variation for response to heat stress
providing scope to improve grain size and yield under stressful conditions. However,
there is often a poor correlation between controlled environment experiments and field
scenarios where plants often experience combinations of stress at any given time. In
wheat, delayed sowing field experiments have commonly been used to delay flowering
to coincide with elevated temperatures in order to identify heat tolerant phenotypes
(Bennett et al. 2012; Telfer et al. 2018). However, delaying sowing exposes plants to
abnormal growing conditions, particularly longer photoperiods and altered water regimes.
This can impact the ability to effectively compare what might be considered conventional
sowing dates to later sown trials due in large to confounded factors such as different
patterns of water demand and supply as well as temperature related phenological
development differences (Sadras et al. 2015). Furthermore, the reliability and
87

repeatability of delayed sowing trials is somewhat difficult. Heat chambers or tents offer
control of temperature but are an encumbrance due to their size and cost (Talukder et al.
2013; Thistlethwaite et al. 2015).
The current study aimed to evaluate the response of grain yield and yield components to
heat stress using time of sowing trials that experienced different frequencies, duration and
severity of heat stress episodes during anthesis and grain development. Temperature
related covariates were measured to determine their relative effect on yield and yield
components and identify targets for future research aimed at addressing yield reductions
associated with heat stress events.
6.3 Materials and Methods
Plant materials
A subset of 46 lines from the cv. Vlamingh and cv. Buloke DH population outlined in
Chapter 3 and 4 were utilised in this study, including nine commercial check varieties.
These DH lines represented recombinant genotypes for the significant QTL identified
through whole genome linkage analysis presented in Chapter 3, Table 3-1 for grain
length (QTL-GL1, QTL-GL2), width (QTL-GW1) and thickness (QTL-GT1).
Additionally, this DH material had a relatively narrow range of phenology (3 days)
helping to reduce the confounding effect associated with varying environmental
conditions and different flowering times.
Field evaluation and environmental covariates
Three independent data sets comprising three adjacent times of sowing (TOS) trials were
captured from field experiments grown at Wongan Hills during the 2019 growing season.
Sowing dates were as follows, TOS1: 16/05/2019; TOS2: 29/06/2019 and TOS3:
05/08/2019 with the intention of delaying reproductive and grain development to coincide
with rising temperatures during the terminal stages of barley development. Each TOS was
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a partially replicated design with genotypic replication ranging from 1-4 for DH lines and
4+ for commercial check varieties. Plot layout and trial management followed similar
approaches as presented in Chapters 3 and 4 with management adjustments to coincide
with different seasons and trial specific requirements. Plant density was measured at the
one leaf stage to include in the final models (where significant) and account for any
variation in yield and yield component traits.
To avoid seasonal drought stress and the confounding effect it would have on the
interpretation of the heat stress effect which are often correlated, each TOS trial was
irrigated with 15 mm every 2-3 weeks based on crop need and the frequency and quantity
of natural rainfall. In total TOS1 received one in season irrigation, TOS2 and TOS3
received four and five irrigations respectively. Due to close proximity of each TOS a
single factory-calibrated temperature logger was positioned adjacent to each TOS at
approximate canopy height measuring temperature at hourly intervals. Temperature
related covariates were then calculated for each plot related to the start of anthesis
represented as 50% of the plants in a plot exhibiting ‘awn peep’ or z49 where 1 cm of
awns had emerged from the boot. Temperature and related covariates were calculated for
each plot assuming a degree-day (oC) model of the critical heat susceptible developmental
stages in barley as represented by 200 oC before ‘awn peep’ and 120 oC post for anthesis;
and 120 oC to 720 oC post anthesis for grain fill (Figure 6-1A) (Holzworth et al. 2018).
Phenotypic traits measured
At physiological maturity 6 randomly selected spikes were collected for measurement of
grain number. Grain yields (t ha-1) were recorded for each plot at time of harvest.
Harvested grain was then cleaned for any awns or cracked grains and subsampled for
measurement of grain size components length, width and thickness using an SC6000R
digital image analyser (Next Instruments, Condell Park, Australia).
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Figure 6-1 A. Average temperature covariates calculated for the heat sensitive
developmental stages of anthesis and grain fill. B. Seasonal dynamics of maximum
(Tmax) and minimum temperature (Tmin) for the three TOS trials. Bars are time from
sowing to anthesis (Black), anthesis to grain fill (red) and grain fill (grey) and represent
the full range of dates based on all the genotypes represented in each TOS.
Statistical analysis of TOS data
Each TOS dataset had the same climate covariates and phenotypic measurements
collected. Regression analysis was performed for grain yield against average maximum
temperatures during anthesis and grain fill to understand the impact of longer-term
temperature regimes. In order to understand the impact that heat stress has on yield and
yield related components BLUPs for yield and yield related components were calculated
using linear mixed models for each TOS, incorporating range, row and block covariates
to account for any field variation where significant and treating genotype as a random
effect. Days to anthesis was incorporated as a covariate to avoid the confounding effect
of phenology differences where significant (Pinto et al. 2010; Sadras et al. 2015). The
model is presented in Chapter 4. Generalised heritability was calculated as the mean
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correlation between true values and the calculated BLUPs as described by Cullis et al.
(2006) and Piepho and Möhring (2007) represented by;
ℎ2 = 1 − 𝐴𝑡𝑡 /(2𝛾𝑣 )
Where Att represents the standard pairwise prediction error variance of BLUPs (SE2), and
2γv the two times the additive genetic variance. Average heat stress related covariates,
number of days for anthesis and grain fill >30 oC and grain fill >35 oC were incorporated
into the linear mixed models as fixed effects, including an interaction with genotype to
determine their effect on grain yield and related components Figure 6-1A.
6.4 Results
Climatic dynamics and trial phenology
Each TOS experienced different environmental dynamics, particularly during the heat
sensitive stages of anthesis and grain fill (Figure 6-1). Unsurprisingly the sources of
variation; genotype, TOS and their interaction significantly influenced days to anthesis
(p = < 0.001). On average, genotypes reached anthesis or Zadoks growth stage 49 (‘awn
peep’) at 99.5 days after sowing in TOS1, 82.8 days and 65.6 days in TOS2 and TOS3
respectively. The duration of key growth stages was reduced in later sown trials; for
example, the duration of anthesis ranged from 22-25 days and 20-21 days for TOS2 and
TOS3 respectively compared to 26-27 days in TOS1. Each TOS experienced different
levels of heat stress events during anthesis and grain fill, TOS1 did not experience any
heat stress events during anthesis or grain fill (Fig. 6-1). TOS2 experienced more days
>30 oC during anthesis than TOS3 but this was due to TOS3s later development.
Interestingly TOS3 was the only trial to experience temperatures >30 oC pre-anthesis
(Fig. 6-1B). Days >30 oC during anthesis and grain fill, and days >35 oC during grain fill
significantly influenced all measured traits. Although the response to heat stress events
during anthesis was difficult to distinguish from trait variation driven by average
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temperature and/or photoperiod which varied considerably. This is substantiated by TOS2
experiencing more days during anthesis >30 oC yet yielding higher than TOS3 that
experienced less heat stress events during the same period of growth. Trials sown later
experienced hotter average anthesis and grain fill maximum temperatures (Fig. 6-1, Fig.
6-2). TOS2 experienced the largest range of average maximum temperature during
anthesis. TOS1 experienced the largest range of average maximum temperature during
grain fill which coincidently overlapped with the period of anthesis in TOS2. Average
photosynthetically active radiation (PAR) also increased with later times of sowing as
expected due to the increase in day length from the June solstice onwards, where average
PAR in MJ m-2 D-1 (simplified as 0.5 × solar radiation) varied from 7.2, 10.2 and 11.2 for
TOS1-3 respectively however this did not account for plot/genotype specific leaf area
index which changed considerably across trials and as such was not used for trait
modelling as has been done previously in an effort to unscramble confounding effects
inherent in TOS trials (Sadras et al. 2015).
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Fig. 6-2 Yield as a function of A. average maximum temperature during anthesis and B.
average maximum temperature during grain fill for each TOS. Error bars are ± one SE of
the mean
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Yield and its components
Across TOSs raw yields ranged from 1.14-5.28 t ha-1. Despite the strong environmental
effect driving this variation the heritabilities of traits were still moderate to high; for grain
yield heritability ranged from 0.51-0.76 reflecting an appropriate trial design. TOS3
exhibited the lowest heritability of all trials as expected for the latest sown trial with a
heritability of 0.22 for grain width (Table 6-1). Significant differences existed for all
yield and yield related components measured (Fig. 6-3).
Table 6-1 Generalised heritabilities of yield and yield components as measured by the
mean correlation between true and BLUP values. TOS1, TOS2 and TOS3 represent
different times of sowing
TOS1

TOS2

TOS3

Yield

0.69

0.76

0.51

Grain number

0.7

0.64

0.58

Grain length

0.83

0.94

0.42

Grain width

0.78

0.83

0.22

Grain thickness

0.83

0.68

0.3

Fig. 6-3 BLUPs for yield and yield component traits, A. grain width. B. yield. C. grain
length. D. grain thickness and E. grain number. ** and *** indicate significant differences
between TOS at 0.01 and 0.001 respectively, ns indicates non-significant. TOS1, TOS2
and TOS3 represent different times of sowing
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component traits across the TOS
trials, * and ** indicate significant
correlation at p = 0.05 and 0.001
respectively
Interestingly grain length increased significantly in TOS2 and TOS3 compared to TOS1
that did not experience any heat stress events during anthesis or grain fill. Significant
reductions in yield with each successive sowing date paralleled the reductions in grain
number more so than grain width or thickness which were significantly correlated (Fig.
6-4). Interestingly grain number reductions were a reflection of both total number of
florets and increases in the proportion of sterile florets. Grain length was significantly
negatively correlated with all other traits measured as reflected in the significant increase
from TOS1-3 (Fig. 6-3C).
Response to temperature
Average maximum temperatures and heat stress events had significant impacts on yield
and its components. Effects of heat stress covariates and their interaction with genotype
were significant apart from the impact of number of days >35 oC during grain fill and
grain length. Heat stress during grain fill had a larger influence on grain yield, compared
to heat stress during anthesis which clearly had more of an influence on grain number as
expected from the literature (Table 6-2). Heat stress during anthesis had more of an effect
on grain size components than during grain fill although this did not reflect that greater
reduction in yield associated with heat stress during grain fill as the literature suggests.
Average BLUPs across all TOSs indicated that for every day >30 oC during anthesis grain
number reduced by 1.25 compared to only 0.22 and 0.16 for number of grain fill days
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>30 oC and >35 oC respectively. Aside from the specific heat stress related covariates,
linear regression indicated that of the temperature related covariates measured, it was
those associated with average maximum temperatures that were responsible for the the
majorty of variation in grain yield as opposed to heat stress events (Fig. 6-2). This
observation reflects the overall reductions in the duration of developmental stages
imposed by higher average temperatures during plant growth which are reported to have
more of an effect on excacerbating rates of senesence that short-term heat stress events.
Table 6-2 Mean TOS grain yield and yield component BLUPs and their response to heat
stress covariates during anthesis and grain fill
Mean
Yield

p-val covariate effect
p-val genotype*covariate
effect

3.02 ± 0.01
GL

p-val covariate effect
p-val genotype*covariate
effect

8.268 ± 0.077
GW

p-val covariate effect
p-val genotype*covariate
effect

3.69 ± 0.002
GT

p-val covariate effect
p-val genotype*covariate
effect

2.8 ± 0.001
GN

p-val covariate effect
p-val genotype*covariate
effect

23.11 ± 0.90

Anthesis >30 oC

Grain fill >30 oC

Grain fill >35 oC

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

kg ha-1 day-1

kg ha-1 day-1

kg ha-1 day-1

-25.00 ± 3.34

-27.15 ± 6.43

-67.46 ± 7.67

<0.001

0.02

NS

<0.001

<0.001

<0.001

mm day-1

mm day-1

mm day-1

-0.044 ± 0.003

-0.021 ± 0.002

-0.026 ± 0.004

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

mm day-1

mm day-1

mm day-1

-0.012 ± 0.00

-0.004 ± 0.00 mm

-0.005 ± 0.00

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

mm day-1

mm day-1

mm day-1

-0.004 ± 0.001

-0.003 ± 0.008

-0.001 ± 0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

day-1

day-1

day-1

-1.25 ± 0.51

-0.22 ± 0.08

-0.16 ± 0.03

GL: Grain length; GW: grain width; GT: grain thickness; GN: grain number
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6.5 Discussion
Heat stress research under field conditions is difficult to achieve without relying on
burdensome protocols incorporating heat stress chambers. Time of sowing trials represent
practical, cost effective and scalable approaches to delay plant development to coincide
with periods of elevated temperature to interrogate plant response, however these
protocols are inherently confounded. Trial germplasm experiences drastically different
environmental conditions (photoperiod, temperature and water related) and confounding
due to heterogeneous genetic backgrounds that make comparisons between TOSs difficult
and can lead to erroneous results (Rebetzke et al. 2008; Sadras et al. 2015). In the present
study we maintained adequate trial water relations by irrigation to avoid the confounding
effect of drought on yield and yield components, additionally we kept detailed records of
days to anthesis and temperature dynamics to incorporate into models to unscramble
confounding effects and determine the yield and yield component response to heat stress
events during anthesis and grain fill.
Impact of heat stress on yield and yield components
It has been proposed that: (1) barley accommodates environmental variation through
grain number rather than grain size (Sadras 2007); (2) grain number in barley is more
responsive to environment during specific developmental windows (Arisnabarreta and
Miralles 2008) and (3) stressful temperatures such as heat stress reduce yield by
disrupting reproduction (Sadras et al. 2015). In the current study reductions in grain yield
between each successive TOS were significant, similarly were reductions in grain
number, consistent with previous research and reinforcing the concept that barley
accommodates environmental variation predominantly through grain number. A study
assessing yield determination in barley concluded that grain number was more critical
than grain weight under stressful conditions and the most critical period for grain number
determination was the period coinciding with anthesis and early grain fill (Arisnabarreta
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and Miralles 2008). In wheat and rice, heat stress during similar developmental stages
significantly decreased grain number more so than weight, weight being a reflection of
grain size (Pinto et al. 2010; Shi et al. 2016a; Wang et al. 2019c). An experiment assessing
the response of grain weight and number to pre-anthesis temperature stress in wheat,
barley and triticale concluded that yield reductions were a result of parallel reductions in
grain number more so than grain weight clearly highlighted in Fig. 6-3B & E (Eyshi
Rezaei et al. 2015; Ugarte et al. 2007). However, what that study did identify was that of
the three heat stress regimes induced, it was the later stages (after booting) that had the
largest influence on individual grain weight. Interestingly they did not differentiate
between anthesis morphology between the cereal species; anthesis in barley coincides
with awn-peep however anthesis in wheat is typically associated with heading and anther
extrusion thus in their study heat stress imposed on barley was likely to extend into later
grain developmental periods which may reflect their observations. In future studies it
would be good to assess pollen shed in the different TOS to ensure awn-peep correlates
with anthesis under different environmental conditions. It is evident that grain number is
a trait that needs to be addressed to improve yield stability under heat stress conditions.
Similar observations are observed for drought response indicating the importance of grain
number over grain weight towards improving yield stability under multiple stress
conditions (Nakhforoosh et al. 2015). We were able to show that despite yield reflecting
grain number variation, grain number reductions with successive TOS reflected both total
florets (non-stressful variation) and increased floret sterility (stressful variation). In the
present research it would be beneficial to conduct a similar experiment but under
controlled conditions to determine the floret sterility response to heat stress alone to
exclude the variation in floret number that is confounded to a certain extent by the nonstressful environmental conditions associated with the different environmental conditions
experienced by successive TOSs.
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Interestingly the response of grain size components to different TOSs did not follow a
clear relationship with increasing average temperature, and frequency and intensity of
heat stress events. Average grain length in TOS2 and TOS3 were not significantly
different although both trials were significantly longer than TOS1 (Fig. 6-3C).
Conversely grain thickness and width which were significantly correlated with grain yield
(Fig. 6-4) reduced with later TOS, although only TOS3 was significantly different to the
other TOSs. The contrasting response of grain length to grain width and thickness was
surprising and suggests some compensatory mechanisms of endosperm proliferation
and/or expansion underlying the response to altered environmental conditions. A study in
rice reporting the grain length and width effect of high night-time temperature concluded
that grain length was not significantly influenced by stressful temperature whereas grain
width was significantly reduced (Shi et al. 2016b). Alternatively, Wu et al. (2016) report
that high day-time temperature did have significant negative effects on grain length, width
and thickness while night-time temperature was less significant. Alternatively a recent
study in wheat found grain length to be more negatively affected than width, however
they tested varieties of contrasting heat stress tolerance whereas the present research
screened a population with reduced genetic diversity adapted to Australian environments
(Aiqing et al. 2018). Interestingly we did observe consistent differences based on allelic
groups for the two major grain length QTL, QTL-GL1 and QTL-GL2 in each TOS
although they were only significant for QTL-GL2 (reportedly HvDEP1) in TOS1 and
TOS2 with the parental cv. Buloke allele leading to increased grain length. Coupled with
the overall increase in grain length with TOS suggests this locus may be a beneficial target
for breeding aimed at overall grain length stability. We were not able to identify clear
distinctions between allelic groups for QTL-GW1 and QTL-GT1, reflecting in part the
strong environmental response of these two grain size components.
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It has been proposed that in non-water limiting conditions, yield is a reflection of light
interception, radiation use efficiency and harvest index (Mir et al. 2012). Alternatively,
the Passioura (2006) framework relates yield under water-limited conditions to crop water
use, water use efficiency and harvest index (Nakhforoosh et al. 2015). Given that our
trials were irrigated to avoid water limitation, it is clear that light interception and
photosynthetically active radiation (PAR) will become key drivers of yield variation.
Unsurprisingly, with later TOS there was an increase in the amount of PAR available
reflecting the increase in daylength. The response of grain size component traits to
increasing temperature and heat stress events was unexpected, although it is feasible that
with increasing PAR and non-limiting water dynamics, genotypes were able to maintain
and/or increase grain size characteristics as was the case for grain length because there
was increased photo-assimilate production. While a study by Shi et al. (2016a) somewhat
allude to this compensatory mechanism they did establish that heat stress during grain
development significantly reduced TGW which would correlate with grain size
reductions although not explicitly stated. It is possible that the decline in radiation use
efficiency in relation to heat stress may be negated somewhat by the increase in PAR and
the increased grain filling rate associated with higher average temperatures which may
explain the insignificant differences in grain thickness and width between TOS1 and
TOS2, but dynamics which could not compensate for the substantially reduced grain fill
duration in TOS3 which saw significant reductions in grain width and thickness.
Interestingly, heat stress imposed during anthesis in maize did not reduce kernel weight,
a reflection of grain size (Cicchino et al. 2010), although the broader literature would
suggest that heat stress during grain fill would significantly reduce grain size as observed
in rice (Folsom et al. 2014).
It is possible that in the present experiment the adequate water supply and/or increased
average PAR is creating favourable source-sink relationships. Alternatively, it has been
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hypothesised that in maize hybrids, kernel weight, thus size, is largely determined by
plant growth rates and assimilate availability during the very early stages of anthesis more
so than assimilate supply later in grain development (Gambín et al. 2006). It is possible
that the observed significant differences in grain width and thickness in TOS3 compared
to the other TOSs is driven by the heat stress events during the rapid syncytial growth
phase of the endosperm 2-3 days post fertilization that damages the photosynthetic
capacity and/or reduces the overall size of the sink by manipulating endosperm cell
development. There is evidence to suggest that in rice, heat stress during this critical
period of endosperm development significantly reduces grain length, width and thickness
by shortening the syncytial period of endosperm development and precocious endosperm
cellularization cementing the maximum size capacity of the ‘sink’ before it can reach its
full potential (Folsom et al. 2014).
We were able to associate heat stress events to reductions in all grain size components
(Table 6-2), the most damaging period of which is when heat stress coincides with
anthesis and the period linked to syncytial and cellularization of the endosperm. An early
report in rice assessing the influence of heat stress on rice grain size concluded that stress
earlier in grain development had similar effects on grain size components width and
thickness as in the present study although they found grain length did not vary
significantly (Tashiro and Wardlaw 1991). Interestingly, a recent study in wheat indicated
that grain length was not significantly affected by heat stress during early or late grain
development indicating cell expansion in the longitudinal direction is environmentally
stable and/or is preferentially maximised prior to transverse expansion (Rangan et al.
2019). We observed that grain length did not vary substantially, indeed it increased
significantly in TOS2 and TOS3 relative to TOS1. Controlled environment assays may
help allude to these observations, indeed they would help avoid the confounding effects
associated with TOS trials that were not fully captured in the present study.
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Conclusions
It is clear that TOS trials are sufficient to delay key growth periods to coincide with
elevated stressful temperatures and are valuable procedures to address these effects in a
cheap and scalable fashion (Fig. 6-1). However, successively later TOSs led to precocious
developmental periods such as days to anthesis which were on average 16.5 and 35.1 days
earlier in TOS2 and TOS3 respectively, relative to TOS1 which confounds the effect of
temperature stress. To address the confounding effects associated with different
phenologies and response to heat stress events we incorporated days to anthesis in the
models and correlated temperature covariates relative to a degree day model. By
removing phenology differences, we were able to clearly indicate the response of yield
and yield components to heat stress events during anthesis and grain development. What
is evident from Table 6-2 is the larger impact of early onset heat stress on grain number
and size components than later heat stress. Grain number was the major driver of yield
variability across these TOS trials (Fig. 6-3B & E) consistent with previous research
(Bhatta et al. 2020). Interestingly the response of grain size components was somewhat
unusual. Grain length for example did not significantly reduce, whereas width and
thickness were only significantly reduced in TOS3 which is consistent with some
previous research (Guo et al. 2020). Capturing PAR on a per plot basis would’ve helped
disentangle the differing effect of PAR with each successive TOS as addressed by Sadras
et al. (2015) who concluded that non-stressful temperature effects captured in a
photothermal quotient explained the majority of grain yield variation compared to
stressful conditions. However, we have been able to conclude that heat stress events do
negatively impact yield and yield components in specific developmental windows.
Improving the stability of grain number will improve yield more so than grain weight, but
grain size also needs to be addressed due to its relationship with grain quality.
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Fast-track CRISPR-Cas9 mediated genome editing
of two candidate genes responsible for grain length variation
in barley (Hordeum vulgare L.)
7.1 Preface
The following protocol adaptation was developed by Dr. Yong Han at the Western Crop
Genetics Alliance, tested by myself and fellow Ph.D. student Sakura Karunarathne.
Material developed through this protocol has been developed to address research
question 3: Elucidate the mechanism(s) by which the underlying candidate gene(s)
influence grain size, by reverse genetics approaches.
7.2 Introduction
Genetic modification has revolutionised the development of improved varieties of many
plant species including rice (Oryza sativa L.), cotton (Gossypium hirsutum L.) and maize
(Zea mays L.). Genetically modified (GM) crops have reportedly improved global
productivity by US$98 billion and saved upwards of 473 million kilograms of pesticides
from being sprayed since their introduction in the early 1990’s (Gilbert 2013). The
benefits attributed to GM crops are multifaceted, not only is there an improvement in
productivity boosting farmer yields by 24 % and profits by 50 % to take Bt cotton in India
as an example, there are also significant societal benefits that can be attained by greater
food security and quality. The development of “golden rice” is an example of a GM crop
developed for the betterment of the poor and disadvantaged in developing countries by
enriching the pro-vitamin A content in rice, a deficiency of which results in blindness and
other health disorders (Stone and Glover 2017). Since the first GM crop was developed,
genetic modification approaches have improved considerably. Most GM crops developed
and released to date have relied on the introduction of transgene(s) from unrelated
organisms to function as intended, for example insect resistant Bt cotton, maize and
soybean are so named because they contains transgene(s) derived from a bacterium
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(Bacillus thuringiensis) that express insecticidal proteins, reducing the reliance on
insecticide (Ni et al. 2017). These traditional methods of transgene(s) integration rely on
the random integration of the transgene(s), promoter(s) and selectable marker(s) with the
hosts DNA often at different positions, which can result in large differences in final gene
expression due to cis-acting elements and nearby gene action (Kohli et al. 2003; Kumar
and Fladung 2001; Pawlowski and Somers 1998). Furthermore when using
Agrobacterium tumafaciens-mediated transformation, transgene integration with the host
DNA has been shown to preferentially integrate within existing genes albeit randomly,
which depending on the gene may cause unwarranted changes to other plant attributes
(Kohli et al. 2003). Integration of more than one copy of the transgene cassette is also
highly likely with early reports in wheat showing copy number repeats of two or more in
~66 % of Agrobacterium-mediated transformants and 83 % in particle bombarded
transformants (Kohli et al. 2003). Overall the efficiency of generating GM plants with the
desired changes is low, a recent publication indicated an Agrobacterium-mediated
transformation efficiency of 2.65 % was high of which only 1.12 % were suitable,
represented as having a single intact transgene copy, absence of the plasmid backbone
and absence of the selectable marker (Anand et al. 2019). The low efficiency of
generating transgenic plants and the subsequent need to validate each suitable
transformant for the desired characteristic(s), increases the costs and time associated with
development of desired transgenic plants suitable for commercialisation. It is cited that
on average it takes 13 years and US$136 million from gene discovery to navigating the
regulatory hurdles for a GM crop variety to become commercially available, a process
that can be improved upon through more sophisticated transgenic techniques and more
conducive policy.
The new frontier of genetic modification techniques paving the way for cheaper and more
rapid development of improved crop varieties are the CRISPR-Cas9 systems,
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representing the second generation of genome editing technologies. CRISPR-Cas9 is a
system of adaptive bacterial immunity. This RNA-programmable technology enables
site-specific double-stranded DNA breaks using a single guide RNA (sgRNA) that is
complementary to a specific DNA target sequence, typically of an invading phage or virus
and the Cas9 enzyme which acts as the molecular scissors to cut and destroy the invading
pathogen (Doudna and Charpentier 2014). This system relies on the complementarity
between a sgRNA and an antisense DNA strand coupled with a protospacer adjacent motif
(PAM) sequence (Cas9 recognises a PAM sequence of 5'-NGG-3') adjacent to the
antisense DNA sequence that enables Cas9 to induce precise double-stranded DNA
breaks. CRISPR-Cas9 represents an efficient tool in which to induce site-specific double
stranded breaks, by designing their own sgRNAs and subsequent inclusion into standard
binary vectors researchers have been able to induce precise mutations in the DNA of
many crop species.
CRISPR-Cas9 can be utilised to induce genome editing via two approaches; firstly, a
double-stranded DNA break can be induced in a target hosts DNA and mutations can
arise through error-prone non-homologous end joining (NHEJ) whereby the host cells
natural DNA repair mechanisms are initiated but are imprecise and often result in variable
mutations arising between the two strands. When targeting exon regions this approach
can yield multiple types of induced mutations (e.g. frame shift, sense mutation) that can
significantly alter gene expression and function. The second inducement of genome
editing is through homology-directed repair (HDR) whereby precise deletions or
insertions of coding sequences can be achieved through the integration of a designed
template during the repair process of the double-stranded DNA break that ensures the
desired genetic mutation is achieved (Belhaj et al. 2015). The plethora of studies
considering CRISPR-Cas9 mediated genome editing of plant species use the NHEJ
pathway due to the higher efficiencies of generating transformants (Li et al. 2018a).
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Importantly, from a regulatory perspective the two different approaches to induce a
mutation are considered separately. For example, prior to October 2019 Australian law
dictated transformants derived from NHEJ of HDR would be classified as GM organisms.
However, current Australian legislation reflects transformants derived from NHEJ, and
proven not to contain any of the binary vector backbone or selectable markers will not be
classified as a GM organism citing that NHEJ induced mutations could arise
spontaneously in natural systems or through other widely used and considered ‘safe’
techniques such mutagenesis. An amendment to the legislation such as this, fast tracks
the development of superior crop varieties will improve broader market acceptance of
this type of technology.
In the present chapter we focus on the use of CRISPR-Cas9 and the NHEJ repair approach
for genome editing. The use of this approach is more widespread and more efficient than
HDR and numerous protocols exist for the modification of many crop species including
barley. For CRISPR-Cas9 to efficiently cleave DNA, suitable sequences of a desired
gene(s) to manipulate need to be known. The presence of a PAM sequence is also
imperative to enable Cas9 to induce a double-stranded DNA break. We examine the use
of a fast-track method for CRISPR-Cas9 mediated modification in the exon regions of
two high confidence candidate genes underlying the major grain length loci identified in
Chapters 3 (HvDEP1) and 4 (HORVU2Hr1G089310). Both genes are involved in
numerous biological processes, importantly the regulation of plant development.
HvDEP1

encodes

a

Gγ subunit

of

the

G-protein

signalling

pathway

and

HORVU2Hr1G089310 encodes a MYB transcription factor. Both gene families are
known to significantly influence plant architecture and grain size making them desirable
targets for genome editing research (Alexander et al. 2019; Li et al. 2019c; Sun et al.
2018b; Xiong et al. 2014). We demonstrate the use of this system to successfully induce
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mutations in the coding region of these two genes and examine differences in terms of
transformational efficiency between two elite modern barley varieties.
7.3 Materials and Methods
Target gene selection and sgRNA design
Candidate genes underlying two major grain length QTL identified in Chapters 3 and 4
were chosen as targets for genetic editing. Gene sequences for HvDEP1
(HORVU5Hr1G061830) and HORVU2Hr1G089310 were obtained from the BarleyVar
database, an in-house database developed from chromosome conformation capture
ordered sequence data of the barley reference variety cv. Morex (Beier et al. 2017;
Mascher et al. 2017). Coding sequences were scanned for suitable target sites matching
G(N)19NGG on the forward and reverse DNA strands, the Cas9 specific PAM recognition
sequence represented by 5'-NGG-3' is necessary for Cas9 DNA cleavage, although
modified Cas9 enzymes can recognise other PAM sequencing (Jaganathan et al. 2018;
Kleinstiver et al. 2015). Based on this requirement for a PAM sequence we identified two
potential targets, one each in exons two and four of HvDEP1 and one in
HORVU2Hr1G089310 which consists of only a single exon (Fig. 7-1) using the sgRNA
designing software CRISPOR which has the barley reference genome for off-target
evaluation (Haeussler et al. 2016). Potential off targets were further interrogated through
BLAST searches against the reference genome of cv. Morex and manual checks for PAM
sequences (Deng et al. 2007; Mascher et al. 2017). Final target sites were chosen to be as
specific to the gene of interest as possible and as close to the start codon as possible to
improve the chance of a complete gene knockout. Target sites in the two-rowed spring
barley varieties cv. RGT Planet and cv. Compass were Sanger sequenced to ensure no
mutations were present against the target sequence based on the reference genome of cv.
Morex (Table 7-1) (see Chapter 5 Materials and Methods for sequencing protocol).
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A

HvDEPex2-F

HvDEPex2-R

GACGAGCTACATTTACTTGAAGG
DEP1exon2-1

B

HvDEPex5-F

HvDEPex5-R

DEP1exon4-1

MYB-F

MYB-R

MYB-2H

Fig. 7-1 HvDEP1 and HORVU2Hr1G089310 gene models and target sequences
represented by cv. Morex. A. HvDEP1 gene model represented by five exons (grey bars).
sgRNA target sequences for DEP1exon4-1 and DEP1exon4-2 (grey highlight) are shown
below exon four, with the Protospacer-Adjacent Motif (PAM) sequence highlighted in
red. B. A single exon represents HORVU2Hr1G089310. sgRNA target sequence is shown
below highlighted in grey with the PAM highlighted red. Primer pairs for initial mutation
screening are shown in both panels and detailed in Table 7-1
Construct assembly and Agrobacterium transformation
Assembly of suitable simplex (single sgRNA per construct) constructs targeting each
gene was achieved using the Golden Gate Modular Cloning (MoClo) protocol as outlined
in a publication by Lawrenson et al. (2015) with some slight modifications to reduce the
cloning steps required to design the final construct and reduce the frequency of false
positives.
Binary vector constructs have previously been assembled using the two-step protocol as
outlined in the manuscript cited above; in brief the sgRNA expression cassettes are first
amplified from an existing sgRNA containing plasmid (Addgene #46966) using the 5' tail
of either forward primers and a common reverse primer resulting in a 166 bp amplicon.
Gel electrophoresis is then performed, and the correct sized amplicons purified using
commercially available gel purification kits.
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Purified sgRNA(s) are combined with a U6 promoter from wheat (Addgene #9003) and
vector backbone (Addgene #48002) representing the Level 1 construct assembly using
enzyme digestion (BsaI) and ligation performed concurrently in the same tube for each
sgRNA. Level 1 reactions contained 3 units of BsaI enzyme (NEB), 1 µL 10x BSA buffer,
1,000 units of T4 DNA ligase, 1 µL T4 ligase buffer, Level 0 plasmids (sgRNA and
Addgene #9003) are included at a molar ratio of 2:1 to the acceptor backbone
(Addgene #48002) and final volume made up to 10 µL using sterile distilled H2O.
A total of 100 µL chemically competent E. coli cells are transformed with 5 µL of Level
1 ligation product using the heat shock method. Competent cells are then incubated on
ice for 20 minutes with Level 1 product added; placed in a water bath at 42 oC for 40 s
then recovered on ice for 2 minutes before 800 µL of fresh LB (minus antiobiotic) is
added and cells are recovered on a shaker for 1 hr at 37 oC. Following recovery, 150 µL
of cells are spread onto agar plates containing 100 mg/L Ampicillin, 20 mg/L Xgal and
20 mg/L IPTG and incubated for 16 hrs at 37 oC. White colonies are selected and grown
in liquid LB including Ampicillin for a further 16 hrs. Plasmid extraction is then
performed using commercially available plasmid extraction kits and colony PCR is run
using the sgRNA specific primer pairs to confirm the sgRNA has successfully ligated into
the plasmid. Following extraction, correct plasmids are then digested using ApaLI
enzyme and run on 1 % TAE gels. During electrophoresis undigested plasmid acted as a
control and the correct construct assemblies are confirmed by the presence of two
amplicons of 1,250 bp and 3,633 bp in size (Fig. 7-2).
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Fig. 7-2 Gel electrophoresis of ApaLI restriction
enzyme digestion products for Level 1 plasmid
digestion

1,000
500
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Correct plasmids are then utilised for the final Level M construct assembly which
combines selection, Cas9, sgRNA, end linker and binary vector backbone cassettes. Level
M restriction digest and ligation reactions are once again performed in 10 µL reaction
volumes containing; 10 units BbsI/Bpil enzyme, 1 µL 10x BSA buffer, 1,000 units of T4
DNA ligase, 1 µL T4 ligase buffer, Level 1 plasmids (Level 1 sgRNA, Addgene #68258:
Cas9 cassette, Addgene #68263: hygromycin cassette, Addgene #48046: end linker) are
included at a molar ratio of 2:1 to the Level M binary vector backbone (Addgene #48037).
Similar to Level 1 plasmid construction, chemically competent E. coli is transformed
using Level M reaction product, screened overnight with positive white colonies grown
in 2 mL liquid LB including 100 mg/L Spectinomycin. Colony PCR is again performed
to screen for the sgRNA cassette and 35s Cauliflower mosaic virus promoter (CaMV35S)
(Table 7-1). Plasmids are extracted from colonies confirmed by PCR and are digested
using ApaLI enzyme with amplicons visualised in 1 % TAE gels. Digested plasmids
showing five positive amplicons of 496 bp, 1,193 bp, 1,974 bp, 3,719 bp and 7,089 bp
are considered suitable for Agrobacterium-mediated transformation following
confirmation of integration of the correct sgRNA target template by Sanger sequencing
(Fig. 7-4B, C).
The fast-track protocol for Level M plasmid construction does not require Level 1 plasmid
construction and E. coli transformation as in the protocol outlined by (Lawrenson et al.
2015). This protocol comprises only one E. coli cloning step. Construct assembly
components for double digest and subsequent ligation have ‘sticky ends’ that can only
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ligate in one orientation greatly improving the efficiency of ligation and theoretically
reducing the likelihood of false positives to zero. The basis of the fast-track protocol is
the successful assembly of binary vector constructs designed using the two-step protocol
as outlined by Lawrenson et al. (2015) and their use for digestion and ligation of newly
developed sgRNAs without the requirement of a Level 1 cloning step. In the present fasttrack protocol we utilise a constructed Level M binary vector targeting the barley gene
HvPDS designated P21, kindly provided by Dr. Yong Han of the Western Crop Genetics
Alliance. Any Level M construct can in fact be used as the acceptor backbone for a new
sgRNA targeting sequence.
A.

1st Round PCR

The binary vector construct P21 was used as a template for modification. Fast-track
primer pairs were used to amplify a 422 bp amplicon that was separated in 1 % TAE
which represents the full-length gRNA scaffold, excluding the gene specific sgRNA (Fig.
7-3A) (1st round PCR is universal for all modifications and does not contain sgRNA
targeting sequence). PCR protocol was as follows: 95 oC for 4 min, 35 cycles of 95 oC for
20 s, 56 oC for 20 s, 72 oC for 20 s and final extension at 72 oC for 5 min using primers
FT-F/R (Table 7-1). Gel fragments were purified using a gel purification kit (Bioline).
B.

2nd Round PCR

Purified product from the 1st round PCR is used as the DNA template and fast-track 2nd
round forward PCR primer pairs (MYB-2H-F, DEP1exon2-1-F, DEP1exon4-1-F) (Table
7-1) including FT-R are used to anneal and amplify a 479 bp fragment that represents the
addition of a 57 bp sequence represented by the 5'-tail (lowercase) of the forward primer
complementary

to

the

3'-tail

of

the

TaU6

promoter,

and

the

sgRNA

(HORVU2Hr1G089310 sgRNA) in bold (5'-ctgaccggtttataaactcgcttgctgcatcagactt
GCGGAACAGTGAAGATGTGAgttttagagctag -3'). The 3'-tail (lowercase) overlaps
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with the purified sgRNA scaffold from the 1st round PCR by 13 bp enabling efficient
annealing and amplification (Fig. 7-3). The 2nd round assembly PCR product is purified
without running electrophoresis using a commercial gel purification kit (Bioline).
20 bp sgRNA region

Fig 7-3 Schematic of fast-track 2nd round PCR forward primer (MYB-2H example) and
the overlap with 3' sgRNA scaffold (13 bp) and 5' TaU6 promoter (37 bp) including AgeI
enzyme digest cut site
C.

Double Digest and E. coli transformation

Following successful assembly of the correct sgRNA cassette a double digest is
performed using restriction digestion enzymes NotI and AgeI. Two double digest
reactions are run concurrently, one digesting the sgRNA oligonucleotide amplified in the
2nd round PCR and the second digesting the original Level M binary vector P21. Digestion
with these two enzymes creates ‘sticky ends’ greatly improving the ligation efficiency of
designed fast-track sgRNAs to the Level M P21 backbone that contains all the necessary
expression cassettes for genome editing in barley.
Both restriction double digests are performed in 20 µL reaction volumes containing: 2 µL
10x green buffer, 1 µL NotI, 1 µL AgeI, 500 ng 2nd round PCR product or Level M binary
vector P21 and made up to final volume with sterile distilled H2O. Both reactions are
performed in a thermocycler maintained at 37 oC for 2.5 hours. Purification of the sgRNA
double digest reaction is performed using commercially available purification kits
without the need for electrophoresis. Alternatively, amplicons from the double digest of
P21 are separated on 1 % TAE and the 13.9 kb acceptor backbone fragment is purified
using a gel purification kit, the smaller fragment represents the sgRNA scaffold which is
replaced with our own from the double digest of 2nd round PCR product (Fig. 7-4A).
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Following purification of both double digestion products a ligation reaction is performed
containing: 1,000 units of T4 DNA ligase, 1 µL 10x T4 ligase buffer, purified sgRNA
double digestion product at a molar ratio of 5:1 to the P21 acceptor backbone and final
volume was made up to 10 µL with sterile distilled H2O. Ligation reactions were
performed in a thermocycler maintained at 25 oC for 25 min followed by inactivation at
65 oC, alternatively 16 oC overnight gave similar results. Following ligation, chemically
competent E. coli (strains Dh5α and Top10 both successful) were transformed according
the steps outlined in section 7.2.1. Following recovery 150 µL of cells were spread onto
agar plates containing 100 mg/L Spectinomycin, 20 mg/L Xgal and 20 mg/L IPTG and
incubated for 16 hrs at 37 oC as in the two-step protocol for Level M selection.
A

B

10,000

3,000

1,000

500
250

C

Fig. 7-4 A. Level M binary plasmid vector P21 used as the acceptor backbone for fasttrack CRISPR-Cas9 construct assembly. Fragment between restriction digestion sites for
NotI and AgeI is replaced with PCR product from 1st round PCR using Golden Gate
Modular Cloning. B. Successful ApaLI enzyme digest of final Level M binary vector
constructs for the three sgRNA targets (same for two-step and fast-track protocols). C.
Sanger sequencing results of three successful plasmids confirmed by colony PCR and
enzyme digest
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White colonies were then selected and grown in 2 mL of liquid LB including 100 mg/L
Spectinomycin for 16 hours at 37 oC. It should be noted that at this stage there should be
no blue colonies because the Level M binary vector does not contain a functional LacZ
gene. Primer pairs HYP50 and HYP51 were used to confirm the presence of the CaMV35S
cassette and Cas9 expression cassette respectively. Following confirmation of CaMV35S
and Cas9 cassettes the plasmids were then extracted and digested with ApaLI enzyme as
in the two-step protocol. Plasmids that showed five clear fragments after digestion were
Sanger sequenced to confirm the integration of the correct sgRNA sequence for the three
different targets using HYP12R and the plasmid as template DNA follow the same
protocol as presented in section 5.4.2 (Fig. 7-4B & C).
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Table 7-1 Primers used for Sanger sequencing and CRISPR-Cas9 mediated transformation of HvDEP1 and HORVU2Hr1G089310
Purpose

Name

Primer Sequence (5' to 3')

HvDEP1 mutation screening – exon 2

HvDEPex2-F

AAGCAGCACCAATTCTCTCGT

HvDEPex2-R

CCTGCGTACTCTTGCCACTAA

HvDEPex5-F

CTTGTGCCGTTGAACTTCTGG

HvDEPex5-R

ATATCCTCAGCCAAGCCAACC

MYB-F

CGCGTTGAGGTTCCTCATCT

MYB-R

AACAATTGCGCCTCATGCTG

HYP12R

GGATAAACCTTTTCACGCCCT

FT-F

GTTTTAGAGCTAGAAATAGC

FT-R

CAACGCCGGCGGCCGCGGTG

MYB-2H-F

ctgaccggtttataaactcgcttgctgcatcagacttGCGGAACAGTGAAGATGTGAgttttagagctag*

Dep1exon2-1-F

ctgaccggtttataaactcgcttgctgcatcagacttACGAGCTACATTTACTTGAgttttagagctag*

Dep1exon4-1-F

ctgaccggtttataaactcgcttgctgcatcagacttGATCCACCAATAAAGACGGCgttttagagctag*

HYP50-F

GCTCCTACAAATGCCATCATTGC

HYP50-R

GATAGTGGGATTGTGCGTCATCCC

HYP51-F

CTACGCCGGATACATTGACGG

HYP51-R

GATTTGCGAGTCATCCACGCG

HvDEP1 mutation screening – exon 5

HORVU2Hr1G089310 mutation screening

Sequencing primer for sgRNA
Fast-track

1st

round PCR primers

Fast-track 2nd round forward primers

35S promoter cassette detection

Cas9 cassette detection

* Primer sequences in lowercase represent flanking sequences to the 20 bp target sequence in uppercase. Underlines represent an enzyme recognition site for AgeI (5'-a^ccggt-3') and overhangs that fuse
with the TaU6 promoter (ctgaccggtttataaactcgcttgctgcatcagacttG) or NotI (5'-c^ggcc-3'). Tail flanking sequences represent the portion of the oligonucleotide that anneals to the sgRNA vector template.
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Correct plasmids (1 µL, ~40 ng) confirmed by enzyme digestion and Sanger sequencing
were transformed into 50 µL of hypervirulent competent Agrobacterium strain AGL1 by
electroporation using a Bio-Rad GenePulser in 1 mm gapped electroporation cuvettes
with the following settings; 1.8 kv, 50 µF and 200 Ω. Cells were recovered by gently
shaking for four hours at 28 oC with 500 µL fresh MG/L liquid media added. After
recovery, 100 µL 10× and 100× dilutions were spread onto solid MG/L media agar plates
containing; 50 mg/L Spectinomycin, 25 mg/L Rifampicin and 30 mg/L Streptomycin and
incubated at 28 oC for 48 hours. Single colonies were then selected and grown in 500 µL
liquid MG/L media plus antibiotics (same concentrations as solid media) for 24 hours at
28 oC. Colony PCR was performed using primer pairs HYP50/51 and those specific for
each sgRNA with wild-type Agrobacterium as negative controls. Colonies confirmed by
PCR were aliquoted into 20 µL volumes of 1:3, culture:80 % glycerol for -80 oC storage.
Immature embryo transformation
Immature embryos of barley varieties cv. Compass and cv. RGT Planet were transformed
using Agrobacterium as described by Harwood (2013). In brief, both varieties were
planted at fortnightly intervals to provide a constant supply of immature embryos and a
minimum of 200 immature embryos approximately 2 mm in diameter were isolated and
transformed using the hypervirulent Agrobacterium strain AGL1 according to the
protocol for each binary vector construct:variety combination (Fig. 7-4A). Briefly, 20 µL
aliquots of transformed Agrobacterium culture was gently shaken in 10 mL fresh liquid
MG/L media containing 50 mg/L Spectinomycin, 25 mg/L Rifampicin for 24 hours at
28 oC or until an Optical density of 0.3-0.5 at a wavelength of 600 nm (won’t damage
cells) measured using a spectrophotometer. Approximately 2 µL of bacterial culture was
used to inoculate immature embryos directly.
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A

Fig. 7-4 A. Immature embryos

B

arranged ready for inoculation. B.
Embryonic callus after 6 weeks
co-culture on callus induction
C

media. C. Initiation of shoots on

D

transition media. D. cv. RGT
Planet regenerant

Embryos were co-cultured on callus-induction, transition and regeneration media for 6, 6
and 4 weeks respectively. Embryos and associated callus were transferred to fresh plates
every fortnight (Fig. 7-5B). Hygromycin was always included as the selective agent at a
concentration of 30 mg/L, additionally Timentin was included at 160 mg/L to kill excess
Agrobacterium. Callus that did not undergo somatic embryogenesis during the addition
of the synthetic auxin 2,4-Dichlorophenoxyacetic acid (2,4-D) in the transition phase of
co-culturing were collected to determine the efficiency of transformation using primer
pairs HYP50 and HYP51. Callus that developed green tissue and/or shoots during
transition media co-culturing were moved to regeneration media (Fig. 7-5C).
7.4 Results and Discussion
A fast-track method for CRISPR-Cas9 plasmid construction was developed in the present
research to improve the efficiency and reduce the false-positive rate associated with the
protocol initially described by Lawrenson et al. (2015). We selected two major grain size
candidate genes identified in Chapters 3 and 4 as targets for genome editing. One of the
genes, HvDEP1 is a semi-dwarf gene linked to height, phenology, growth habit and grain
size and contained two suitable CRISPR-Cas9 target sites in exon two and four (Li et al.
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2019c; Wendt et al. 2016). The second candidate gene identified in Chapter 4 designated
HORVU2Hr1G089310 encodes a MYB transcription factor discovered to play a role in
cell proliferation and differentiation in rice (Gong et al. 2018; Ji et al. 2019). We
independently targeted the two genes in spring barley cultivars cv. Compass and cv. RGT
Planet which have not yet been utilised for genome editing but represent elite Australian
varieties. Three binary constructs, two targeting HvDEP1 and one targeting
HORVU2Hr1G089310 referred to as pDEP1exon2-1, pDEP1exon4-1 and pMYB-2H
respectively were designed. Importantly, during sgRNA design it is helpful to target
regions that harbour enzyme recognition site(s) immediately upstream of the PAM
sequence. This ensures fast, efficient and high throughput screening of callus and
regenerants for induced mutations without the need to rely on interpretation of complex
sequencing chromatograms, a process which was regretfully missed in the design of
suitable sgRNA targets in the present research. TA-cloning protocols can avoid the need
for enzyme recognition sites however, due to the highly chimeric nature of most
regenerants large numbers of colony clones are required which is inefficient in a
throughput and resource sense. Although Sanger sequencing of TA-clones is necessary
for those regenerants confirmed by enzyme digestion to harbour mutations in order to
identify the specific mutation induced.
Off-target binding was investigated by BLAST searching the sgRNA sequences against
the recently updated barley reference genome of cv. Morex (Mascher et al. 2017). Both
sgRNAs targeting HvDEP1 did not have any off-target binding sites confirmed by
BLAST. In comparison the pMYB-2H sgRNA shared 85 % sequence identity to a position
on chromosome 3H. Interrogation of this position concluded that despite the high
sequence similarity to our sgRNA a lack of the Streptococcus pyogenes Cas9 recognisable
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PAM sequence (5'-NGG-3') meant recognition and subsequent inducement of double
stranded DNA breaks at this off-target was highly unlikely. Research has shown that the
Streptococcus Cas9 recognition PAM sequence NGG, as harnessed in the present system
can to some extent recognise and cleave NAG, NNG and NGN PAM sequences
(Akcakaya et al. 2018; Wu et al. 2014). However, this sgRNA potential off-target lacks
either an NGG, NAG, NNG or NGN sequence at the 3' end indicating off-target cleavage
by pMYB-2H at this locus is unlikely to occur.
In practice the fast-track method of CRISPR-Cas9 binary vector construction resulted in
an anecdotal reduction of three days for the entire duration of plasmid construction as it
required only one E. coli cloning and transformation step. Furthermore the presence of
false-positives in the protocol outlined by Lawrenson et al. (2015) was a downside to the
efficiency of the original protocol. In the fast-track method because digestion introduces
‘sticky-ends’ there theoretically should be little to no false-positives after ligation, and
indeed we did not identify any false-positive colonies during the construction of all three
binary vectors using this protocol. The three constructs were independently transformed
into immature barley embryos (n = ~200). The initial response to co-culture, rapid callus
induction and development of shoots and roots in the transition media indicated a strongly
successful response to co-culturing and the successful transformation of the immature
embryos for all construct:variety combinations. Transformation of cv. RGT Planet
embryos was more efficient at 80 % for both pDEP1exon2-1 and pDEP1exon4-1
determined by PCR amplification using HYP50/51 (Table 7-1). This compared to
Compass with a transformation rate of 50 % and 90 % for pDEP1exon2-1 and
pDEP1exon4-1 respectively (Fig. A4-1). The transformation efficiency of cv. RGT Planet
for pMYB-2H was 85 %.
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Despite the success of callus induction and somatic embryogenesis developing successful
shoot and roots for pDEP1exon2-1 and pDEP1exon4-1 constructs, these shootlets became
chlorotic and died when transplanted to the final regeneration media. Numerous protocols
exist for regeneration media preparation in barley, we followed a protocol described by
Harwood (2013), although others exist and the comparisons are outlined in Table 7-2.
Troubleshooting determined that embryos/shootlets did no fail as a result of pH change,
moreover each protocol outlined in Table 7-2 does not vary substantially. Interestingly,
when we moved callus from the transition media to the regeneration media of Ismagul et
al. (2014) we were able to obtain successful regenerants.
Table 7-2 Comparison of regeneration media between three distinct published protocols
for Agrobacterium-mediated transformation of barley immature embryos
Harwood (2013)

Ismagul et al. (2014)

Holme et al. (2006)

Prior to autoclaving
MS salts (without NH4NO3)

2.7 g/L

2.7 g/L

2.7 g/L

NH4NO3

165 mg/L

-

165 mg/L

CuSO4.5H2O (25 mM)

-

200 µL/L

-

L. glutamine

750 mg/L

-

750 mg/L

MS vitamin solution (1,000x)

-

1 mL/L

-

Maltose

20 g/L

20 g/L

30 g/L

Casein hydrolysate

-

1 g/L

250 mg/L

Kinetin (1 mg/mL)

-

100 µL/L

-

Myo-inositol

100 mg/L

-

100 mg/L

Gelrite

-

5 g/L

-

Phytagel

3.5 g/L

-

3.5 g/L

pH adjustment prior to autoclaving

5.8

5.8

5.8

After autoclaving
Zeatin (5 mg/mL)

-

1 mL/L

-

Timentin (150 mg/mL)

1 mL/L

1 mL/L

1 mL/L

Hygromycin

600 µL/L (50 mg/mL)

1 mL/L (100 mg/mL)

50 mg/L

BAP

-

-

0.4 mg/L

Thiamine-HCl

0.4 mg/L

-

0.1 mg/L
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It is not understood why we had such a response, considering the major difference
between the two-regeneration media is the nitrogen availability and supply. Despite the
use of MS salts minus NH4NO3, KNO3 is still available as a nitrogen source. In the
protocol outlined by Harwood (2013) additional NH4NO3 is added to the media, similar
to the concentration in the callus induction and transition media. However, additional
growth hormones (BAP, 2,4-D and dicamba) are included in callus induction and
transition media to promote rapid cell growth and differentiation. It is possible that the
removal of these growth hormones results in lower cellular metabolic rates and the excess
NH4+ became toxic. Removal of additional NH4NO3 in the regeneration media outlined
by Ismagul et al. (2014) and subsequent improvement in regeneration could explain this
observation and there is some prior research to support this explanation (Máximo 2015;
Senhaji et al. 2019). A review by Britto and Kronzucker (2002) regarding NH4+ toxicity
in higher plants states that 10 mM of NH4+ significantly reduced barley seedling growth
compared to 0.1 mM, in the present research the molarity of NH4+ in the regeneration
media outlined by Harwood (2013) is 2 mM and thus could influence growth of callus
and the small regenerants that we were able to obtain during the regeneration phase of coculturing. Furthermore NO3- uptake is rapidly inhibited by exposure to NH4+ in barley, it
is therefore possible that this inhibitory effect proposed to take place at the plasma
membrane, combined with the high concentration of NH4+ in the media is resulting in the
chlorosis and death of regenerants (Kronzucker et al. 1999). Alternatively,
Agrobacterium-mediated transformation of barley in the Harwood (2013) protocol used
cv. Golden Promise, the standard for transformation studies therefore it is possible that
we are witnessing a strong genotypic effect, a theory reinforced by Han et al. (2020) and
Orman-Ligeza et al. (2020) although without including cv. Golden Promise it is difficult
121

to say definitively what the driving variable is. Despite the difficulties encountered in
obtaining large numbers of regenerants the fast-track protocol for binary vector
construction was more efficient than protocols previously utilised in barley and represents
a promising strategy to rapidly construct binary vectors for genome editing. Despite the
absence of regenerants targeting HvDEP1, we successfully developed regenerants using
pMYB-2H. As an MYB transcription factor, HORVU2Hr1G089310 represents a
promising target for genetic research, particularly through reverse genetics approaches.
The material developed in this thesis will assist in our understanding of the gene
interaction networks and targets involved in regulating grain size via HvDEP1 and
HORVU2Hr1G089310, research that will represent the first of its kind in barley.
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Harnessing Transcription Factors as Potential
Tools to Enhance Grain Size Under Stressful Abiotic
Conditions in Cereal Crops
Preface
The following chapter is published in Frontiers in Plant Science (2020), 11(1273):1-7.
8.1 Abstract
Predicted climate change is widely cited to signiﬁcantly reduce yields of the major cereal
crop species in a period where demand is rapidly rising due to a growing global
population. This requires exhaustive research to develop genetic resources in order to
address the expected production deﬁciencies which will largely be driven by abiotic stress.
Modiﬁcation of multiple genes is an approach that can address the predicted challenges;
however, it is time-consuming and costly to modify multiple genes simultaneously.
Transcription factors represent a group of proteins regulating multiple genes
simultaneously and are therefore promising targets to concurrently improve multiple
traits concurrently, such as abiotic stress tolerance and grain size (a contributor to yield).
Many studies have identiﬁed the complex role that transcription factors of multiple
families have contributed toward abiotic stress tolerance or grain size, although research
addressing both simultaneously is in its infancy despite its potential signiﬁcance for cereal
crop improvement. Here we discuss the potential role that transcription factors may
contribute toward improving cereal crop productivity under adverse environmental
conditions and offer research objectives that need to be addressed before the
modiﬁcation of transcription factors becomes routinely used to positively manipulate
multiple target traits.
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8.2 Introduction
Rice, maize and wheat collectively represent the primary food source for over half of the
world’s population and are thus crucially important for global food security. However,
with increased demand from a growing global population and an increasing fluctuation
in crop productivity driven by climatic variability; food security is becoming increasingly
vulnerable. Modest increases of 1 °C in average growing season temperature for instance
has been predicted to reduce global wheat yields anywhere between 4-8 %, less for rice
but greater yield losses are expected for maize, barley and sorghum (Abhinandan et al.
2018; Challinor et al. 2014; Liu et al. 2016b; Zhao et al. 2017a). Already average
temperature increases between 1981-2002 of ~0.4 °C have resulted in estimated
combined annual yield losses of 42 Mt for wheat, barley and maize (Lobell and Field
2007). Alternatively, the frequency of drought is projected to intensify and 20 % of global
agricultural land is affected by salinity stress that is expected to double by 2050 both of
which are considered to be the two primary threats to future agriculture (Lesk et al. 2016;
Majeed et al. 2019; Nutan et al. 2019b). Our ability to ensure food security in the face of
these threats therefore lies in our ability to improve cereal yields which in turn are
reflections of two major and genetically manipulable morphological components: (1)
number of grains/m2 and, (2) individual grain weight (Ji et al. 2019; Kennedy et al. 2016;
Li et al. 2018b; Xing and Zhang 2010). Individual grain weight is a reflection of grain
size which is the culmination of complex biological processes and pathways controlled
by polygenes acting pre- and post-anthesis to determine the maximal grain size that can
be achieved (Ji et al. 2019). Addressing food security could therefore focus on increasing
and/or maintaining grain size under adverse environmental conditions as a strategy to
improve cereal yields.
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8.3 Basic characteristics influencing grain size
In general, grain size is co-ordinately controlled by cell expansion and proliferation in the
developing endosperm, and floral tissues (lemma, palea) surrounding the developing
grain, determining the ‘sink’ capacity of the grain (Li et al. 2018b). In cereals, cell
proliferation precedes cell expansion to some extent, beginning at fertilisation and ceasing
15-25 days later (Bian 2019; Evers and Millar 2002; Farooq et al. 2014; Li et al. 2018b).
This period of grain development predetermines the maximum size of the grain along the
longitudinal and transverse axes and is quite sensitive to abiotic stress, for example in
wheat, drought decreases endosperm cell proliferation reducing this ‘sink’ capacity
(Setter and Flannigan 2001). Alternatively, cell expansion relates to the accumulation of
dry matter (protein, carbohydrates and lipids) in the developing grain which is related to
photo-assimilate production and transport. This accumulation of dry matter is the major
contributor to final grain size and weight and is reported to begin 5-7 days after
fertilization and ceases at physiological maturity (Coventry et al. 2003; Sreenivasulu et
al. 2004). Adverse conditions during cell expansion primarily damages and/or reduces the
photosynthetic area reducing the production and translocation of photo-assimilates to
developing grains. Optimization of source-sink pathways therefore represents a
promising avenue towards contributing to grain size and weight improvement under both
optimal and adverse environmental conditions.
8.4 Genetic control of grain size
In rice, maize, wheat and barley thousands of quantitative trait loci (QTL) influencing
grain size have collectively been detected yet only a small fraction of underlying
candidate genes have been functionally annotated using advanced molecular approaches
such as gene cloning with the majority of studies in rice (Ayoub et al. 2002; Azizi et al.
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2019; Chen et al. 2016a; Huang et al. 2013; Li et al. 2019a; Walker et al. 2013; Wang et
al. 2019a; Watt et al. 2019; Yu et al. 2017). Broadly, the regulatory pathways involved in
grain size regulation are represented by; hormone signalling, IKU pathway, G-protein
signalling, ubiquitin-proteasome pathway, the mitogen-activated protein kinase pathway
and transcription factors (Azizi et al. 2019; Li and Li 2016). Genes underlying these
pathways can be negative or positive regulators of grain size as a result of allele specific
epistatic interactions which can substantially influence their effect, for example OsGLA1
confers a positive effect on grain length and weight driven by a single SNP (Wang et al.
2019b). Alternatively, TaDA1 in wheat, a ubiquitin receptor negatively regulates grain
size and weight by restricting cell proliferation in the maternal integuments via the
ubiquitin-proteasome pathway (Liu et al. 2020).
Due to culinary preferences for different sized rice, the majority of grain size research has
targeted this staple food crop, particularly the genetic engineering and functional analysis
style research. Li et al. (2018b) and Azizi et al. (2019) synthesise our current
understanding of the pathways and genes involved in grain size regulation in rice which
due to the conservation of gene order and function between the major cereal crop species
is likely to reflect a similar genetic control of grain size in maize, wheat and barley (Li et
al. 2010a; Richards et al. 2016). Despite our general understanding of the genetic control
of grain size, it is the role of stress inducible transcription factors and their induction that
offer promising alternative strategies to maintain and improve grain size and yield under
adverse conditions primarily through their stimulation of numerous stress responsive
genes (Nakashima et al. 2007; Nutan et al. 2019b).
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8.5 Role transcription factors play in abiotic stress tolerance
The ability of a plant to perceive stressful conditions and subsequently respond by
inducing stress responsive genes is triggered partly by transcription factors and their
interaction with cis-acting promoter elements of genes in complex regulatory networks
(Gujjar et al. 2014; Rahman et al. 2019). Transcriptional analyses have identified
thousands of differentially expressed genes resulting from single and combined abiotic
stresses indicating the complexity of stress response and gene expression regulation (Li
et al. 2017; Osthoff et al. 2019; Pradhan et al. 2019; Xiong et al. 2017). Multiple
transcription factor families have been implicated in abiotic stress response namely the;
DREB (dehydration-responsive element binding), ABRE/ABF (ABA-responsive
element), MYB (myeloblastosis), NAC, bZIP (basic leucine zipper) and WRKY gene
families (Ambawat et al. 2013; Gujjar et al. 2014; Nuruzzaman et al. 2013; Rahman et al.
2019). Often a single transcription factor is able to induce gene expression in response to
multiple abiotic stress conditions. The wheat TaNAC2-5A transcription factor for example
is induced by drought, salt, cold and abscisic acid (ABA) treatment. Overexpression of
TaNAC2-5A in Arabidopsis simultaneously improved drought, salinity and freezing
tolerance (Mao et al. 2012). Interestingly, stress induced TaNAC2-5A activity enhanced
the expression of DREB2A and ABI5 transcription factors. It has been shown that stress
induced and constitutive overexpression of DREB2A in wheat and barley improved
tolerance to drought and cold stress due to increased expression of late embryogenesis
abundant (LEA) genes encoding dehydrins and cold-responsive proteins that contribute
to membrane stability as well as other DREB family genes, further indicating the
complexity of stress response and regulatory control (Morran et al. 2011). Similarly,
ZmSNAC1 was found to improve stress tolerance through reduced dehydration, possibly
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through the NAC-DREB-LEA regulatory module as evidenced in wheat, barley,
Arabidopsis and rice (Hong et al. 2016; Lu et al. 2012).
8.6 Role transcription factors play in grain size variation
Aside from the well understood role transcription factors play in plant recognition and
response to abiotic stress, numerous studies across the major cereal crop species,
particularly rice, have dissected their involvement in grain size modulation (Table 8-1).
They co-ordinate cell proliferation and expansion processes, not only in the developing
grain itself but in the surrounding floral tissues, lemma and palea which additionally limit
grain size. The antagonistic behaviour of two bHLH-type transcription factors (PGL1 and
APG) for example, regulates cell elongation in the lemma/palea of rice by the
heterodimerization of the two encoded proteins, regulating grain length (Heang and Sassa
2012). A major gene designated WIDE AND THICK GRAIN 1 (WTG1) in rice encodes
an otubain-like protease involved in the ubiquitin-proteasome pathway regulating grain
size via cell expansion that is reportedly regulated by the transcription factors ABF1 and
ABI5 (Huang et al. 2017; Li et al. 2018b; Zhang et al. 2018a). An orthologue of which in
wheat (TaWTG1-7B) is highly correlated with the expression of ABF2 of the ABRE
transcription factor family (Zhang et al. 2018a).
The NAC transcription factor family is one of the largest, and numerous NAC genes have
been implicated in the control of grain size via multiple pathways driven by the diversity
of subdomains and their variable protein-protein interactions and DNA-binding activities
(Dwivedi et al. 2019; Olsen et al. 2005). The OsMED15A-OsNAC024/025 regulatory
module for example positively regulates GW2, GW5 (negative regulators of grain width)
and D11 (positive regulator of grain length) in rice through the interaction of the mediator
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tail subunit of OsMAD15A with the two NAC transcription factors that promotes the
recruitment of additional transcriptional machinery to the promoters of OsNAC024/025
targets (Fig. 8-1) (Dwivedi et al. 2019).
Table 8-1 List of some key transcription factors involved directly in grain size regulation
Locus/gene identity

Transcript factor family & function

HvNAC005

NAC. Nutrient remobilization and senescence regulation

HvOsbHLH107
Barley
HORVU2Hr1G089310

Vrs1

Maize

ZmBZR1

OsNF-YC10

OsSPL16 (OsGW8)

OsSPL13 (GLW7)

OsGRAS19
Rice
OsNAC024

OsGRF4

Os170 (PGL2)

OsNF-YC10

Reference

bHLH. Regulates cell proliferation in the longitudinal direction,
homologous to OsbHLH107

Christiansen et al.
(2016)
Yang et al. (2018)

MYB. Orthologous to OsGL4 which regulates cell elongation in

Watt et al. (2020);

lemma and palea

Wu et al. (2017)

HD-Zip. Cell proliferation in the developing lemma/palea
contribute to grain length and width variation
BZR. Regulated cell expansion (transverse & longitudinal) via
cell size genes
NF-Y. Regulates cell proliferation via cell-cycle genes and
possibly OsGL7 and OsGW8

Sakuma et al. (2017)

Zhang et al. (2020)

Jia et al. (2019)

SBP. Regulates cell proliferation in the longitudinal and

Wang et al. (2015);

transverse direction by interaction with OsGW7

Liu et al. (2016d)

SBP. Regulates cell elongation in lemma, interacts with OsSRS5
modifying microtubule formation, grain length variation

Liu et al. (2016d)

GRAS. Regulates brassinosteroid pathway and other regulatory

Chen et al. (2013);

genes (i.e. OsGW8, OsGW7, OsGL2)

Lin et al. (2019)

NAC. Positive regulator of GW2, GW5 and D11. Interacts with
OsMED15A to initiate transcription of above genes

Dwivedi et al. (2019)

GRF. Regulates brassinosteroid pathway promoting cell

Che et al. (2015); Hu

expansion, small influence on proliferation

et al. (2015)

bHLH. Regulates longitudinal cell expansion in lemma/palea by

Heang

forming heterodimer with APG suppressing activity

(2012)

NF-Y. Regulates grain width via cell division and expansion in
the lemma/palea through regulation of cell cycle genes primarily

and

Sassa

Jia et al. (2019)

TaNAM-B1

NAC. Nutrient remobilization and senescence regulation

Uauy et al. (2006)

TaGLW7

SBP. Orthologous to rice OsSPL13 regulating grain length

Yang et al. (2019)

Wheat

ABRE/ABF.
TaABF2

Regulates

TaWTG1-7B

to

antagonistically

manipulate cell proliferation and expansion. Orthologous to
OsWTG1

Zhang et al. (2018a);
Huang et al. (2017)

In barley, HvNAC005 transcriptional activity is promoted by the presence of a conserved
C-terminal motif reportedly involved in protein-protein interaction suggesting the
importance of these types of interactions for the assembly of basic transcriptional
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apparatus (Christiansen et al. 2016). A signal mediating protein phosphatase 2C (PP2C)
is reported to interact with AtNAP, a homologue of HvNAC005, thus PP2C represents a
possible mediator initiating transcription of HvNAC005 targets, alternatively the PP2CSnRK2 ABA-responsive complex is reported to enhance bZIP transcription factor activity
in Arabidopsis suggesting that this same signalling pathway is active in barley (Hirayama
and Umezawa 2010; Zhang and Gan 2012).

Fig. 8-1 Positive and negative regulatory transcription factors of rice involved in grain
size variation in the longitudinal (length; yellow) and transverse directions (width and
thickness; green). Bold text represents transcription factors. Arrows represent a positive
interaction; blunt ends are negative interactions i.e. OsSPL16 positively regulates DEP1
which in-turn negatively regulates grain width
8.7 Application of transcription factors to manipulate grain size under
stressful conditions
Despite the diversity of transcription factors, their function and their involvement in
abiotic stress response and regulation of grain size, research marrying the two is
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surprisingly limited considering the contribution this knowledge could provide to
improving cereal productivity. Overexpression of NACs for example have significantly
improved tolerance to drought, salinity and cold stress in rice and maize (Nuruzzaman et
al. 2013). OsNAC022 overexpression in rice was shown to significantly improve drought
and salinity tolerance, although there was a significant negative effect on 1000-grain
weight, a reflection of grain size indicating the importance of identifying suitable
transcription factors that can simultaneously improve both stress tolerance and grain size
if transcription factors were going to be manipulated for trait improvement (Hong et al.
2016). This study however, drove overexpression via the constitutive maize ubiquitin
promoter, an approach known to often confer undesirable phenotypes under optimal
environmental conditions as was the case for constitutive overexpression of
Ubi1:OsNAC6, it is possible that maintenance of 1000-grain weight in this instance could
have been achieved through the use of a stress inducible and/or tissue specific promoter
coupled to OcNAC022 such as rice Wsi18 gene promoter which exhibits strong stress
induced expression and elevated activity in developing grains specifically (Nakashima et
al. 2007; Yi et al. 2011). An GATA-transcription factor; OsGATA8 has successfully been
manipulated and constitutive expression has been proven to improve drought and salinity
tolerance whilst simultaneously increasing grain length and TGW with no undesirable
phenotypes in rice and Arabidopsis transgenic lines (Nutan et al. 2019b). It was shown
that OsGATA8 regulated genes involved in reactive-oxygen species scavenging enzymes,
chlorophyll-biosynthesis enzymes and other transcription factors such as OsDREB1A.
An WRKY transcription factor OsWRKY78 positively regulated grain width and was
upregulated by ABA and salinity, but down regulated by cold (Zhang et al. 2011).
OsSPL14 positively regulates DEP1 (Fig. 8-1) in-turn influencing grain size, plant
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architecture and yield (Jiao et al. 2010; Stief et al. 2014; Watt et al. 2019; Yue et al. 2017;
Zheng and Qu 2015; Zhou and Luo 2013). Promisingly, OsSPL14 was recently shown to
regulate OsTB1 which acted as a negative regulator of OsWRKY94 and suppressed the
cold stress induced expression of OsMADS57 indicating the potential to manipulate
OsSPL14 to simultaneously improve abiotic stress tolerance and grain size (Chen et al.
2018; Nutan et al. 2019a). The R2R3-subclass of the MYB transcription factor family is
primarily involved in developmental processes and abiotic stress response compared to
the other three subclasses suggesting there is potential to improve both characteristics by
focussing on the manipulation of this subclass specifically (Ambawat et al. 2013; Hou et
al. 2018). OsGAMYB for example, an R2R3-MYB transcription factor involved in
gibberellic acid signalling has been linked to both grain size variation and response to
salinity stress possibly through miR159 induction in separate studies (Liu et al. 2019;
Zhao et al. 2017c). This suggests that it may be possible to manipulate stress response
and grain size co-ordinately by targeting transcription factors and/or components of the
regulatory network such as microRNAs, the main targets of which are transcription
factors (Zhou and Luo 2013).
8.8 Conclusions and future perspectives
The relationship between grain size, yield and the negative effect abiotic stress has on
these traits requires further research in order to address the expected threats associated
with climate change. The complex regulatory pathways involved in grain size and abiotic
stress response suggests that modification of a single transcription factor may offer
potential strategies to improving grain size, yield and abiotic stress tolerance
simultaneously as observed by Nutan et al. (2019b). Research needs to address the
combined effect of stress response and grain size to transcription factor manipulation to
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identify on a species-specific level, suitable candidates for trait improvement, something
that can currently only be conferred based on a limited number of studies. As between
Arabidopsis and tomato (Zhou and Luo 2013), microRNAs which in-turn regulate
transcription factors can confer either negative or positive effects on trait expression
depending on the species background, in cereals this would necessitate further research
but the relative conservation of gene order and function between the major cereal crop
species may enable rapid transferability of knowledge from one cereal species to another.
However, care must be taken if a transcription factor is to be manipulated through
microRNA modification due to the large gene networks these microRNAs target; miR156
for example regulates a reported 11 OsSPL genes including OsSPL14 thus the
manipulation of miR156 may confer a positive or negative phenotypic response
depending on the SPL gene target and necessitates a greater level of understanding (Wang
and Wang 2015; Xie et al. 2006). In addition to alternative targets of transcription factor
networks i.e. microRNAs; constitutive overexpression of transcription factors as a tool
for trait improvement has been proven to induce negative pleiotropic effects on
phenotypes in many instances, thus research should address trait response using stress
induced and/or tissue specific promoters to improve commercial viability of certain
transcription factor modifications.
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General discussion
Grain size is a major contributor to individual grain weight, which in turn is a primary
driver of yield variation in barley. The premise of this Ph.D. was to ultimately identify
candidate genes that contribute to grain size variation through forward and reverse
genetics approaches, and understand how heat stress, particularly during anthesis and
early grain fill influences grain yield and size. Barley is a relatively under researched
cereal crop, particularly the genetic understanding of yield component traits such as grain
size. I propose that targeted breeding for enhanced grain size in the transverse (width &
thickness) and longitudinal (length) directions will lead to improvements in grain yield
and quality, under optimal and adverse conditions. Although, in order to achieve these
improvements, the identification of candidate genes controlling grain size need to be
identified and functionally understood, a sphere of research that is limited although there
are promising avenues for this type of research in wheat that may assist in the functional
understanding of genes in barley (Adamski et al. 2019).
Despite the highly polygenic nature of grain size we were able to successfully identify
major effect QTL, and candidate genes, contributing to its variation (Chapter 3 & 4). Of
particular promise for genetic improvement was the identification of loci that contributed
>20 % towards the phenotypic variation for grain length, which were environmentally
stable, indicating their suitability as breeding objectives.
Further to the initial identification and subsequent fine mapping of these regions,
functional classification through reverse genetic approaches is now a necessary step on
the path towards understanding the role genes and how they drive trait variation. In order
to contribute to this level of knowledge, I, with the help of others have adapted a CRISPR135

Cas9 protocol for improved efficiency of barley immature embryo transformation.
Additionally, I assessed the response of grain size to heat stress by utilising times of
sowing to manipulate flowering and grain development windows.
9.1 Research achievements
Achievement 1: Identification of significant QTL controlling grain size
Candidate gene identification through forward genetic approaches relies heavily on the
genetic material utilised. Using a DH population derived from two-elite Australian malt
barley varieties with contrasting grain sizes and shapes (Fig. 2-1), that was distinct from
the genetic resources utilised in alternative studies, I successfully identified multiple
genetic regions contributing to grain size variation. This was unsurprising given the
highly polygenic nature of grain size which we know from studies in related cereal crops
such as wheat and rice that highlights this complex genetic architecture. Of note is that
the related studies in barley used relatively small DH populations, often derived from
closely related varieties and hence lower per se grain size variation. This reasoning
supports the inability of our study and previous research to identify major QTL
contributing to grain width, thickness or plumpness variation for example which does not
exhibit large scale variation between our populations parents, whereas we were able to
identify major grain length QTL owing to the major differences between the parents.
Contrastingly, studies in rice and maize which have identified hundreds of QTL in more
complex population structures (backcross and Nested Association Mapping populations)
and broader genetic diversity. In rice where Japonica and Indica subspecies are often
inter-crossed to increase the genetic diversity and likelihood of QTL identification (Chen
et al. 2016a; Huang et al. 2013; Yu et al. 2017). Recently in rice, 99 grain length QTL
were identified, of which 92 were unique and comparative genomic approaches have been
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able to identify >100 grain size genes in barley using more complex population structures
(Yu et al. 2017). This, coupled with our collective knowledge in barley would suggest a
large proportion of the loci and genes controlling grain size are as yet unknown and the
interplay between grain size, grain weight and yield clearly necessitates the need to
identify these additional regions through further genetic analysis if there is to be any
significant value toward barley improvement.
Achievement 2: Identification of candidate genes
Our largest source of genetic understanding in barley comes from comparative genetic
analyses which have successfully identified >150 orthologs of grain size genes from
wheat, rice and maize (Wang et al. 2019a). In the present research (Chapter 3 & 4) two
major grain length loci that had consistent and stable effects across environments were
chosen to fine map. This iterative process combined with the size of the genetic
population hindered our ability to fine map down to singular genes although comparative
gene analyses of the reduced gene subset enabled the identification of the likely candidate
genes underlying each locus. A More suitable approach would have been to additionally
include F2 or MAGIC populations to validate and assist in fine mapping. In Chapter 3 a
gene designated HvDEP1 on chromosome 5H, orthologous to OsDEP1 on the rice
syntenic chromosome 9 both encode γ-subunits of a heterotrimeric G-protein signalling
complex. Unsurprisingly, given the importance of grain length in rice from a consumer
preference point of view, OsDEP1 had been proven through forward and reverse (i.e.
genetic modification) genetic approaches in numerous studies to regulate grain length
variation, consistent with results presented in Chapter 3 (Huang et al. 2009). HvDEP1
also represents the semi-dwarfing gene ari-e which has been shown to influence not only
height but was recently shown to trigger flowering time variation in barley with a loss of
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function resulting in 6 days earlier flowering (Dang et al. 2020). The additional major
locus fine mapped was reduced to an interval with three putative candidate genes
(Chapter 4). In silico gene expression analysis was able to show that a reported MYB
transcription factor had the highest relative expression of all the genes, particularly in the
inflorescence related tissues (i.e. lemma and palea). Comparative analysis was able to
identify that of all three genes, the MYB transcription factor is most likely to influence
grain size components (Wu et al. 2017). The involvement of transcription factors of
multiple families in regulating grain size has been shown in a recent publication (Chapter
8) that highlights the complexity of gene networks and the large number of transcription
factors that are involved in grain size regulation.
Achievement 3: Elucidate the mechanisms driving grain size variation
underlying candidate gene(s)
Comparative gene analysis has allowed us to infer the most likely candidate genes
underlying the two major grain length loci. The involvement of HvDEP1 in regulation of
grain length is unsurprising given the level of understanding of its orthologue in rice.
Gene expression and gene sequence analysis (Chapter 5) was able to conclude that in the
present research HvDEP1 was the candidate gene underlying the qGL5H locus,
interestingly what we were able to elucidate was that expression and phenotypic variation
was not resultant from polymorphisms of the coding sequence but instead polymorphisms
in the promoter region. As promoters, more importantly the underlying motifs, act as the
‘dimer’ switch of a genes it was unsurprising to identify polymorphisms between the two
population parents representing the loss of important promoter motifs such as a G-box,
the loss of which has been proven to significantly reduce downstream gene expression
(Liu et al. 2016c; Ravel et al. 2014). Despite our forward genetic attempts to prove the
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involvement of HvDEP1 in grain length variation, we chose to adapt a CRISPR-Cas9
protocol for improved efficiency to knockout HvDEP1 as well as the MYB transcription
factor. A reverse genetics approach that will yield genetic material that will enable us to
evaluate the complexity of the genetic, metabolic and physiological pathways that interact
to control grain size. Knowledge gained through this type of research has significant
implications for grain size improvement. The positive and negative involvement of many
transcription factor families in grain size regulation would suggest that either knockdown, knockout or overexpression (constitutive or inducible) of the MYB transcription
factor identified in the current research may significantly increase grain size as observed
in rice where overexpression of OsbHLH107 significantly enhanced grain length (Yang
et al. 2018).
Achievement 4: Explore the grain size variation to heat stress during
anthesis and grain development
Current and future climate exposes barley to stressful temperatures during the highly
sensitive anthesis and grain development growth stages which manifests as reduced grain
size and altered grain quality (i.e. protein content increases). The negative effect of heat
stress events during these critical growth stages has been well documented in rice and
wheat but is more limited in barley, despite the importance of grain size and quality for
its end use. In rice, grain size and quality decreased with duration and intensity of heat
stress something we hypothesised would occur in barley (Arshad et al. 2017; Zhen et al.
2019). To address this deficiency this research looked at the grain size response to heat
stress events during these critical growth stages and was able to conclude that grain length
remained unaltered, whereas grain width and thickness did substantially decrease.
Unsurprisingly we were able to associate changes in grain number to proportionate
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reductions in yield whereas grain size was not a major driver. This finding suggests that
to maintain or increase productivity in environments characterised by heat stress events,
such as the majority of Australian production areas, improvements in grain number
retention need to be optimised prior to grain width and thickness.
9.2 Conclusion and future research objectives
This Ph.D. has fundamentally improved our understanding of the genetic regions that
contribute to grain size variation in barley and the impact of heat stress. This type of
knowledge is critically important in order to develop resources for crop improvement.
Despite the importance of grain size for yield and quality, we only previously had a
general understanding of the underlying genetics. In this study we were able to contribute
to this general lack of knowledge, by identifying candidate genes for grain size and
addressing the response of grain size to heat stress. Knowledge of these genes has
important implications for grain size and yield improvement. Diagnostic molecular
markers designed can be utilised for MAS to enhance grain size and TGW that is
importantly environmentally stable (Chapter 5). Markers which have been requested by
Australian private barley breeding programs in order to improve the grain size and TGW
of their material. However, whilst this research has addressed certain deficiencies in
barley grain size research additional reverse genetics approaches would be beneficial to
understand the specific pathways and mechanisms by which these genes contribute to
grain size variation under both optimal and stressful conditions. Development of material
in this Ph.D. through CRISPR-Cas9 mediated gene knockout for example provides an
avenue to interrogate these genes further.
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Table A1-1 PCR primers used for fine mapping qGL5H
Marker name

Forward sequence

Reverse sequence

5H392535902

CTTACTCGGCCGGCACATAA

GGTAACAGCCTGTGCAAAGC

139

5H392888642

TTATTTTCATCCCTCGGGGCG

GAGATGGACGTCAAAGCGGT

125

5H393288816

AGATAGCAACTCTAGCAGGCG

GACATGAACGCCCCCTAGAAC

123

5H393951047

CGTACTATGGTAGGGGTGGA

GGAATTGATTGGGCCACTGC

129

5H416058700

CGTCGAGGATGTATGCCACT

CATGAGCTGCTTCGGTACCT

123

5H472655245

TCCTCGTGAGACATTTTGCTT

AACAAACTGGTGAAAACCCGG

151

5H479576142

TTTCTCATCGTCGCATCCTGT

GGGACATAGGGGAAGCAAACT

157

5H481890840

GCGAATGTGCTCTTCCTCCT

TCCTCGCATTTTCTAGGAGGA

145

5H482315189

AAAGTTGTTGCTCCTCCGACA

AAACGAATCGGACGTGGAGAA

151

5H482341683

AAGCACAGTCTTCCTCCGAC

AGACCCGCTTCTCCCATCTA

136

5H483598291

TTGGTTTACCCAGGCACGAG

ACTACGTTGGTTGCGTCAAA

132

5H484536469

TTGTCATGCACGGCACATAAG

ATGCCACCTCATCGAAATTGC

115

5H485024832

CCGGTTAGGTAACAACGCAC

CAGACATTGCACTTGGCTCG

143

5H486245616

TCGGCTCTTCGTTGAAGATCA

ATATTATCCGTTGCCCGACCC

128

5H516587087

GTGCCTGCCTCTAGGAGATC

AATGTTTGTTGGCGCATGTCG

123

5H517409127

TGTGTTCGACATGCAAATGCT

TCGTCCATTTTGGCAATCGAC

158
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Fig. A2-1 Unscaled two-dimensional PCA using BLUPs from MET analysis, groupings
based on parental allele at major QTL region. First two principle components account for
97.2 % of variance between individuals

Fig. A2-2 Fine mapping result of qGL2H using the InDel markers designed in the interval
between flanking markers 2651-1774–6117-1507 for grain length. X-axis represents Mb
and horizontal dashed line a LOD threshold of significance of 3.0
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Fig. A2-3 Relative gene expression in FPKM for each gene located in qGL2H averaged
across three biological replicates for 14 different developmental tissues of barley
cv. Morex. DAP; days after pollination
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Table A3-1 Diversity panel cultivars, their origin and grain length range (mm) across
TOS trials
Line

Origin

Grain length

Line

Origin

Grain length

Varieties with HvDEP1-B allele

Lockyer

Aus

8.48-9.63

02043-20

Aus

7.82-8.89

Maltstar

Aus

7.76-9.22

90S205-125-19

Aus

8.72-9.71

Mundah

Aus

8.89-9.93

Alestar

Aus

8.27-9.33

Navigator

Aus

7.06-9.03

Bass

Aus

8.38-9.18

Optic

UK

8.01-9.1

Baudin

Aus

8-9.07

Oxford

UK

6.98-8.51

Bentley

Can

8.02-9.33

Pewter

Den

8.57-9.19

BmnL-281

USA

7.64-8.66

Rosalind

Aus

7.59-9.01

Bmnl-375

USA

7.6-8.71

Ruti

Czech

7.64-9.12

BmnL-852

USA

8.1-8.89

Schooner

Aus

8.01-8.71

Bolron

USA

7.29-8.81

Scope CL

Aus

8.39-9.15

Bowman

USA

8.21-9.86

Shepherd

Aus

7.55-8.86

Buloke

Aus

7.72-9.24

Spartacus CL

Aus

7.43-8.22

C2-05-10/263

Uru

8.39-9.82

SY Rattler

Aus

7.82-9.01

Capstan

Aus

8.39-9.23

Tallon

Aus

7.55-8.67

Charger

Aus

8.1-9.32

VB0916

Aus

8.87-9.62

Commander

Aus

7.71-9.18

VB9104

Aus

8.29-9.27

Compass

Aus

8.04-9.52

Westminster

UK

8-9.29

Czech Landrace243

Czech

7.79-10.36

Wimmera

Aus

7.94-8.81

Fairview

Aus

7.85-9.1

Yagan

Aus

8.24-10.53

Fathom

Aus

8.87-9.62

05S744D-192

Aus

7.14-8.64

Fleet

Aus

9.2-10.27

Flinders

Aus

7.72-8.51

Gairdner

Aus

8.51-9.47

AC Metcalfe

Can

8.14-9.04

GrangeR

UK

8.47-9.34

BmnL-286

USA

6.52-9.24

Grout

Aus

8.19-9.24

Harrington

Can

7.68-9.44

Hamelin

Aus

7.6-9.33

IGB1115

Aus

7.87-8.3

Hannan

Aus

7.61-8.63

IGB1120

Aus

7.14-7.94

Hindmarsh

Aus

7.78-8.5

Litmus

Aus

8.17-9.25

IGB1244

Aus

8.34-9.27

Nevada

Can

7.6-8.76

Keel

Aus

7.94-9.68

Vlamingh

Aus

7.38-8.4

Klaxon

UK

7.73-8.76

WABAR2234

Aus

8.48-9.99

Landlord

UK

8.13-9.03

05S744D-122

Aus

7.57-8.23

La Trobe

Aus

7.6-9.01

05S744D-215

Aus

7.49-8.42

Varieties with HvDEP1-V allele
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Table A3-2 Primer sequences used in this study for PCR and RT-qPCR (5'-3')
Primer name

Sequence

Amplicon size

F - GTGGCCAGGCATTATTCCCG

1,382

Standard PCR primers
DEP1

R - CCTGCGTACTCTTGCCACTAA
DEP2

F - AAGCAGCACCAATTCTCTCGT

832

R - CCTGCGTACTCTTGCCACTAA
DEP3

F - TCCTCGCACGATACTTTTGCT

1,024

R - ATATCCTCAGCCAAGCCAACC
Promo1

F - CGGTGGGGGAAAGTCATTGAT

1,387

R - GTCAAGGATCTGCACCTCCAG
Promo2

F - GGTGGAGTTGGCCTAAACAGT

948

R - GCAGGGCGATCAATTGTCATC
DEP1-uORF

F - CCATCGTTCCAGCACATTGTT

Vlamingh - 131

R - GGGCTTGTGACTTGTGTTGTC

Buloke - 140

F - CGTTCCTCAAGGACGAGCTAC

138

Primers for RT-qPCR
DEP1-cDNA-RT

R - GGACCGATGCTTCCTTTTGT
HvActin

F - CCACGAGACGACCTACAAC

80

R - CACTGAGCACGATGTTTCC

Fig. A3-1 Scaled principle component analyses of thousand grain weight (TGW) and
grain length (GL) in A. DH population in 2007 (irri: irrigated; non: rainfed trials at
Horsham) and 2017 South Perth. B. diversity panel TOS trials
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HYP50
HYP51

+ - -

HYP50

HYP50
HYP51

+ - -

+ - -

HYP51

B

A

+ - -

+ - + - -

Samples

Samples

D

HYP51

HYP50

C
+ - + - -

Samples

Samples

HYP51 HYP50

E

+ - + - -

Samples

Fig. A4-1 Amplification of callus samples using HYP50 and HYP51 to determine
transformation efficiency. A. pDEP1exon4-1 cv. Compass. B. pDEP1exon2-1
cv. Compass. C. pDEP1exon4-1 cv. RGT Planet. D. pDEP1exon2-1 cv. RGT Planet and
E. pMYB-2H cv. RGT Planet. ‘+’ positive plasmid control and ‘-’ negative controls of
H2O and variety wild-type DNA

190

