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Chapter 1 

 

Thesis Introduction 
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Thesis Introduction  

 

Barley has been an important agricultural crop for thousands of years, and continues to be 

widely used for human nutrition, animal feed, malting and brewing in the present day. Each 

grain of barley is produced from an individual self-fertile flower. The floral structure of 

monocotyledonous cereal crops, including barley, is such that each individual flower 

generates thousands of pollen grains in the male reproductive organs, i.e. the anthers, and a 

single ovule within the female reproductive organ, i.e. the pistil, also called the ovary. As the 

site of fertilisation, the ovule is critical for both producing the female gamete and, together with 

the ovary, regulating transfer of nutrients into the developing grain. The abundance of pollen 

and its location within the relatively easily accessible anthers has facilitated much study 

regarding processes involved in male reproductive development. This provides useful insight 

into the molecular and genetic cues required for male fertility in cereal crops, especially under 

conditions of environmental stress. In contrast, until recently little work has been carried out 

to characterise cues regulating ovule development in cereals, largely due to the difficulty of 

isolating ovules in sufficient quantity for genetic and molecular analysis. Substantial 

knowledge is available regarding female reproductive development in model dicots such as 

Arabidopsis thaliana, and orthologous developmental regulatory systems are beginning to be 

described in cereals such as rice (Oryza sativa) and maize (Zea mays). However, there is key 

structural variation between the mature ovules produced by Arabidopsis and those produced 

by cereal crops that may influence the translation of this knowledge, or require unique 

description in the cereals. Generally speaking, the mature angiosperm ovule is composed of 

four tissues: the funiculus, embryo sac, nucellus, and integuments. The embryo sac is the site 

of fertilisation, giving rise to the embryo and endosperm, the nucellus acts as a nutrient transfer 

tissue for the developing endosperm and undergoes programmed cell death, and the 

integuments form the seed coat around the developing seed (Arabidopsis) or grain (cereals). 

The predominant difference between ovule morphology in Arabidopsis and cereal crops is the 
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lack of a true funiculus in the cereals, and the arrangement of the nucellus, which forms a 

single layer surrounding the embryo sac of Arabidopsis. In the cereals, proliferation of a 

multilayered nucellus during ovule development results in the nucellus contributing the 

majority of the volume in the ovule. Species with a “thin” nucellus, such as Arabidopsis, are 

described as having tenuinucellate ovules, while ovules of those with a multilayered nucellus, 

such as cereal crops, are described as crassinucellate. While tenuinucellate and 

crassinucellate ovule structure has been described in many species, to date it is not clear if 

there is any benefit of each nucellus type. Following fertilisation in Triticeae cereals, the role 

of the nucellus as a transfer tissue may require the presence of an enlarged nucellus at ovule 

maturity. However, whether this has any impact on eventual seed size or structure has not 

been determined. In addition, prior to fertilisation, little is known about the development or 

purpose of a multilayered nucellus in ovule development, especially with respect to the 

relationship between the nucellus and the developing embryo sac. Further, knowledge 

regarding the specific genes regulating ovule development has yet to be translated from 

Arabidopsis to barley. In this thesis, diverse genotypes of barley have been utilised to 

morphologically and transcriptionally analyse ovule development in barley with the aim of 

phenotypically and genetically quantifying variation in ovule development, and to provide 

resources for future study in this area.     

 

Thesis Structure  

 

This thesis contains seven chapters: a general thesis introduction (Chapter 1), a review of the 

literature (Chapter 2), a methods chapter in publication format (Chapter 3, published), three 

research chapters in publication format (Chapters 4 – 6, unpublished), and a final general 

discussion to summarise the findings and future perspectives of the presented work (Chapter 

7). This structure is presented in Figure 1-1.  
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Chapter 2 aims to introduce the reader to the subject of ovule development, with a review 

paper that takes the place of a traditional literature review. Current research is summarised 

regarding key transcription factors required for ovule development in other species, the role of 

the ovule in grain development and maintaining fertility under conditions of environmental 

stress, and recent technical advances that facilitate greater investigation of female 

reproductive development. This review paper was published in Annual Plant Reviews Online, 

in 2018 (doi:10.1002/9781119312994.apr0609).  

 

Chapter 3 presents optimisation of a clearing technique that is routinely used for observation 

of small, whole-mounted tissues, for use with much larger tissues, such as whole barley pistils. 

The technique allows whole barley pistils to be cleared sufficiently for observation and analysis 

of specific ovule features. The capacity for such analysis formed the foundation for phenotypic 

studies in subsequent chapters. This methods paper was published in Plant Methods in 2017, 

(doi: 10.1186/s13007-017-0217-z).  

 

A forward-genetics screen is presented in Chapter 4, whereby the method presented in 

Chapter 3 was used to phenotype nine mature ovule traits among a population of 127 

European two-row barley genotypes. Distinct components of ovule size were identified, 

although no clear relationship was identified between ovule and grain traits. Despite this, 

variation was coupled with genotypic data available from the James Hutton Institute (JHI, 

Scotland), and used to perform a genome wide association study (GWAS). This identified a 

total of 66 markers associated with variation in mature ovule morphology, of which many were 

located within four quantitative trait loci (QTL). These QTL may reflect genes that contribute 

to the development of distinct barley ovule tissues, and hence are of interest for further study. 

The results from this Chapter raised a number of questions including: 1) How early in 

reproductive development is the mature ovule phenotype “set”, 2) What is the contribution of 
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each of the ovule tissues towards ovule development over time, and 3) What are the genetic 

and molecular cues that underlie non-lethal variation in development of each ovule tissue?  

 

Chapter 5 presents morphological and transcriptional characterisation of barley ovule 

development in four genotypes that show clear differences in mature ovule morphology 

(Chapter 4). The methodology presented in Chapter 3 was used to identify nine stages of 

ovule development, and to phenotype the growth of ovule tissues at six of these stages, 

spanning initiation of the embryo sac to reproductive maturity. Additionally, the cellular 

arrangement of the ovule and cell wall components of the ovule was assessed by 

immunolabelling semi-thin sections, leading to the revelation that the nucellus is composed of 

discrete domains, and that de-methylesterification of pectin is specifically regulated in the cell 

walls of the nucellus cells flanking the female reproductive lineage. RNA sequencing was 

undertaken for whole pistils across five of these stages, in order to provide a transcriptional 

resource for understanding ovule development and the differences between four variant 

genotypes. Additionally, laser capture microdissection was utilised to isolate six discrete ovule 

tissues and subsequently produce a second tissue-specific transcriptional data set. These 

datasets were queried using a set of key developmental genes, including MADS-box 

transcription factors, components of the auxin signalling pathway and pectin-related genes, 

which validated their utility. Thus, morphological and transcriptional data was generated in 

Chapter 5, providing fundamental phenotypic and genetic tools to address the questions 

raised in Chapter 4.   

 

In Chapter 6, the two sets of transcriptional data were used to investigate the genes within the 

four QTLs identified in Chapter 4. Whole-pistil data was used to identify differentially 

expressed genes between each of the four genotypes, and between different developmental 

stages, while tissue-specific transcriptional data was used to assess the localisation of 

expression of these candidate genes within the ovule. This led to the identification of candidate 
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genes that may contribute to the natural variation observed in ovule development between 2-

row spring barley genotypes. 

 

Finally, Chapter 7 presents a general discussion of the work presented in this thesis, and 

explores future perspectives.  
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Figure 1-1: Schematic overview of thesis structure.    
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Chapter 2 

 

Literature Review: Exploring the role of the ovule in cereal grain 

development and reproductive stress tolerance 
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Abstract  

 

Maintaining and enhancing grain production in cereal crops is a key priority for global research 

efforts. The formation of floral organs impacts the number and quality of grain produced, and is 

an important component of cereal yield. The grain is derived predominantly from the ovule, a 

multifunctional tissue located in the ovary of the flower that specifies and nurtures the female 

germline, produces a female gametophyte, and supports embryo and endosperm 

development after fertilisation. Grain cannot form without successful production and 

fertilisation of the female gametophyte, and the stages of floral development encompassing 

gametophyte formation are particularly sensitive to environmental fluctuations. A deeper 

fundamental understanding of female reproductive development from a tissueand cell-type-

specific perspective may provide opportunities to sustain and increase grain yields. In this 

article, we consider flower and ovule development, with a particular focus on pre-fertilisation 

stages in cereals and their role in stress tolerance and downstream grain formation. 

 

Keywords: ovule, ovary, development, nucellus, cereal, grain, programmed cell death, 

fertilisation, stress 
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The Plant Ovule: Where, What and Why?  

Plant reproduction in angiosperms begins with the formation of a flower and ends with the 

formation of seed. In general, the floral organs of both monocot and dicot species are arranged 

similarly, forming rings (whorls) that surround the central reproductive structures (Figure 2-1). 

Distinct differences can be found, however, in the identity, arrangement, and the number of 

organs present in each whorl. In dicot species such as Arabidopsis thaliana (Arabidopsis), the 

outer whorls form sepals and petals (Figure 2-1a), whereas in monocot species such as 

Hordeum vulgare (barley) they are occupied by the palea and lemma (Figure 2-1b). The inner 

whorls consist of the stamens, which support the anthers, and carpels, which house the 

ovule(s). The number of floral organs varies between species. Arabidopsis flowers produce 

two carpels that fuse to form the pistil, six stamens, four petals, and four sepals. Florets of 

barley and Triticum aestivum (wheat) consist of a single pistil, which terminates in two styles, 

three stamens, and two lodicules, enclosed by two ‘empty glume’ organs, the palea and lemma 

(Figure 2-1b; De Vries, 1971). The Oryza sativa (rice) floret is similar except that it includes 

six stamens (Itoh et al., 2005). Zea mays (maize) florets initiate development of three carpels, 

which fuse to form a single pistil that bears two silks, three stamens, and two lodicules, enclosed 

by the palea and lemma. However, during maturation, maize inflorescences become 

monoecious, meaning florets on the tassel abort the pistil, becoming male, and florets on the 

ear abort the stamens, becoming female (Bonnett, 1940; Nickerson, 1954). Despite this inter-

species variation, a common feature within the cereals is the development of a single ovule 

within each pistil. The ovule is located in the ovary and at maturity consists of a haploid embryo 

sac (female gametophyte, FG) surrounded by diploid maternal nucellus tissue and one or two 

integuments (Figure 2-1c–h). Both Arabidopsis and barley ovules are bitegmic, meaning that 

two integuments form around the ovule, eventually giving rise to the seed coat. The mature 

FG is composed of an egg cell, two synergid cells, two polar nuclei within the central cell, and 

a cluster of between 3 (Arabidopsis) and ∼100 (maize) antipodal cells (Diboll, 1968; Engell, 

1994; Evans and Grossniklaus, 2009). The FG is located towards the distal, micropylar end of 



13 

 

the ovule and oriented such that the synergids, egg cell, and central cell are most proximal to 

the micropyle. The synergid cells lack a complete cell wall whereby the plasma membrane 

contacts that of the egg cell (Jensen, 1973). The role of the synergids is to guide the pollen 

tube towards the ovule, and upon pollen burst the egg cell and the polar nuclei are both 

fertilised, giving rise to the zygote and the endosperm (Higashiyama et al., 2001). The 

enlarged, persistent nucellus and a high number of antipodal cells are a distinguishing feature 

of cereal ovules compared to the three antipodal cells and reduced nucellus of Arabidopsis 

(compare Figure 2-1e and h). 
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Figure 2-1: Flower and ovule development in Arabidopsis and barley. (a) In Arabidopsis, 

a representative of the dicots, the flower is arranged into concentric whorls of organs, 

each of which fulfils a specific role during reproductive development. The female 

reproductive organs are located in the centre of the flower. (b) In barley, a member of the 
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monocots, a whorl arrangement is also present, but organ types differ from those in 

Arabidopsis and show distinct identity relative to their position in the flower. The female 

reproductive organs are present in the centre of the flower. (c) Ovule development in 

Arabidopsis initiates from the placenta (at the junction of the two carpels) and requires 

the establishment of three distinct domains, the nucellus (which produces the germline), 

the chalaza (which produces the integuments), and the funiculus (which connects the 

ovule to the placenta and maternal plant). The nucellus can be divided into epidermal 

and sub-epidermal cell types. The accompanying legend uses colour coding to 

indicate the identity of the different cell types. (d) As the ovule grows, the megaspore 

mother cell undergoes meiosis to produce four megaspores in a linear or tetrahedral 

arrangement. The proximal megaspore initiates female gametophyte development. (e) 

At anthesis, the female gametophyte contains seven cells that represent four distinct 

cell types. The nucellus is restricted mainly to the chalazal end of the female 

gametophyte and is heavily reduced compared to species such as barley. (f) During 

early stages of ovule development in barley, the ovule appears similar to that of 

Arabidopsis, as indicated by the similar shading colours. However, a true funiculus is 

lacking, and the chalaza connects directly to the placental tissue. (g) As ovule 

development continues, the nucellus proliferates and expands, forming the bulk of the 

ovule. (h) Barley, similar to Arabidopsis, produces a Polygonum-type female 

gametophyte containing four different cell types. However, unlike Arabidopsis, the 

central cell nuclei do not fuse prior to fertilisation, and the antipodals continue 

proliferating independently of other gametophyte cells. se, sepal; pe, petal; st, stamen; 

ov, ovule; ca, carpel (ovary); sti, stigma; an, anther; pd, pedicel; le, lemma; pa, palea; 

lo, lodicule; gl, glume; ra, rachis; fg, female gametophyte; mmc, megaspore mother 

cell; lc, locule; mp, micropyle; ch, chalaza.  
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Genes involved in ovule development  

Using forward and reverse genetics, diverse genes have been identified that influence ovule 

development. Table 2-1 lists a number of these from different species, dividing them into 

categories based on their role in floral meristem development, ovule formation and patterning, 

germline formation, and early gametophyte development. Many of these genes are potentially 

useful for the modification of flower, ovule, and seed development, affecting seed morphology 

or yield, and this has been discussed in various reviews (Cucinotta et al., 2014; Itoh et al., 

2005; Noman et al., 2017). For the purposes of this article, we will mainly consider genes 

involved in the development of the most prominent somatic tissue within the ovule, the 

nucellus. The nucellus plays a multifunctional role in providing signals to support germline 

development prior to fertilisation, as well as establishing an environment that sustains and 

nourishes the downstream events of seed development after fertilisation has taken place. 
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Table 2-1: Selected genes involved in flower, ovary, and ovule development in species including Arabidopsis, rice, wheat, and 

maize. 
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The Nucellus Fulfils Critical Roles as a Generative and Nutritive Tissue  

The nucellus is also referred to as the megasporangium, and its main roles are to produce a 

germline progenitor cell, the megasporocyte (megaspore mother cell, MMC), and support the 

downstream events of germline development (megasporogenesis; Yadegari and Drews, 

2004). In Arabidopsis, the nucellus is separated from maternal placental tissues through the 

growth of the chalaza and funiculus (Figure 2-1c). However, in species such as barley and 

wheat, a true funiculus is absent (Figure 2-1f–h). Similarly, in maize the funiculus is absent and 

the nucellus directly contacts the maternal plant through the pedicel, which is the site of sucrose 

supply from the phloem and selective uptake into the ovule (McLaughlin and Boyer, 2004; Tang 

and Boyer, 2013). Nucellar morphology varies greatly between species with regard to size and 

cell number (Lora et al., 2016). The model eudicotyledonous species Arabidopsis produces 

tenuinucellar ovules with a prominent unicellular layer surrounding the MMC (Figure 2-1c) and 

a small number of hypodermal nucellar cells (Lora et al., 2016). Cereals such as maize are 

crassinucellar, producing a large MMC deep within a multilayered nucellus (Rudall, 1997; 

Voronova et al., 2003). There are varying reports that describe the barley ovule as being 

crassinucellar, intermediate between those with massive and delicate nucelli (Norstog, 1974), 

as nearly tenuinucellate at anthesis (Engell, 1989), tenuinucellate (Bennett et al., 1973), or as 

medionucellate, syndermal, and multilayered (Shamrov, 1998). Despite this variation in 

terminology, it is clear that prior to fertilisation of the female gametophyte in barley, the nucellus 

is much more prominent than in tenuinucellate species such as Arabidopsis (compare Figure 2-

1e and h). The role of an enlarged nucellus has been debated from an evolutionary perspective 

(Endress, 2011), but the question of how it forms in the cereals and acts to balance MMC 

formation, megasporogenesis, and downstream reproductive development, relative to what is 

known from Arabidopsis, is yet to be clearly addressed. 
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A One-way Street Ending in Female Gametophyte Production  

At the mechanistic level, most of our molecular knowledge regarding nucellus development 

has been derived from Arabidopsis. In brief, the young ovule is produced through redundant 

activities of the MADS-box transcription factors SEEDSTICK (STK; Table 2-1) and 

SHATTERPROOF (SHP1/2) in the placenta, the tissue formed through fusion of the two 

carpels. Ovule primordia consist of three domains including the distal nucellus where the 

germline initiates, the central chalaza, and proximal funiculus (Figure 2-1c; Grossniklaus and 

Schneitz, 1998). These domains are initially defined by distinct gene expression patterns, 

rather than obvious differences in cellular morphology. In wild-type Arabidopsis, a single 

germline precursor cell (Megaspore mother cell; MMC) forms in the centre of the nucellus and 

expands much faster than the surrounding cells (Figure 2-1c; Lora et al., 2016). During 

expansion, the MMC exhibits a unique gene expression profile compared to the surrounding 

cells (Schmidt et al., 2011). Remarkably, many genes that influence female germline 

development in Arabidopsis are expressed in nucellar cells surrounding the MMC. In this 

sense, the nucellus appears to mimic the function of escort stem cells found in the drosophila 

ovary stem cell niche, which provide specific signals to maintain female gametogenesis 

(Decotto and Spradling, 2005). The Arabidopsis ‘nucellus genes’ include both positive and 

negative regulators of germline development (Table 2-1); for example, the nuclear protein 

encoded by SPOROCYTLESS (SPL) maintains nucellar cell identity (Wei et al., 2015; Yang et 

al., 1999), the WUSCHEL (WUS) transcription factor establishes the boundary between the 

distal and central ovule domains (Groß-Hardt et al., 2002) with support from HD-ZIP Class III 

genes and BEL1 (Yamada et al., 2016), and the small WINDHOSE (WIH) proteins appear to 

influence aspects of nucellar cell shape (Lieber et al., 2011). Plants lacking SPL, WUS, or 

WIH1/2 fail to form a functional female germline. Conversely, small RNA pathways acting 

downstream of ARGONAUTE9 (AGO9) restrict germline development, and mutants display 

additional germline-like cells in the ovule (Olmedo-Monfil et al., 2010). AGO9 appears to act 

with RNA-DEPENDENT RNA POLYMERASE 6 (RDR6) and a small RNA intermediate to 
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regulate gene expression via RNA-dependent DNA methylation (RdDM). The protein-coding 

targets of this pathway have proven elusive, but a recent report indicates that trans-acting small 

interfering RNA (tasiRNA)-mediated regulation of ETTIN/AUXIN RESPONSE FACTOR 3 

(ARF3) is likely to be involved (Su et al., 2017). Regulation of phytohormone transport and 

response has also been linked to SPL, which modulates expression of the auxin efflux carrier 

PIN FORMED1 (PIN1), and WUS, which controls cytokinin response through the 

ARABIDOPSIS RESPONSE REGULATOR genes (Bencivenga et al., 2012; Leibfried et al., 

2005). It is tempting to speculate that AGO9, SPL, and WUS form an interrelated regulatory 

network controlling signal flow and response in the developing ovule. Such a system would 

ensure a number of basic criteria: responsive cell types (the nucellus), positional information 

to direct the response (auxin flow through the epidermis and/or cytokinin accumulation), 

pathways that restrict the response to a single cell (sRNA molecules), and secondary signals 

that drive differentiation (such as cell wall genes; reviewed in Tucker and Koltunow, 2014). To 

date it remains unclear whether a similar molecular framework supports nucellus development 

in the cereals. Various MADS-box genes including OsMADS13, the rice D-class homologue of 

Arabidopsis STK (Dreni et al., 2007; Groß-Hardt et al., 2002), and the Bsister gene 

OsMADS29 (Yang et al., 2012) impact ovule development. In terms of germline development, 

mutations in the maize AGO104 gene (a homologue of Arabidopsis AGO9) lead to defects in 

female meiosis and megagametogenesis, despite being expressed outside the germline in 

nucellar cells (Singh et al., 2011). AGO104 is required for correct DNA methylation, suggesting 

that RdDM pathways may be conserved during ovule development between the dicots and 

the monocots. The MULTIPLE SPOROCYTES (MSP1) gene from rice encodes a leucine-rich 

repeat receptor-like protein kinase (Nonomura et al., 2003), while MULTIPLE 

ARCHESPORIAL CELLS1 (MAC1) encodes the maize homologue of TAPETUM 

DETERMINANT-LIKE 1A (TDL1a; Sheridan et al., 1996; Wang et al., 2012a,b), a small peptide 

that appears to act as a ligand for MSP1-like receptors (Zhao et al., 2008). Mutations in these 

genes lead to the formation of extra germline-like cells. Although homologues of these 
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receptors and ligands are expressed in the Arabidopsis ovule, and ectopic expression causes 

infertility (Huang et al., 2015), a precise loss-of-function phenotype has yet to be 

demonstrated. 

 

Life After Death: The Nutritive Role of the Nucellus  

In species such as Arabidopsis, the epidermal layer of the nucellus collapses during germline 

development, and sub-epidermal nucellar cells are difficult to trace after the completion of 

gametogenesis. Xu et al. (2016) suggest that a cluster of cells positioned at the chalazal end of 

the ovule represent persistent nucellar cells, and these degenerate after fertilisation in a 

process dependent on AGAMOUS-like 62 (AGL62) and central cell fertilisation. Degradation 

of these cells is possibly required to make space for development of the chalazal endosperm. 

In cereal ovules, the bulk of the nucellus persists until after fertilisation, switching from a tissue 

that supports gametogenesis to one that transfers maternal nutrients to the nascent grain 

(Figure 2-2). During this transition, nucellus morphology changes dramatically; by 6 days after 

pollination (DAP), the majority of nucellar tissue is no longer present as it has undergone 

programmed cell death (PCD). However, the region of nucellus between the main vascular 

bundle and the ventral crease of the developing grain is retained and differentiates into the 

nucellar projection (NP; Figure 2-2a,b; Duffus and Cochrane, 1992). Instigated by an increase 

in the ratio of gibberellic acid to abscisic acid (Weier et al., 2014), differentiation of the NP is 

crucial for survival of the ovule and grain after fertilisation. 
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Figure 2-2: Nucellus development in barley. (a) A schematic representation of barley carpel, 

ovule, and grain development, presented in the sagittal plane. Different ovule tissues including 

the nucellus (green) and female gametophyte/embryo sac (purple) are indicated. (b) 

Transverse sections of barley ovules at pre-meiosis and anthesis stages, and a developing 

grain at 7 days after pollination. The ovule in barley forms from placental tissue, and the 

nucellus can be easily distinguished after integument initiation, consisting of both L1 and L2 

cell types. Nucellar cells undergo divisions and expansion, concurrent with integument growth 

and female gametophyte development, and at anthesis contribute most of the ovule tissue. 

After fertilisation, the majority of the nucellar tissue degenerates via programmed cell death, 
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and the remainder differentiates to form the nucellar projection that funnels maternal nutrients 

into the endosperm through the endosperm transfer cells. (c) Many pathways contribute to 

ovule and nucellus development and function. Variation in the size of the nucellus might be 

explained by primary differences in floral meristem size or secondary changes in sugar 

metabolism, nucellar cell division and/or expansion, or variation in the size of other ovule 

tissues including the embryo sac, antipodals, and integuments. After fertilisation, the nucellus 

continues to influence grain development through control of sugar transport and endosperm 

division, differentiation, and expansion. an, antipodals; em, embryo; fg, female gametophyte; 

d, dorsal; en, endosperm; v, ventral; np, nucellar projection; DAP, days after pollination; nu, 

nucellus; mmc, megaspore mother cell; vb, main provascular bundle. Bars indicate the relative 

size of each transverse section. 
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Molecular Components of Nucellar Degeneration  

Components of post-fertilisation nucellus development have been examined in several 

species. OsMADS29 is expressed in the nucellus, NP, tapetum, and vascular bundle of the 

anther and stimulates production of a cysteine protease (LOC_Os02g07430) integral to 

nucellar PCD, as well as regulating other PCD-associated genes and auxin signalling 

pathways (Yin and Xue, 2012). Initially characterised in rice (Yin and Xue, 2012), homologues 

of MADS29 have been isolated in maize (Chen et al., 2015) and barley (Thiel et al., 2008). 

Also in barley, eight vacuolar processing enzyme (VPE) isoforms have been characterised 

(HvVPE1, HvVPE2a, HvVPE2b, HvVPE2c, HvVPE2d, HvVPE3, HvVPE4, and LEG8; 

Radchuk et al., 2011; Julián et al., 2013) that participate in post-fertilisation ovary development. 

Initially called ‘nucellain’, HvVPE2a, a cysteine protease of the C13 protease family, was one 

of the initial genes identified in the barley ovule (Doan et al., 1996; Linnestad et al., 1998). 

Alongside research describing similar roles for the four VPE genes in Arabidopsis (Nakaune 

et al., 2005; Shimada et al., 2003), there is strong support for nucellain HvVPE2b and HvVPE2d 

acting in barley nucellar PCD. Most of the nucellar degeneration events initiate rapidly upon 

fertilisation. DNA fragmentation assays suggest that in barley, PCD initiates in the inner 

nucellus layers and spreads to outer layers within 2 days of pollination (Radchuk et al., 2011). 

At 2–4 DAP, an aspartic protease called ‘nucellin’ is expressed in nucellar tissues surrounding 

the vascular bundle (Chen and Foolad, 1997; Gubatz et al., 2007), as well as in the embryo, 

pollen, and apical meristems (Bi et al., 2005). A rice orthologue, OsAsp1, shows similar spatial 

and temporal expression (Bi et al., 2005) suggesting a conserved role in nucellar degeneration, 

although the targets of proteolysis remain unclear. Uniquely in barley, a protein encoded by 

Jekyll is expressed in the maternal tissue surrounding the male and female gametophytes 

(Radchuk et al., 2006). Peak expression of Jekyll occurs in the nucellar tissue around the 

vascular bundle at 4–6 DAP, concurrent with NP differentiation and nucellar PCD. Severe 

disruption of grain fill in Jekyll knockdown plants, in which differentiation and PCD of the 
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nucellar tissue is impaired, demonstrates that PCD of nucellar tissues is crucial for later stages 

of grain development (Radchuk et al., 2006). 

 

The Nucellar Projection Feeds the Seed 

Research in barley, wheat, and maize indicates that the NP (Figure 2-2b) is the site of release 

of photoassimilates and other nutrients from the maternal tissue for uptake by adjacent 

endosperm transfer cells (Sreenivasulu et al., 2002; Tang and Boyer, 2013; Thiel et al., 2009; 

Weschke et al., 2003). Sucrose, the major photoassimilate, is an essential source of carbon 

required for development of different cell types and energy reserves (e.g. starch) within 

the developing grain (reviewed by Ludewig and Flügge, 2013). Once unloaded from the 

phloem, invertase (INV), and sucrose synthase (SuSy) enzymes hydrolyse sucrose into its 

constituent hexoses, fructose, and glucose. This metabolism reduces the local sucrose 

concentration, thus maintaining a high concentration gradient between source and sink 

tissues, osmotically driving sucrose unloading (McLaughlin and Boyer, 2004; Ruan et al., 

2012). Different invertase isoforms locate to the cell wall (CWIN), cytoplasm (CIN), or vacuole 

(VIN), and CWINs and VINs have their activity regulated by specific inhibitors (INVINH/PMEI). 

Expression of the sucrose transporters SUT1 and SUT2, and HvCWIN1/2, have been 

observed from 1 to 6 DAP in the NP, endosperm transfer cells, and nucellar tissues of barley 

and maize (Cheng et al., 1996; Weschke et al., 2000, 2003). A recent report suggests that 

HvSUT2 and HvSUT1 control sucrose homeostasis during grain fill, and downregulation leads 

to reduced endosperm starch content and dry weight (Radchuk et al., 2017). Other members 

of these sugar metabolism-related families accumulate in developing ovules of cotton (Wang 

et al., 2014) and the grass species Brachiaria (Dusi and Willemse, 1999). Furthermore, recent 

studies suggest that photoassimilates interact with hormonal pathways to regulate aspects of 

development, an area that has not been explored in detail in the cereals (see Liu et al., 2013 

for review). 
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What does Nucellus PCD Achieve?  

Although studies have demonstrated that changes in nucellus PCD can have negative impacts 

on grain development (Radchuk et al., 2006), the specific role of early post-fertilisation PCD 

remains elusive. This is partly due to the difficulty in disentangling the events of PCD from NP 

differentiation and early endosperm development. Concurrent with nucellar degeneration, the 

NP differentiates, which is critical for maternal nutrient transfer into the endosperm (Radchuk 

et al., 2006). In barley, however, the NP does not fully differentiate until around five DAP, 

suggesting that nutrients supporting the initial endosperm divisions may come from a local 

source rather than from the phloem. In the grasses, these nutrients may already be available 

within the embryo sac, where a large number of transient antipodal cells reside (Chettoor and 

Evans, 2015). Alternatively, it is also possible that remobilisation of reserves from nucellar cells 

by PCD provides a local nutrient source for early endosperm divisions and cellularisation, 

which would require local transport into the embryo sac. As discussed earlier, collapse of the 

nucellar cells coincides with expression of a diverse array of proteolytic enzymes, α-amylase 

and phosphoenolpyruvate carboxylase (Domínguez and Cejudo, 2014; Sreenivasulu et al., 

2006; Tran et al., 2014; Van Hautegem et al., 2015), suggesting that specific amino acids and 

glucose may support differentiation of the NP and/or rapid endosperm proliferation. 

Alternatively (but not mutually exclusively), nucellus PCD may release physical constraints 

on the embryo sac, permitting expansion during endosperm divisions. Studies in barley 

suggest that nucellus size at anthesis varies between cultivars (Wilkinson and Tucker, 2017), 

but the mechanistic basis and contribution to grain development remains unclear (Figure 2-

2c). 

 

The Role of Pre-anthesis Female Tissues in Downstream Grain Development  

The size of cereal carpels (ovaries) and grain varies along the inflorescence. In wheat 

(Benincasa et al., 2017; Calderini and Reynolds, 2000; Xie et al., 2015), barley (Guo et al., 

2015, 2016; Scott et al., 1983), and sorghum (Yang et al., 2009), grain weight has a strong 
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genetic component determined before anthesis, which is in part due to carpel size. Florets in 

the middle of the spike tend to be bigger, make bigger grain, and are less influenced by 

environmental stress than those at the tips (Guo et al., 2015), while the size of barley carpels 

at distal positions along the spike is positively correlated with the number of grains per spike 

(Guo et al., 2015, 2016; Scott et al., 1983; Yang et al., 2009; Benincasa et al., 2017; Calderini 

and Reynolds, 2000; Xie et al., 2015). In a recent study, Reale et al. (2017) found that variation 

in wheat ovary size was due to increased cell numbers rather than cell size. In barley, the size of 

carpels during meiosis is positively correlated with carpel weight at anthesis (Scott et al., 

1983), while in sorghum, floret meristem size is positively linked to ovary volume (Yang et al., 

2009). In the same sorghum study, a positive correlation was identified between the number 

of ovary cells and grain weight (Yang et al., 2009). These studies indicate that changes in 

growth during early (pre-anthesis) stages of floral development impact downstream grain 

production. The basis for variation might range from the control of primordial size through to 

modified sugar metabolism, tissue-specific cell division, cell expansion, antipodal proliferation, 

and/or integument growth (Figure 2-2c). The genes underlying this variation may therefore be 

of interest for downstream application in breeding programs.  

 

A Role for the Ovary in Stress Tolerance  

The events of floral initiation, germline development, fertilisation, and grain fill may be 

compromised by environmental stress (Barnabas et al., 2008; Driedonks et al., 2016; Saini 

and Westgate, 1999). The specific effects of stress during early reproductive development 

have been most closely examined in anthers, and these include meiotic arrest, microspore 

abortion, and heat-induced differential expression of many genes (Giorno et al., 2013; Jain et 

al., 2010; Oshino et al., 2007). With regard to the ovary, less information is available, although 

studies indicate that both preand post-fertilisation stages of ovary development are sensitive 

(Bac-Molenaar et al., 2015; Sun et al., 2004; Zinn et al., 2010). In Arabidopsis, single 

treatments of heat stress compromise meiosis in both male and female reproductive organs, 



16 

 

leading to severe reductions in yield (Bac-Molenaar et al., 2015). Similarly in wheat, both male 

and female tissues are particularly sensitive to heat stress in the week preceding anthesis, 

which encapsulates meiosis and gametophyte development (Saini et al., 1983). In general, 

there is a negative correlation between ambient temperatures over 15 ∘C in the 30 days 

preceding anthesis and yield in cereal species (Ferris et al., 1998; Fischer, 1985; Sage et al., 

2015). At the cellular level, Arabidopsis ovules show defects in megagametogenesis (Sun et 

al., 2004), ovule abortion, and reduced ovule number (Bac-Molenaar et al., 2015) after heat or 

salt stress. In one of the few studies to report cytological details of female development in 

cereals under stress, wheat exposed to severe heat stress at the start of meiosis experienced 

disrupted nucellus and integument development, or complete ovule abortion at a frequency of 

30% (Saini et al., 1983). In both wheat and rice, heat stress also affects stigma receptivity and 

length, reflecting alteration of stigma structural development under conditions of stress 

(Jagadish et al., 2010; Saini et al., 1983). Similar to heat stress, pre-fertilisation water stress 

can have severe effects on downstream grain development (Bac-Molenaar et al., 2015; Saini 

et al., 1983; Ferris et al., 1998; Fischer, 1985; Sage et al., 2015; Giorno et al., 2013; Jain et 

al., 2010; Oshino et al., 2007; Sun et al., 2004; Zinn et al., 2010; Jagadish et al., 2010). 

Waterlogging during anthesis, for example reduces barley and wheat grain number by up to 

79% and 92%, respectively (de San Celedonio et al., 2014). At the other extreme, wheat 

subjected to water deficit during meiosis exhibited a high level of pollen sterility and a 50% 

reduction in grain yield (Dorion et al., 1996). In general, the wheat anther is less tolerant of 

drought conditions than the ovary, and ovary tissue is better able to recover from short-term 

(4 days) water deficit upon water re-availability (Ji et al., 2010). Saini and Aspinall (1981) 

reported that wheat ovaries are unaffected by water deficit during meiosis, while pollen 

development aborts during microsporogenesis. In a recent study, however, Onyemaobi et al. 

(2016) examined the effect of water stress in 13 wheat genotypes and found that 4 showed 

reduced seed set as a result of reduced female fertility. Although the genetic basis for this 

variability remains unclear, molecular evidence suggests that wheat ovaries from different 
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cultivars show differential responses to stress. For example, in a study comparing sensitive 

and tolerant cultivars, Ji et al. (2010) showed that upon drought stress at the ‘young 

microspore’ stage, expression of cell wall invertase IVR1 and sucrose 1-fructosyl-transferase 

(1-SST) are downregulated in the ovary of drought sensitive wheat cultivars, while in drought-

tolerant cultivars, 1-SST is upregulated (Zinn et al., 2010). 

 

Sugar as a Mediator of Pre-anthesis Female Stress Tolerance  

Photoassimilates are an important determinant of reproductive resilience in both male and 

female tissues. Sugar limitation under heat and/or water stress is a major component of fruit 

and seed abortion (Barnabas et al., 2008; Boyer and McLaughlin, 2007), and studies show 

that modified sugar accumulation through the manipulation of INV or INVINH levels can 

alleviate some of these defects (see Liu et al., 2013 for review). In maize, for example water 

deficit imposed throughout anthesis leads to simultaneous accumulation of sucrose and 

depletion of sucrose metabolites in the ovary (Zinselmeier et al., 1995). This is accompanied 

by a reduction in invertase activity and increased ovule abortion, resulting in kernel number 

being reduced by 60% (Zinselmeier et al., 1999). Maize soluble acid invertase IVR2 is 

expressed at the site of phloem unloading in the pedicel and within the basal region of the 

nucellus and is repressed by drought imposed 6 days before fertilisation (Andersen et al., 

2002). Other studies show that invertase is active within the nucellus of diverse species 

including Brachiaria (Dusi and Willemse, 1999), Gasteria (Wittich and Willemse, 1999) and 

maize (McLaughlin and Boyer, 2004), creating a glucose gradient that enhances the sink 

strength of the ovule. McLaughlin and Boyer (2004) found that low water potential within the 

maize plant reduced photosynthesis and glucose and starch levels within the floret stem 

(pedicel) and led to high levels of ovule abortion. However, by feeding sucrose into water-

deprived maize plants during anthesis, ovule abortion could be alleviated. Similar sugar-

related pathways appear to modulate the response to salt stress. In maize, salt stress inhibits 

invertase activity and has a stronger effect on kernel number than drought stress (Hütsch et 
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al., 2015), limiting yield by reducing kernel number by 50% (Hütsch et al., 2014). Under salt 

stress conditions, plasma membrane H + ATPase activity is greatly inhibited within the ovary, 

lowering the pH gradient across the plasma membrane sufficiently to prevent proper function 

of hexose transporters and hexose metabolism within the maize ovary at anthesis and in the 

initial days of grain filling (Jung et al., 2017). 

 

Collectively these studies suggest that photoassimilate accumulation and metabolism prior to 

fertilisation moderate the female response to stress. In the context of maize at least, water 

deficit and altered sugar metabolism during pre-anthesis stages have a more severe impact 

upon yield (grain number) than deficit after anthesis, as pre-anthesis stress causes female 

abortion rather than a reduction in kernel size. Based on the prominent size and position of 

the nucellus in the ovule surrounding the germline cells, and its role in nutrient accumulation 

and metabolism, it may represent a central component of female stress tolerance in different 

cereal species and cultivars. 

 

Technical Advances to Expand Understanding of Germline Formation, Sugar 

Metabolism, and Stress Tolerance in Cereal Ovules  

The diverse ovule signals and effectors balancing germline formation and nutrient flow have 

been difficult to identify, mainly because the tiny tissues involved are buried deep within the 

flower and are challenging to access for high-throughput imaging and molecular and cell 

biological analysis. However, recent technological advances have seen methods evolve to the 

level where interactions between ovule cell types can be examined in greater detail, both in 

model dicots and commercially relevant cereal species. 

 

Cells within the ovule can be observed at high resolution through advances in whole-mount 

clearing (Kurihara et al., 2015; Wilkinson and Tucker, 2017) and deep-tissue live imaging 

(Kimata et al., 2016). The chemical composition of ovule cells can potentially be assessed 
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through mass spectroscopy (MS) imaging (Peukert et al., 2016) or infrared (IR) microscopy 

(Warren et al., 2015), while molecular signatures can be generated through laser capture 

microdissection (LCM; also known as laser-assisted microdissection, LAM) and high-

throughput transcriptomics (Okada et al., 2013; Tucker et al., 2012; Wuest and Grossniklaus, 

2014). In cereals such as rice, LCM has been used to generate stage-specific profiles of ovule 

development, which reveal the dynamic transcriptional behaviour of many regulatory (Figure 

2-3a–d) and metabolic (Figure 2-3e–f) genes discussed in this article (Kubo et al., 2013). For 

example, specific members of the MADS-box (Figure 2-3a), WUSCHEL-RELATED 

HOMEOBOX (Figure 2-3b), and ARGONAUTE (Figure 2-3d) families show stage-specific 

expression patterns that may reflect important general or cell-type-specific roles in ovule and 

nucellus development. As an alternative to LCM, cell sorting via flow cytometry (fluorescence 

activated cell sorting; FACS) has recently been used to generate cell-type-specific profiles from 

the Arabidopsis placenta (Villarino et al., 2016) and MMC (Zhao et al., 2014). Although suited 

mainly to the diverse fluorescent marker gene resources available for Arabidopsis, the 

increased availability and flexibility of fluorescent tags provides an avenue by which FACS 

techniques might be applied more generally in cereal species (Yang et al., 2017). Even greater 

cell-type-specific resolution is available through the application of microfluidic systems such as 

the Fluidigm C1 (Clark et al., 2016), which has the potential to provide unique transcriptomic, 

genomic, and epigenetic profiles for individual reproductive cells. Once identified, key 

molecular signatures of the female reproductive cells can be dissected using genetic 

resources such as CRISPR/Cas9 (Zong et al., 2017), natural diversity panels (Muñoz-

Amatriaín et al., 2014), and sequenced mutant resources (Cavanagh et al., 2008; Wang et 

al., 2012a,b). Moreover, nowadays routine biochemical techniques such as chromatin 

immuno-precipitation sequencing (ChIPSeq) can be used to identify cell-type-specific targets 

of regulatory transcription factors (Zhang et al., 2017). Techniques that were once suited solely 

to simple ‘model’ species are now broadly applicable, presenting new opportunities for 

fundamental discovery and application in relevant crops. 
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Figure 2-3: Transcript accumulation patterns of regulatory and metabolic genes during ovule 

development in rice. Kubo et al. (2013) used laser microdissection to capture tissues from 

consecutive stages of O. sativa ovule development. Transcript accumulation patterns are 

shown for various gene families discussed in this article, which have been implicated in ovule 
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development, gametogenesis, and/or nucellus growth. The stage names are assigned based 

on the staging reported in Kubo et al. (2013). Heatmaps show the expression at each stage 

relative to the maximum expression value for each gene (yellow indicates a stage where 

transcript is abundant) and the relative rank of each gene based on the absolute abundance 

of the maximum expression value (pink shows highly abundant genes). Genes were clustered 

using hierarchical clustering and Manhattan distance in Multiexperiment Viewer. Families 

examined include (a) MADS-box transcription factors, which have been shown to influence 

ovule and ovary development in many species (see Table 1); (b) WUSCHEL-related 

homeobox  (WOX)  genes that influence cell differentiation; (c) genes that are known to 

influence gametogenesis; (d) small-RNA pathway-related genes that influence many 

developmental events; (e) sucrose metabolism and transport-related genes, and (f) 

programmed cell death-related genes. Many of the genes examined are abundant during the 

earliest stage of ovule development examined. However, distinct clusters show stage-specific 

expression or gradual changes in transcript level over time, accompanying the progression of 

gametogenesis and nucellus development. Source: Kubo et al. (2013). Reproduced with 

permission of Oxford University Press. 
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Conclusions  

The ovule is a complex organ that facilitates seed development and thus allows plant 

reproduction. Many years of research suggest that the ovule nucellus is a multifunctional 

tissue that balances generative and nutritive functions. Despite this, the capacity of the young 

growing nucellus to influence downstream events of seed development has not been explored 

in great detail. Avenues are now available to investigate this tissue further, with the overall aim 

of improving reproductive stress tolerance and grain traits. 
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Abstract 

 

Background: Seed development in the angiosperms requires the production of a female 

gametophyte (embryo sac) within the ovule. Many aspects of female reproductive 

development in cereal crops are yet to be described, largely due to the technical difficulty in 

obtaining phenotypic information at the cellular or sub-cellular level. Hoyer’s solution is 

currently well established as a solution for clearing thin tissues samples, such as sections or 

whole tissues of bryophytes, mycorrhizal fungi, and small model organisms (e.g. Arabidopsis 

thaliana).  

 

Results: Here we report a Hoyer’s solution-based clearing method to facilitate clearing of the 

whole barley pistil, with high reproducibility. The clearing process takes 10 days from fixation 

to visualisation, whereupon tissue is sufficiently clear to obtain multiple phenotypic 

measurements from sub-epidermal tissues and cells within the ovule.   

 

Conclusion: Visualisation of cereal ovules that have not been dissected from the pistil allows 

an unprecedented capability to collect quantitative morphological information from the 

developing ovule, integument, nucellus and embryo sac. This will enable comparisons with 

genetic data to reveal the contribution of pre-fertilisation ovule tissues towards downstream 

seed development. 

 

Keywords: Microscopy, Hoyer’s solution, Barley, Ovule, Monocot, Development, Cereal, 

Clearing  
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Background 

 

Sustaining food production above the level of food demand is a growing global challenge. 

Estimates suggest that crop yields will need to increase by 25% to 75% to ensure sufficient 

food production for the world’s population in 2050 [1]. Cereal crop production is highly reliant 

upon development of flowers. In particular, the single ovule within each flower is essential, as 

it is the site of gametogenesis, fertilisation and downstream grain development. Environmental 

events such as drought, high temperatures and frost are known to disrupt flower and seed 

development, causing a reduction in both grain number and grain quality, thus compromising 

yield [2-4].  

 

Our understanding of floral development and seed formation in flowering plants has been 

dramatically expanded by research in model dicots, such as Arabidopsis thaliana, Hieracium 

sp., and Torenia fournieri [5-7]. The formation of ovule primordia, the differentiation of a 

megaspore mother cell from somatic precursors and the production and fertilisation of an 

embryo sac have been described in intimate molecular, genetic and morphological detail [8]. 

Research in rice, maize, wheat and barley has contributed significant molecular and genetic 

knowledge of monocot inflorescence and flower development [9-12]. Despite this, remarkably 

little is known about ovule development in these important cereal species, particularly in 

regards to how different tissues contribute to eventual seed size, composition and shape. 

Studies have shown that ovary size is an important component of floret and grain survival [13], 

but the contribution of constituent tissues remains unclear. Determining the role of these 

tissues for downstream seed development requires robust, high throughput methods for 

quantitative two and three-dimensional analysis of developing ovule tissues, such that 

phenotypic information can be extracted and assessed. 
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Observation of the internal morphology of cleared floral organs is a powerful tool in 

understanding plant development, as it allows examination of phenotypic alterations in internal 

structures following genetic or environmental modification, without the need for thin-

sectioning. Chemical treatment to clear small tissue samples is a well-established practice, 

with reagents ranging from the more traditional methyl salicylate, lactic acid and chloral 

hydrate based solutions [14-16] to recently developed methods such as ClearSee [17, 18] and 

PEA-CLARITY [19]. Despite this, observation of female reproductive tissues in cereal 

monocots remains technically challenging, contributing to a lack of specific genetic and 

mechanistic information about gametogenesis and ovule development. Two key technical 

challenges include the relatively large size of the pistils, which are sufficiently thick to remain 

opaque when treated using previously published clearing protocols designed for substantially 

smaller tissues (e.g. [20]), and the ease by which the physical structure of the ovule may be 

damaged during the process of dissection.  

 

Here we report a robust method for clearing whole cereal ovaries with Hoyer’s Solution [14], 

allowing visualisation of wheat and barley ovule ultrastructure in a manner that preserves the 

physical integrity of internal structures. Experimental variation of incubation time offers 

flexibility in sample preparation, yielding exceptionally clear tissue after a minimum of 10 days 

post tissue collection and up to a maximum of 16 weeks. The utility of the method was 

demonstrated by using optical sections through cleared ovaries to measure the dimensions of 

component tissues, enabling phenotypic variation in ovule development to be captured within 

a panel of barley cultivars.  
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Methods 

 

Reagents 

Chloral Hydrate C-IV (#15307, Sigma-Aldrich, Australia) 

Ethanol (#EA043-2.5L, Chem-Supply, Australia) 

Formaldehyde (#809, Ajax Finechem, Australia)  

Glacial Acetic Acid (#2335, Ajax Finechem, Australia) 

Glycerol (#242, Ajax Finechem, Australia) 

 

Solutions 

FAA fixative [21]: 50% Ethanol (v/v), 10% Formaldehyde (37% solution, also called formalin), 

5% glacial acetic acid (v/v), and 35% sterile water (v/v).  

Ethanol Series: 100% analytical grade EtOH diluted in water to a concentration of 70%, 80% 

and 90%, and 100% EtOH filtered through a molecular sieve. 

Chloral hydrate solution: 250g chloral hydrate dissolved in 100mL sterile water  

Hoyer’s Solution [14]: A 3.0:0.8:0.2 mixture of chloral hydrate : water : glycerol.  

 

Equipment 

Greenhouse facility  

Standard laboratory 4°C refrigerator  

Fume cupboard  

Compound microscope with differential contrast (DIC) and Nomarski filter for a 10X, 20X 

and/or 40X objective 

Computer & free ZEN 2011 Blue (Zeiss) LE software  

Ventilated microscopy slide box  

Small exhaust fan  

Glass pipettes 
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Fine point tweezers (Dumont #5, Emgrid, Australia) 

Liquid scintillation vials (#Z190535, SigmaAldrich, Australia) 

Polysine Slides (#P4981, ThermoFisher Scientific, Australia) 

22x40mm Cover slips (#G422, ProSciTech, Australia) 

Microflex 93-260 chemical resistant gloves (Ansell, Australia) 

 

Plant Growth and Staging  

Barley plants were grown in greenhouse facilities at The Plant Accelerator (Adelaide, 

Australia), under 22°C (day) and 17°C (night) temperatures without addition of supplemental 

light (Figure 3-1A). Florets were identified to be at anthesis by removing them from spikes 

(Figure 3-1B), gently reaching inside the palea and lemma with tweezers then assessing the 

colour of the anthers and how readily pollen was released upon gentle squashing. At anthesis, 

the anthers are a rich yellow colour and have yet to shed pollen, but readily release pollen 

with minimal application of pressure when pressed against a thumbnail. Any florets that 

contained green or green/yellow anthers, or anthers that had already shed pollen, were 

discarded.  

 

Sample Collection and Fixation (Timing: 10 minutes per tiller + overnight fixation)  

Whole pistils were removed from anthesis barley flowers by reaching inside the flower with 

fine tweezers and pinching the base of the pistil as low as possible (Figure 3-1C). Care was 

taken to avoid tearing the base of the pistil where the ovule is located. Lodicules were gently 

removed from the outside of the pistil before placing it in a flat bottomed glass scintillation vial 

containing 2mL of ice cold FAA fixative.  
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Figure 3-1: Schematic representation of the steps involved in visualising the internal 

structures of ovules within cleared cereal pistils. A Plants were examined to identify tillers 

containing developing spikes. B-C Individual florets were removed from spikes to identify 

those at anthesis stage, achieved via observation of pollen on fingernails after anther 

squashing. C-D, Whole pistils and anthers were gently removed and placed in fixative, 

followed by dehydration in an ethanol series and clearing in Hoyer’s solution. E Ovaries were 

transferred to glass slides and covered with glass coverslips. F Samples were examined using 

DIC microscopy and Zeiss ZEN software. 
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Sample Dehydration (Timing: 4h + overnight dehydration + 4 to 120 days incubation) 

Within 1 week of fixation barley pistils were dehydrated through an ethanol series and placed 

into Hoyer’s solution (Figure 3-1D), using fine-tipped glass pipettes for each fluid exchange to 

minimise the possibility of damage to samples tissue. The EtOH series comprised of 3 x 20min 

washes at 70%, 80%, 90% and 100% EtOH at room temperature. Samples were left in the 

final 100% EtOH wash overnight before transfer into 4mL Hoyer’s Solution. Samples must 

remain immersed in Hoyer’s solution at room temperature for a minimum of 4 days.  

Long protocol: Samples may remain gently infiltrating in Hoyer’s solution for up to 16 weeks. 

Incubation for 4 weeks preserves tissue quality ideally for imaging of embryo sac features. 

Vials must be tightly sealed if samples are to be stored for longer than 2 weeks.  

 

Sample Mounting (Timing: 15 minutes per slide + 2 to 4 days incubation) 

Pistil tissues were manipulated with fine point tweezers and only held by the stigma in order 

to avoid crushing the ovary wall, ovule or surrounding tissue. Pistils were placed on flat Poly-

Lys coated glass microscopy slides with either the dorsal or ventral side down so that both 

stigma of each pistil lay “flat”, rather than one stigma pointing up into the air (Figure 3-1E). On 

each slide, ovaries were placed equidistantly in a symmetrical arrangement and gently 

covered with a 22x40mm coverslip. This arrangement allows the ovaries to lie flat, ensures 

that variation in the relative viewing angle of the ovule is limited, and preserves the structural 

integrity of the ovule by preventing any damage to the tissue. Following sample arrangement 

and application of the cover slip, Hoyer’s Solution was pipetted underneath the cover slip onto 

the slide until all air was evacuated. Slides were then placed flat into a slide storage box that 

allowed limited ventilation and left in a fume cupboard for four days. Samples stored in a well 

ventilated location are cleared in 24-48h depending upon the degree of ventilation. 

Conversely, samples stored after mounting with insufficient or no ventilation required up to 14 

days to clear sufficiently to allow visualisation. Therefore, the degree of ventilation can be used 

to tailor the method to suit the user’s time constraints. Long protocol: Samples incubated in 
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4mL Hoyer’s Solution for longer than 2 weeks typically require less than 4 days to clear 

completely once mounted on the microscopy slide. For example, tissue stored in Hoyer’s 

Solution for 8 – 16 weeks generally does not require a period of ventilated storage longer than 

12h, and in some cases may be visualised immediately after mounting on slides. 

 

Imaging (Timing: 2 minutes per piece of tissue)  

Ovaries were imaged using differential contrast microscopy (DIC) at 10X resolution with a 

Zeiss AxioImager M2 equipped with a Nomarski filter. For comprehensive data collection, 

optical slices spanning from the dorsal to ventral integument were taken as a z-stack image, 

using Zeiss ZEN 2011 (Blue) software.  

 

Image Analysis (Timing: 10 to 15 minutes per image)  

Data were analysed using the Zeiss ZEN 2011 (Blue) software package. Diverse 

measurements were taken including the 2-dimensional area (μm2) of each ovule tissue of 

interest, using the “contour (spline)” graphics tool to encircle the tissue, as well as the 

longitudinal and transverse dimensions (μm) of the same tissues, using the ‘line’ graphics tool, 

and the antipodal nuclei were counted using the ‘event marker’ graphics tool (Figure 4C). 

Measurements were taken by following tissue boundaries for each given trait throughout 

optical sections and placing contour markers at the widest point. Two-dimensional ovule area 

was measured at the boundary between integument and nucellus. Embryo sac area was 

measured by tracing the outline of the structure from the micropyle to the chalazal region. The 

residual somatic cell (nucellus) area was measured by subtracting the embryo sac area from 

the whole ovule area.   
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Results 

Protocol timing optimisation  

 

Clearing was most successful when fixative was removed through an ethanol dehydration 

series prior to a four-day infiltration step in Hoyer’s solution, followed by a four day rest after 

mounting on microscopy slides (Figure 3-2A). Equally clear images were obtained from 

samples that were dehydrated, left to gently infiltrate in Hoyer’s solution for 4 weeks, then 

imaged directly after mounting on microscopy slides (Figure 3-S1A). The maximum period of 

incubation that achieved acceptable clearing was approximately 16 weeks (Figure 3-S1B). 

Deterioration of cellular morphology was seen when samples were left in scintillation vials to 

gently infiltrate with Hoyer’s solution for longer than 5 months (Figure 3-2B), or when samples 

were mounted on microscopy slides and stored in a well ventilated area for multiple days, or 

were imaged after 10 days in a semi-ventilated storage box (Figure 3-S1C). Evaporation of 

the Hoyer’s solution was also a factor that prevented acquisition of acceptable images if the 

samples were over-ventilated.  

 

Protocol reagent optimisation  

 

Clearing was not successful when ethanol dehydration was omitted and fixed samples were 

placed directly in Hoyer’s solution (Figure 3-2C). Similarly, it was found that use of pure chloral 

hydrate solution rather than Hoyer’s solution yields unacceptably murky images (Figure 3-2D), 

a factor of both the harsher degradation process when chloral hydrate is used in isolation and 

the lack of glycerol lowering the refractive index of the mounting fluid. Rough sample collection 

or handling of tissue throughout the dehydration process often resulted in structural disruption 

of the sample (Figure 3-2E and Figure 3-S1D). In addition, a Nomarski filter is essential for 

image acquisition (Figure 3-2F).  
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Figure 3-2: Barley ovules imaged at 10X showing the outcomes of variations to the clearing 

protocol. Images presented as composites, generated by merging optical sections. A A 10-

day (10d) method incorporating ethanol dehydration prior to a 4-day infiltration with Hoyer’s 

solution, then a 4-day rest after mounting on microscopy slides produced the greatest clarity 

of results within a reasonably short time frame. es = embryo sac, ov = ovule, oy = ovary wall, 

st = style, int = integuments  B Samples gently infiltrated with Hoyer’s solution for over 5 

months (5mo) deteriorated, resulting in unacceptably murky images. C Omitting ethanol (-

EtOH) dehydration prior to incubation in Hoyer’s solution results in the tissue becoming grainy, 

unacceptably murky. D Incubation of the sample in chloral hydrate without glycerol (-GLY) 

after fixing and dehydration results in the tissue becoming unacceptably murky. E Rough 

sample collection and careless handling of the tissues results in damaged ovaries, which may 

disrupt the internal morphology of the ovule. da = damaged region. F Samples cannot be 

imaged without a Nomarski filter (-NOM).  
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Optimised method results  

 

Cleared pistils offer an excellent opportunity to visualise internal components of the ovule in 

their native spatial arrangement using a DIC microscope with a Nomarski filter (Figures 3-3 

and 3-4). Imaging the entire ovule within the ovary is easily possible at 10X magnification, and 

is particularly powerful when captured in a series of optical sections, allowing construction of 

composite images and videos that represent all internal features of the ovule’s cellular 

arrangement (Figure 3-3A and 3-S2) and measurement of some three-dimensional features 

such as embryo sac depth. At 40x magnification, intimate cellular details of the embryo sac 

and other ovule components could be obtained (Figures 3-3B-C), such as clear, prominent 

nuclei in the egg cell, central cell and antipodal cells. The quality of tissue resolution was 

similar in ovaries that were infiltrated in Hoyer’s solution for 10 days (Figure 3-3D) and 10 

weeks (Figure 3-3B).  
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Figure 3-3: Structural details of the ovule are visible in cleared barley pistils (H. vulgare cv. 

Host). Images presented as composites, generated by merging optical sections. A Mature 

barley ovule imaged at 10X magnification without dissection from the pistil. B-D Cellular 

resolution may be achieved with a 40X objective, allowing clear visualisation of the egg cell 

nucleus, synergid nuclei, polar nuclei and antipodal cell nuclei using the “long method” ie. 

incubation for at least 10 weeks (10w) in Hoyer’s solution (B). The integument layers are also 

visible (C). Similar cellular resolution may also be achieved in samples processed with a 10-

day (10d) “short” method (D). acn = antipodal cell nuclei, ccv = central cell vacuole, ecn = egg 

cell nucleus, ii = inner integument, int = integument, nuc = nucellus, oi = outer integument, pn 

= polar nuclei, pc = pericarp, scn = synergid cell nuclei. The embryo sac is indicated by a 

dashed white line.   
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Sup-epidermal details of ovule development differ between cultivars 

 

A fundamental understanding of reproductive organ development in cereals ultimately aims to 

support breeding programs in generating high-yielding, high-quality cultivars. To demonstrate 

the utility of this clearing technique, we examined pistils from barley and wheat (Figure 3-4A-

B). In both species, sub-epidermal details of ovule tissues, including the embryo sac, egg cell, 

central cell, antipodals, integument and nucellus could be discerned and measured (Figure 3-

4C). To determine if intraspecific differences in ovule development could be identified, we 

examined a selection of 2-row spring barley cultivars. Quantification of morphological features 

such as tissue area, thickness and cell number in nine cultivars revealed natural variation in 

most traits (Table 3-1, Figures 3-4D-E and Figure 3-5). For example, ovule area in H. vulgare 

cv Horizon was almost 2-fold larger than H. vulgare cv Beryllium (Figures 3-4D-E and Figure 

3-5A), antipodal number was lowest in H. vulgare cv. Toucan (~32±5) compared to H. vulgare 

cv. Horizon (~49±4) and integument width was thickest in H. vulgare cv Agenda (~50±4μm) 

and thinnest in H. vulgare cv Rainbow (~41±3μm). Correlation analysis indicated that multiple 

traits showed strong positive correlations, such as ovule area, embryo sac area and ovule 

height (Figures 3-5B-C), suggesting that these features are intimately related. However, other 

traits showed weak or no correlations with other ovule features, including integument width, 

antipodal number, nucellus area and ovule transverse width (Figures 3-5B-C).  
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Figure 3-4: Ovule morphology after clearing. Ovule images are presented as composites, 

generated by merging optical sections. A-B The method worked equally well for barley (A) 

and wheat (B) ovaries at various stages. Pre-anthesis ovules are shown. C Measurement of 

traits at anthesis, including ovule area (OV_A), embryo sac area (ES_A), ovule and embryo 

sac transverse and longitudinal dimensions (OV_L, OV_T, ES_L, ES_T), integument width 

(INT_W), antipodal number (marked with crosses) and antipodal cluster area (ANT_A), using 

Zeiss ZEN Blue 2012 software. The ovule area is indicated with a dashed red and white line, 

while the embryo sac area is indicated by a dashed black and white line. NUC = nucellus. D-

E Small (D) and large (E) mature barley ovules after clearing imaged at 10X magnification 

without dissection from the pistil. Bar = 100μm. 
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Figure 3-5: Analysis of barley ovule traits by pistil clearing. A Variation of ovule phenotypes 

was examined in nine cultivars of 2-row spring barley. Traits such as ovule area, nucellus 

area, antipodal number, antipodal area, nucellus proportion and integument width (see Fig 4) 

were compared between the cultivars. Error bars show standard error. B Heat map showing 

the normalised trait values (between 0 and 1) for 11 ovule traits in the 9 examined cultivars. 

Cultivars and traits were clustered via hierarchical clustering. C Correlation analysis of 11 

different ovule traits. The size and colour of the circles indicates the degree of trait correlation, 

which is also indicated via a numerical value. R-squared values greater than 0.95 are indicated 

via purple boxes.  INT_W = integument width, NUC_% = nucellus proportion, ANT_N = 

antipodal number, OV_A = ovule area, NUV_A = nucellus area, OV_T = ovule transverse 
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width, ES_L = embryo sac longitudinal height, OV_L = ovule longitudinal height, ES_T = 

embryo sac transverse width, ANT_A = entire antipodal area, ES_A = embryo sac area. 



57 

 

Table 3-1: Phenotypic measurements of ovule tissues from nine H. vulgare cultivars 

    Ovule Embryo Sac Integument Nucellus Antipodal 

Cultivar n Area Trans Long Area Trans Long Width Area % # Area 

Beryllium 6 138197.8 396.9 484.3 30462.7 174.6 270.1 44.9 107735.1 78.1 37.7 25829.6 

STDEV 

 

15888.7 28.7 21.7 5597.7 26.0 25.5 5.7 11329.2 2.2 2.7 5562.9 

Novello 12 154239.1 413.1 505.6 33330.3 171.7 298.0 43.9 120908.9 78.5 35.0 27401.0 

STDEV   16522.7 19.1 42.8 6097.1 16.7 37.4 3.2 12418.2 2.5 4.7 6447.3 

Orbit 6 161883.0 451.7 487.3 33816.5 182.2 281.0 46.4 128066.6 78.9 36.5 28026.6 

STDEV   20556.0 32.4 20.9 4352.4 17.3 10.6 3.0 18494.2 2.6 6.6 4934.9 

Extract 11 164652.1 448.3 497.6 34479.2 188.9 284.0 46.7 130172.9 79.1 36.0 29457.8 

STDEV   14406.3 22.8 21.5 7094.9 25.8 27.4 2.7 11537.1 3.5 2.9 7992.9 

Toucan 11 177561.6 444.7 554.2 45330.7 210.7 320.3 46.1 132230.9 74.7 32.6 42617.2 

STDEV   21683.1 25.0 44.8 9374.7 22.8 46.4 2.1 14255.4 3.3 4.7 5469.6 

Saloon 13 199385.6 456.7 598.7 70066.1 266.1 382.3 43.6 129319.5 64.9 41.8 65125.7 

STDEV   11367.7 19.1 25.6 9071.9 21.7 25.0 1.7 10869.6 3.9 4.8 8283.8 

Rainbow 6 221620.1 488.6 598.6 65471.9 242.4 375.2 41.0 156148.2 70.6 36.8 57424.8 
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Legend: n = number of ovules, Trans = transverse width, Long = longitudinal height 

 

STDEV   14500.2 20.3 19.8 8707.8 16.8 23.0 3.0 8030.2 2.5 3.5 7982.3 

Agenda 6 227499.2 483.4 625.2 75121.6 272.9 367.9 49.5 152377.7 66.7 45.2 72000.8 

STDEV   42467.0 42.0 60.6 13856.8 28.5 53.2 4.9 32315.5 4.3 8.5 14718.3 

Horizon 6 241310.7 519.2 607.2 72158.9 268.8 371.9 43.0 169151.8 70.0 48.8 66487.6 

STDEV   48703.9 48.0 59.0 14691.2 29.0 48.1 1.5 35130.8 2.2 3.6 14851.0 
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Discussion 

 

In this study a method for clearing tissue using Hoyer’s solution has been designed to suit 

cereal ovaries such that internal structures of the ovule may be imaged with a high degree of 

clarity. Chloral hydrate-based clearing solutions have been successfully used in a wide range 

of biological fields [14, 22, 23], permitting a great deal of fundamental morphological and 

phenotypic information to be gathered. However, in our hands, previously reported protocols 

incorporating chloral hydrate that work well in Arabidopsis (e.g. [24]) did not result in sufficient 

clearing of barley ovaries to enable quantitative measurement of individual ovule tissues. 

Moreover, alternative methods that incorporate methyl salicylate [16, 25-27], lactic acid [28], 

sodium hypochlorite [29] or sodium hydroxide [30], lack the convenience and/or efficiency of 

our established Arabidopsis chloral hydrate-based method [20]. Other recently reported 

clearing reagents such as ClearSEE [17], PEA-CLARITY [19] and FocusClear [31] are 

designed to clear tissue while preserving fluorescent labelling, but are either too expensive for 

high-throughput analysis or provide insufficient cellular resolution without additional staining.   

 

Although the chloral hydrate-based method we describe is not compatible with visualisation of 

fluorescently-tagged proteins, it can be applied to diverse cereals, allows customisable 

incubation times, requires minimal tissue handling, and consistently provided excellent 

clearing and an ability to detect quantitative differences in tissue development in unstained 

cereal ovary samples. The Zeiss ZEN software used for image analysis is freely available for 

download and easy to use, while the FIJI software suite was used to extract similar results 

[32]. In our pilot study of barley ovules at anthesis, 75 pistils were examined from 9 cultivars. 

The method was not specifically tested on a microscope containing a motorised 8-slide 

mounting frame or image stitching software, but such an approach would almost certainly be 

compatible, suggesting that image acquisition might be automated in future to allow for high-

throughput data collection. Whether the scale of analysis required for germplasm screens in 
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breeding populations can be achieved is currently unclear. However, the method is compatible 

with pre-breeding efforts to dissect pre-fertilisation traits that contribute to downstream seed 

development and morphology. Furthermore, we anticipate that the method will be particularly 

useful for the rapid characterisation of mutant phenotypes and transgenic plants that effect 

ovule development in barley and wheat.  

 

Conclusions 

 

A clearing technique typically used in the analysis of tissues from dicot model organisms was 

successfully adapted to clear the much larger cereal pistil. This paves the way for further 

interrogation of sup-epidermal features of ovule development in barley and other cereal crop 

species. The application of this method to a large panel of genetically distinct or genetically 

modified cereal varieties may assist the identification of novel genes controlling ovule 

phenotypes as well as components of seed yield and quality.  
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Supplementary Data 

 

Supplementary Figure 3-1: Barley ovules imaged at 10X showing the outcomes of variations 

to the clearing protocol. Images presented as composites, generated by merging optical 

sections. A Ethanol dehydration prior to a 4-week (4w) gentle infiltration with Hoyer’s solution, 

then imaging samples directly after mounting on microscopy slides produced high clarity 

results in a longer time frame. B Samples gently infiltrated with Hoyer’s solution for 16 weeks 

(16w) then immediately imaged produced high-quality results. C Samples left mounted on 

microscope slides in a well ventilated storage box or for too long were not able to be imaged 

properly due to evaporation (+Evap) of the Hoyer’s solution, causing uneven illumination of 

the sample and in some cases accelerated degradation of the tissue, resulting in an 

unacceptably grainy image. D Rough sample collection and careless handling of the tissues 

results in damaged ovaries, which may disrupt the internal morphology of the ovule. The 

embryo sac is indicated by a dashed white line. 
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Supplementary Figure 3-2: Sequential 2.4μm optical slices (n = 50) of a cleared H. vulgare 

cv. Gant ovule were combined to generate a movie file that moves through the pistil at 

anthesis. 

 

Note: apologies, the movie has not been embedded in this thesis document. If you wish to 

view the movie, please see the publication online or contact Matthew Tucker.  

 

  



67 

 

 

 

 

Chapter 4 

 

Natural variation in mature ovule morphology in barley (Hordeum vulgare L) 

has limited impact on downstream grain development  
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Abstract  

 

The ovule plays a critical role in cereal crop production as it is the site of fertilisation and grain 

development. The mature ovule is composed of four main tissue types: the funiculus, 

integuments, nucellus, and embryo sac. The size, structure and organisation of these ovule 

tissues varies between the model plant Arabidopsis thaliana and agriculturally important 

cereal crops, and to a lesser extent among genotypes of individual cereal crop species. 

However, the degree and functional significance of this variation present among genotypes of 

a single species is unclear. In this study, nine morphological traits of mature ovules were 

quantified in a population of 127 European two-row spring barley (Hordeum vulgare L.) 

genotypes. This provides information regarding the typical ovule phenotype of two-row spring 

barley and identifies cultivars showing significant natural variation. In contrast to previous 

studies of ovary size in barley and wheat, comparison of ovule phenotypic data with grain traits 

from the same genotypes indicated that mature ovule structure does not directly influence 

grain size. Genome wide association studies (GWAS) revealed sixty-six markers in six 

genomic regions significantly associated with the nine ovule traits. Although the results 

suggest ovule development is under complex multigenic control, four discrete quantitative trait 

loci (QTL) were notable in that multiple markers displayed clear associations with several 

ovule traits. Taken together, the results form a thorough morphological description of barley 

ovule phenotypes at maturity, thus providing a starting point to assess the multigenic 

regulation of ovule development in barley and the significance of structural variation in discrete 

tissues of the ovule to cereal crop reproduction.  

 

Introduction  

 

Barley is a cereal that has sustained humans for thousands of years (Eitam et al. 2015; Samuel 

1996), and remains a crop of key agricultural and economical importance in the present era. 
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The effects of climate change have been predicted to negatively impact global barley yield, 

and as such efforts have been directed towards breeding elite barley genotypes with high yield 

and robust tolerance to environmental stress (Tester and Langridge 2010). A large portion of 

the economic value of barley comes from the starch stored in the grain’s endosperm, as it is 

a key source of calories for direct consumption by humans and livestock (Sands et al. 2009), 

as well as the source of the fermentable sugars at the heart of the malting and brewing 

industries (Bokulich 2017). Each individual grain from cereal crops is produced by fertilisation 

of an ovule. A single ovule is located in the ovary of each cereal crop flower, thus in order for 

grain production to occur the development of the flower, ovary and ovule must not be 

compromised. Both the individual and combined effects of heat and drought stress have been 

demonstrated to compromise fertilisation and kernel development in other cereal crops such 

as wheat (Triticum aestivum) and maize (Zea mays; Jäger et al. 2008; Onyemaobi et al. 2018; 

Oury et al. 2016; Saini et al. 1983). Additionally, the number of mature florets has been linked 

to barley yield, while the size and number of cells within the pistil have been linked to mature 

dry weight of barley spikes (Guo et al. 2015; Guo et al. 2016). Together, such studies indicate 

that nutrient availability is a key determinant of floral survival and subsequent yield, especially 

under conditions of environmental stress. As such, greater understanding of the female 

developmental process in cereal crops may present targets for breeding genotypes with 

improved yield, and will therefore be of great importance in the years to come.  

 

Much of our understanding of plant ovule development and fertilisation has been modelled on 

the dicot species Arabidopsis thaliana. The four tissues of the ovule are the funiculus, 

integuments, nucellus and embryo sac. In Arabidopsis, the tissues are arranged such that the 

embryo sac is at the centre, surrounded by a single layer of nucellus tissue, which is then 

enclosed by two layers of integuments (Schneitz et al. 1995; Willemse and De Boer-de 1981). 

The funiculus acts as a stalk to connect the ovule to the maternal plant. The integuments and 

nucellus are diploid maternal tissues, while the embryo sac consists of eight haploid nuclei 
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contained within seven cells of discrete function. At the most distal, or micropylar, end of the 

embryo sac are two synergid cells and the egg cell, while at the proximal, or chalazal, end of 

the embryo sac are three antipodal cells. The two groups of cells are separated by the central 

cell, a large vacuolated cell that contains two “polar” nuclei that fuse before fertilisation 

(Schneitz et al 1995). The synergid cells secrete chemoattractants that guide the pollen tube 

toward the micropylar end of the ovule (Higashiyama and Yang, 2017). Double fertilisation 

occurs upon arrival of the pollen tube, at which point the fertilised egg cell initiates embryonic 

development and the single, triploid nucleus of the central cell gives rise to the endosperm 

(Baroux et al. 2002). The three antipodal cells diminish as the ovule develops, such that 

antipodal cell death has been proposed to occur prior to fertilisation, and their role has not 

been determined (Song et al. 2014). Following fertilisation, the nucellus and integument 

tissues contribute to development of the seed coat (Roszak and Köhler 2011).  

  

Embryo sac development in monocotyledonous cereal crops such as barley generally follows 

the same process as that of Arabidopsis, however there are some notable structural 

differences. Ovules of cereal crops are much larger than those of Arabidopsis, lack a true 

funiculus and at maturity form a more ovoid shape (Engell 1994; Maheswari 1950). The overall 

arrangement of the nucellus, embryo sac and integuments is generally the same as 

Arabidopsis, however ovules of cereal crops may be described as crassinucellar, as the 

nucellus is a thick, multilayered tissue that contributes up to 65% of the ovule area in barley 

(Wilkinson and Tucker 2017). The micropylar position of the egg apparatus, central cell and 

antipodal cells within the embryo sac is maintained between Arabidopsis and cereal crops. 

Despite this, the polar nuclei in wheat and barley do not fuse until fertilisation, and at least 30 

antipodal cells indisputably persist until after fertilisation (Brink and Cooper 1944; Chaban et 

al. 2011; Diboll 1968).  
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The existence of interspecies variation in ovule morphology between model dicots and 

monocotyledonous cereal crops has been established for many years (Lloyd 1899), however 

the degree of intraspecies phenotypic variation in ovule morphology in a cereal crop such as 

barley does not appear to have been reported. This study defines the bounds of normal ovule 

morphology in a population of 127 two-row spring barley genotypes, investigates correlations 

between ovule morphology and grain traits, and uses a genome wide association study 

(GWAS) to identify four discrete genomic regions that influence mature ovule morphology.  

 

Methods & Materials  

 

Plant growth  

A panel of 150 European two-row spring barley genotypes, representing a sub-panel of the 

genotypes described by Comadran et al. (2012), were sourced from the James Hutton Institute 

(Scotland). Plants were grown in greenhouses at The Plant Accelerator, Adelaide, Australia, 

in a 50:50 cocopeat:clay-loam  soil mixture (v/v), under 22°C day, 15°C night conditions. The 

population was grown in triplicate, with pot sequence randomised within each group. 

 

Sample collection and microscopy  

Carpels were dissected from florets determined to be at anthesis by similarity of the pistil to 

that described in Stage 9.5 of the Waddington Scale (Waddington et al. 1983), and by the 

presence of bright yellow anthers that readily released pollen when gently crushed. Three 

carpels were hand dissected from one inflorescence (spike) of all three replicates of each 

genotype, where possible. All tissue was collected from florets located in the middle of each 

spike. 

 

Clearing & microscopy  
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Carpels were fixed in FAA (10% formalin, 5% glacial acetic acid, 50% ethanol, 35% millipore 

H2O, plus a drop of Triton X100) overnight, then dehydrated through an ethanol series (3 x 

30mins at each of 70%, 80%, 90%, 95%, 100%) and placed into Hoyer’s Solution as described 

in Wilkinson and Tucker (2017). Ovules within the cleared carpel tissue were captured as z-

stack images, encompassing the entire ovule from dorsal to ventral aspect in 40 optical 

sections, using differential interference contrast (DIC) microscopy and Nomarski prisms on a 

Zeiss AxioImager M2. Composite images for figures were assembled in Adobe Photoshop 

and Illustrator (both version CC 2018; Adobe Inc., USA). 

 

Quantitative analysis of ovule morphology  

Nine morphological traits were measured from the z-stack images, using Zeiss Zen Blue 

(2012) software as described in Wilkinson and Tucker (2017). Each trait represents a one- or 

two-dimensional measurement, and data reflects the widest point of the region of interest 

visible within the z-stack. The nine measurements collected were: ovule area, ovule 

transverse, ovule longitude, embryo sac area, embryo sac transverse, embryo sac longitude, 

nucellus area, nucellus proportion and integument width. Measurements were averaged from 

a minimum of four ovules representing at least two plants from each genotype. Low sample 

numbers due to plant death and errors in staging resulted in elimination of 23 genotypes from 

analysis, reducing an initial population of 150 genotypes to a functional population of 127. 

Integument “area” was not measured as part of the ovule area due to difficulties in accurately 

scoring the boundaries. Thus, what is presented as ovule area is essentially nucellus plus 

embryo sac area.  

 

Correlation analysis, PCA and dendrograms 

Trait correlations, dendograms and principal component analysis were performed using 

default parameters in the “corrplot” package (https://cran.r-

project.org/web/packages/corrplot/corrplot.pdf) in R with RStudio (R version 3.5.0; RStudio®, 
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USA). Figures were assembled in Adobe Illustrator CC 2018 (version 22.0.0, Adobe Inc., 

USA).  

 

Grain trait analysis  

Grain traits for 124 genotypes were analysed with a SeedCountTM SC4 (Seed Count 

Australasia, Condell Park, Australia) at the University of Adelaide Barley Breeding 

Program/Laboratory, following manufacturer’s instructions. Grain traits were analysed from 

the same generation of grain that was sown for ovule phenotype analysis. This grain was 

hand-threshed, according to Australian quarantine requirements. There was not sufficient 

grain for seed scanning of four of the genotypes from the population of 127 genotypes used 

for ovule analysis. These genotypes were Appaloosa, Calgary, Salka, and Turnberry.  

 

Genome Wide Association Study  

The population used for this study was previously genotyped on the 9K iSelect SNP Platform 

(Comadran et al. 2012). Following exclusion of SNP markers with allele frequency over 95% 

or missing data over 5%, 4117 markers were used for GWAS. Marker positions were 

compared between maps presented by Comadran et al. (2012) and Mascher et al. (2013) in 

order to ascertain the most reliable physical location for each marker. The average value for 

each ovule measurement was used as trait data. Marker-trait association analysis was 

performed using GenStat (15th Edition; VSN International, UK) with an Eigenanalysis 

relationship model to account for population structure and to minimise the risk of false positive 

associations, as described by Hassan et al. (2017). Markers with logarithm of the odds (LOD; 

-log10(p-value)) scores over 3 were considered to be significantly associated with the trait. 

False discovery rate (FDR) was calculated in R using the qvalue package (Storey 2011). 

Regions of interest were defined by groups of markers with a score of LOD > 3 proximal to the 

markers with the highest LOD scores. Genes (HORVUs) within each interval were identified 

using Barleymap (Cantalapiedra et al. 2015) to identify genes within +/-2.5cM of markers in 
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order to account for uncertainty in physical marker locations. Gene ontology (GO) terms were 

identified using AgriGO (Tian et al. 2017) and the EMBL QuickGO online tool 

(https://www.ebi.ac.uk/QuickGO/).  

 

Results  

 

Natural variation of ovule morphology is present among two-row spring barleys 

 

Mature ovule morphology was measured in terms of two-dimensional area and one-

dimensional distances, as described in Chapter 3. Two-dimensional areas were measured by 

following the widest boundary of the tissue of interest at any point within the z-stack. At the 

time of collection, flowers were assumed to be at anthesis if anthers were yellow and pollen 

was released when anthers were gently squeezed. In the majority of genotypes, ovules at this 

stage exhibited an overall similar appearance including a prominent embryo sac, large 

antipodal nuclei and enlarged central vacuole (Figure 4-1B). Fertilised ovules could easily be 

distinguished by the presence of irregularly shaped antipodal cell nuclei, clusters of small 

nuclei at the periphery of the embryo sac and a much larger ovule area (Figure 4-1C). At the 

other extreme, immature ovules were occasionally identified that showed an unusually small 

antipodal cluster, central cell and short distance between the micropyle and top of the embryo 

sac (Figure 4-1A). The incidence of ovules that were immature or fertilised may reflect 

sampling error, or indicate that reproductive maturity is not perfectly synchronous between the 

anther and ovule in all barley genotypes. After measurements relating to incorrectly staged 

ovules were eliminated, sufficient data remained to compare 127 genotypes (Table 4-S1).  

https://www.ebi.ac.uk/QuickGO/
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Figure 4-1: Staging of reproductive fertility in barley ovules with reference to morphological features. (A) Immature ovule (cv. Widre). (B) 

Reproductively mature, unfertilised ovule (cv. Scandium). (C) Fertilised ovule (cv. Scandium). acc, antipodal cell cluster; ec, egg cell nucleus; int, 

integument; pn, polar nuclei; nuc, nucellus; zyg, zygote. Arrowheads indicate small clusters of endosperm nuclei; dashed line indicates bounds 

of antipodal cell cluster. Scalebars = 200µm.  
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Quantification of ovule morphology revealed natural variation in all traits (Figure 4-2, Table 4-

1). The most variable trait was found to be embryo sac area (ES_A), with an average size of 

48876.2 ± 10844.2µm2 (22.2%). Ovule area (O_A) and nucellus area (N_A) were 

comparatively less variable, observed to be 174421.2 ± 19857.8 µm2 (11.4%) and 125560.8 

± 13408.7 µm2 (10.7%), respectively. Similarly, the transverse and longitudinal measurements 

of the embryo sac (ES_T, ES_L) were observed to vary more than the transverse and 

longitudinal measurements of ovule area (O_T, O_L). Of all traits measured, the standard 

deviation of ovule transverse was the smallest, at 5.2%. Both integument width (I_W) and the 

proportion of nucellus within the ovule (calculated as nucellus area/ovule area; N_P) were 

found to vary relatively little, with standard deviation of 5.8%. For all traits, at least 30 

genotypes were found to have phenotypic variation that fell outside the standard deviation 

(Table 4-S2). The trait with the most outlier genotypes was nucellus proportion, with 24 large 

and 22 small outliers, while the trait with the least outliers was ovule area, with 16 large and 

18 small outliers. Several genotypes were found to have an “extreme” phenotype for multiple 

traits. Genotypes such as Salka and Wren were distinctly large for most phenotypes excepting 

nucellus proportion, Meanwhile, other genotypes presented an extreme phenotype for only 

one or few traits, such as Forum, which was notable for displaying small ovule area and 

nucellus area measurements, but presented average embryo sac (ES) measurements. This 

suggests different tissues may contribute to mature ovule morphology in a genotype-

dependent manner.  
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Figure 4-2: Natural variation in nine morphological traits of mature ovules observed among 

127 genotypes of European two-row spring barley, represented as frequency distribution plots. 
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Table 4-1: Summary of natural variation in nine morphological traits of mature ovules observed among 127 genotypes of European two-row 

spring barley. O_A, ovule area (µm2); O_T, ovule transverse (µm); O_L, ovule longitude (µm); ES_A, embryo sac area (µm2); ES_T, embryo 

sac transverse (µm); ES_L, embryo sac longitude (µm); I_W, integument width (µm); N_A, nucellus area (µm2); N_P, nucellus proportion (%).  

 

 O_A O_T O_L ES_A ES_T ES_L I_W N_A N_P 

Average 174421.2 444.8 529.1 48876.1 222.4 318.0 45.9 125560.8 0.724 

St. Dev. 19857.8 23.2 38.6 10844.2 26.3 34.2 2.7 13408.7 0.042 

St. Dev.as % Avg 11.4 5.2 7.3 22.2 11.8 10.8 5.8 10.7 5.820 

Maximum 241310.7 519.2 639.8 77888.1 282.0 406.6 52.2 169151.8 0.821 

Minimum 128009.3 384.0 440.0 25194.4 158.1 238.8 38.1 95875.3 0.608 

Maximum as % Avg 138.3 116.7 120.9 159.4 126.8 127.9 113.6 134.7 113.511 

Minimum as % Avg 73.4 86.3 83.2 51.5 71.1 75.1 83.0 76.4 84.017 

Avg plus St. Dev. as % Avg 111.4 105.2 107.3 122.2 111.8 110.8 105.8 110.7 105.820 

Avg minus St. Dev. as % Avg 88.6 94.8 92.7 77.8 88.2 89.2 94.2 89.3 94.180 

No. Large Outliers 16.0 18.0 20.0 19.0 20.0 23.0 23.0 17.0 24.0 

No. Small Outliers 18.0 18.0 16.0 20.0 20.0 22.0 17.0 21.0 22.0 
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Ovule component tissues develop in a variety of proportions among genotypes.  

 

Correlation analysis was performed in order to determine if overall variation in ovule 

morphology is a result of coordinated development of component ovule tissues, or whether 

growth of one tissue is an important factor in determining mature ovule morphology (Figure 4-

3). Nucellus area and ovule area were found to be more closely correlated (R2 = 0.86, p<0.001) 

than ES area and ovule area (R2 = 0.77, p<0.001), indicating that ES area is a slightly more 

independent trait (Figure 4-S1). Consistent with this, ES area and nucellus area showed a 

significant but relatively low correlation (R2 = 0.33, p<0.001). Meanwhile, both ES area and 

ovule area were negatively correlated with nucellus proportion (ovule area to nucellus 

proportion: R2 = -0.38, p<0.001; embryo sac area to nucellus proportion: R2 = -0.87, p<0.001). 

This suggests that while an increase in nucellus area reliably leads to large ovule area, 

disproportionate growth of the ES with respect to the nucellus is a major driver of genotypic 

variation in ovule morphology. ES area was slightly more tightly correlated with related traits 

including ES transverse (R2 = 0.95, p<0.001) and ES longitude (R2 = 0.91, p<0.001) than ovule 

area was correlated with ovule transverse (R2 = 0.86, p<0.001) and ovule longitude (R2 = 0.91, 

p<0.001). Bigger ovules were more likely to have thinner integuments, as all ovule traits were 

negatively associated with integument width, particularly ovule area and nucellus area (ovule 

area to integument width: R2 = -0.25, p<0.01; nucellus area to integument width: R2 = -0.24, 

p<0.005).  
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Figure 4-3:  Heat map representing correlations between nine mature ovule traits measured 

in 127 genotypes of European two-row spring barley. Positive correlations are shaded blue, 

negative correlations are shaded red. Numbers within boxes represent the correlation 

coefficient (R2) value. Both box colour and R2 value are only shown for those with a p-value of 

< 0.05. O_A, ovule area (µm2); O_T, ovule transverse (µm); O_L, ovule longitude (µm); ES_A, 

embryo sac area (µm2); ES_T, embryo sac transverse (µm); ES_L, embryo sac longitude (µm); 

I_W, integument width (µm); N_A, nucellus area (µm2); N_P, nucellus proportion (%).   



84 

 

 

The contribution of both ES and nucellus traits to ovule size was reflected in the principal 

component analysis (PCA) plot (Figure 4-4), which showed the location of ovule traits between 

those of the ES and nucellus area. The trait indicators for ES transverse and ES longitude (R2 

= 0.82, p<0.001) were closely positioned on the PCA plot in contrast to those of ovule 

transverse and ovule longitude (R2 = 0.63, p<0.001). This suggests that variation in ES area 

is more likely to be due to variation in both transverse and longitude of the ES, whereas 

variation in ovule area may be due to genotype-dependent changes in either ovule transverse 

or ovule longitude. The PCA plot revealed an even spread of genotypes without obvious 

clustering, in addition to several clear outliers for each trait. Genotypes previously identified to 

have “extreme” phenotypes (Table 4-S2) were located at the periphery of the PCA plot, which 

provides some insight into how variation in either nucellus area or ES-related traits influence 

ovule area. For example, the large-ovule phenotypes of Salka and Wren appear to be due to 

a greater contribution of ES traits compared to other large-ovule genotypes such as Lina. 

Conversely, the small-ovule phenotype of the genotype Cecilia was not directly attributed to 

any specific nucellus and ES traits. This differed from genotypes such as Host, which 

produced an “average” sized ovule with a relatively large nucellus area, and the above-

average ovule area of Foxtrot, which was predominantly due to enlarged ES traits. Other 

genotypes, such as Forum and Gant, had average ES-traits but an overall small-ovule 

phenotype due to low nucellus area. This is consistent with the correlation analysis and 

indicates that although variability in ES traits impacts ovule morphology, the overall “size” of 

the barley ovule is closely correlated to nucellus area. 
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Figure 4-4: Principal Component Analysis of separating 127 genotypes of European two-row spring barley on the basis of phenotypic data for 

nine mature ovule traits. O_A, ovule area (µm2); O_T, ovule transverse (µm); O_L, ovule longitude (µm); ES_A, embryo sac area (µm2); ES_T, 

embryo sac transverse (µm); ES_L, embryo sac longitude (µm); I_W, integument width (µm); N_A, nucellus area (µm2); N_P, nucellus proportion 

(%).  
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Despite the limited clustering according to the PCA plot, heatmap analysis suggested that in 

general, the 127 genotypes could be divided into two groups (Figure 4-5). The “large-ovule” 

group of genotypes is characterised by large ovule-related (ovule area, ovule transverse, ovule 

longitude) and ES-related (embryo sac area, embryo sac transverse, embryo sac longitude) 

traits, with small nucellus proportion and integument width, while the “small-ovule” group of 

genotypes is characterised by small ovule-related and ES-related traits, with greater nucellus 

proportion and integument width phenotypes. However, as noted above, within each of these 

two groups there was substantial variation for individual traits.  

 

Grain traits vary among the same population but do not appear to be linked to ovule 

morphology  

 

The evolutionary purpose of a large, crassinucellar ovule in cereal crops is yet to be 

determined. Before fertilisation, the nucellus gives rise to the germline and supports 

development of the embryo sac, while after fertilisation the nucellus acts as a transfer tissue, 

allowing nutrients from the maternal plant to be stored in the endosperm of the developing 

grain. To assess relationships between ovule morphology and grain traits in two-row spring 

barley, grain for 124 of the 127 genotypes was phenotyped using a SeedCountTM SC4 (Seed 

Count Australasia, Condell Park, Australia), and correlation analysis was performed. The grain 

phenotyped was harvested in 2014, and was the generation that gave rise to the plants in 

which ovule morphology was assessed. There was insufficient grain to allow grain analysis for 

four genotypes: Appaloosa, Calgary, Salka and Turnberry. Variation was observed between 

all grain traits (Table 4-S3). However, few correlations with R2 >0.5 were identified between 

ovule and grain traits (Figure 4-6. Figure 4-S2). A slight negative correlation was observed 

between integument width and grain length (R2 = -0.22, p < 0.05), and nucellus proportion and 

grain length (R2 = -0.20, p < 0.05) suggesting that genotypes with thicker integuments and a 
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greater ratio of nucellus to embryo sac within the ovule were slightly more likely to produce 

shorter grains.  
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Figure 4-5: Genotypic similarities in variation of nine mature ovule traits among 127 genotypes 

of European two-row spring barley. Data for each trait was normalised to a value between 0 

and 1, and both traits and genotypes were clustered based on similarity of traits. The relative 

degree of variation within each trait for each genotype is indicated by the blue line. O_A, ovule 

area (µm2); O_T, ovule transverse (µm); O_L, ovule longitude (µm); ES_A, embryo sac area 

(µm2); ES_T, embryo sac transverse (µm); ES_L, embryo sac longitude (µm); I_W, integument 

width (µm); N_A, nucellus area (µm2); N_P, nucellus proportion (%).   
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Figure 4-6: Heatmap representing correlations between grain traits and nine morphological 

traits of mature ovules measured in 124 genotypes of European two-row spring barley. 

Positive correlations are shaded blue, negative correlations are shaded red. Numbers within 

boxes represent the correlation coefficient (R2) value. Both box colour and R2 value are only 

shown for those with a p-value of < 0.05. G_L, grain length (mm); G_W, grain width (mm); 

G_T, grain thickness (mm); G_AA, grain average area (mm2); O_A, ovule area (µm2); O_T, 

ovule transverse (µm); O_L, ovule longitude (µm); ES_A, embryo sac area (µm2); ES_T, 

embryo sac transverse (µm); ES_L, embryo sac longitude (µm); I_W, integument width (µm); 

N_A, nucellus area (µm2); N_P, nucellus proportion (%). Of the full panel of 127 genotypes, 

insufficient grain was available for four genotypes: Appaloosa, Calgary, Salka and Turnberry.   
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GWAS reveals 66 markers associated with mature ovule morphology  

 

Despite the lack of evidence to suggest a global link between ovule morphology and grain 

development in two-row spring barley, the variation present in the panel provided a unique 

opportunity to investigate the genetic basis ovule tissue formation. Phenotypic data was used 

to conduct genome wide association studies (GWAS) in an attempt to identify genomic regions 

that significantly influence the nine traits measured. GWAS were carried out using panel of 

4117 markers that had a minor allele frequency greater than 5%, and less than 5% missing 

data available for the 127 genotypes from which phenotypic data was collected.  

 

Of these 4117 markers, 66 were found to have a LOD score (logarithm of the odds; -log10(p-

value)) greater than 3 for at least one of the ovule traits used for GWAS (Table 4-S4). Fifty-

seven of the markers were found to have an association of LOD>3 for multiple ovule traits. 

The majority of the 66 markers mapped to chromosomes 2H (29 markers, or 44%) and 4H (22 

markers, or 33%), while only a single marker mapped to each of chromosomes 5H and 6H.  

 

In total, 17 markers showed an association to an ovule trait with a LOD>4. Nine of these 

significant markers mapped to chromosome 2H, while four mapped to each of chromosomes 

1H and 4H. The 17 markers found to associate to ovule traits with LOD>4 grouped into six 

genomic locations: two on Ch1, at 26.5cM and 41.2cM, three on Ch2, at 59cM, 73.8cM and 

~120cM, and at 52.3cM on Ch4. The most significant associations were observed on Ch1 at 

41.2cM, Ch2 at 59cM and Ch2 at 73.8cM, and were characterised as the highest associations 

with particular ovule traits, specifically, ES area, nucellus area and ovule area, respectively. 

All allele effects were positive with the exception of the two markers associated with ovule 

transverse at 120cM on Ch2. The associations of the two markers C16024 and C16995 on 

chromosome 2 with ovule area equally attained a LOD score of 6.652 and were thus the 

markers most highly associated with any trait observed.  
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Four major QTL influence mature ovule morphology  

 

The most significant associations were located in four genomic regions (Table 4-2). For further 

analysis, these regions are referred to with a shorthand identity and taken to represent the 

trait for which the highest LOD score was observed within the region. Thus, these regions are 

QTL1H_ES, at 41.2cM on Ch1 representing the ES, QTL2H_NUC, at 59cM on Ch2 

representing the nucellus, and QTL2H_OV at 73.8cM on Ch2 representing ovule area. A fourth 

region was included, referred to as QTL4H_INT and located at 52.3cM on Ch4. Associations 

between markers and integument traits were found exclusively within this region. These four 

QTLs were easily observed from Manhattan plots of marker associations for the four 

respective traits (Figure 4-7).  

 

QTL1H_ES was defined by two markers, 11_20617 and SCRI_RS126734, for which 

associations of LOD score >4 were identified with ES area, ES longitude, ovule area and ovule 

longitude, and associations of between LOD 3 and 4 were identified with ES transverse and 

nucellus proportion. The most significant associations were shown with ES area (LOD = 5.695) 

and ES longitude (LOD = 5.265). Within QTL1H_ES, presence of the minor alleles of the 

markers 11_20617 and SCRI_RS_126734 were observed to have the greatest effect upon an 

ovule phenotype, contributing up to a 12.8% increase in ES area. This was the largest 

proportional effect upon any ovule phenotype among the markers within the four major QTLs. 

 

Four markers form QTL2H_NUC, 11_10498, 11_10297, 12_30691 and 11_20674, all of which 

show an association of LOD>4 to nucellus area. When LOD values between 3 and 4 were 

considered, markers 11_10498, 12_30691 and 11_20674 were also observed to associate 

with ovule area, and 11_20198 was observed to associate with ovule transverse. Presence of 

the minor allele of the marker which showed the highest LOD score/association with nucellus 

area, 11_10498, was observed to confer a 5.6% increase in nucellus area.  
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Three major markers formed QTL2H_OV; SCRI_RS_150266, SCRI_RS_16024 and 

SCRI_RS_16995. These three markers were associated with ovule area, attaining LOD 

scores of 4.43 (SCRI_RS_150266) and 6.65 (SCRI_RS_16024, SCRI_RS_16995). The 

markers SCRI_RS_16024 and SCRI_RS_16995 were also associated with nucellus area and 

ovule transverse (LOD >5), and ovule longitude (LOD between 4 and 5). When associations 

of between LOD 3 and 4 were considered, a further six markers within 2cM of the major two 

markers at 73.8cM were found to associate with ovule traits. Notably, five of the nine markers 

within QTL2H_OV were also observed to associate with ES traits. These five markers were 

AA_10265, SCRI_RS_100476, SCRI_RS_16024, SCRI_RS_16995 and SCRI_RS_167713. 

Of the markers in QTL2H_OV, the greatest impact upon a trait was observed to be a 7.3% 

increase in ovule area, conferred by the both of SCRI_RS_16024 and SCRI_RS_16995. The 

association of these markers with nucellus area also conferred a 6.1% increase in nucellus 

area, which is notable as it is larger than the effect conferred by any marker within the QTL 

associated with nucellus area, QTL2H_NUC.  

 

Four markers were associated with integument width (LOD >4) within the QTL4H_INT region. 

A further fourteen markers, predominantly with associations to nucellus area and ovule area 

rather than integument width, were observed in the QTL4H_INT region when associations of 

between LOD 3 and 4 were considered. Notably, markers within this region associated to 

nucellus or ovule area traits tended to confer a reduction of 2% to 5% area, while those 

associated with integument width consistently conferred a 2.3% increase in width.  
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Table 4-2: Summary of the four major QTLs and key SNP markers within each identified following GWAS performed for nine morphological traits 

of mature barley ovules among a population of 127 genotypes. Each major QTL is highlighted in a different colour. Within each QTL, the trait with 

the highest LOD score has been highlighted, as has the LOD score and the allele effect, calculated as % of the trait average phenotype. O_A, 

ovule area (µm2); O_T, ovule transverse (µm); O_L, ovule longitude (µm); ES_A, embryo sac area (µm2); ES_T, embryo sac transverse (µm); 

ES_L, embryo sac longitude (µm); I_W, integument width (µm); N_A, nucellus area (µm2); N_P, nucellus proportion (%).  

 

       Major Allele Minor Allele 

QTL Marker Ch cM Trait Trait Avg LOD Allele Freq (%) Allele Freq (%) Effect s.e. Effect% s.e.% 

QTL1H_ES 

11_20617 1H 41.3 ES_A 48876.1 5.695 G 87% C 13% 6257.7 1317.0 12.8 2.7 

   ES_L 318.0 5.265 G 87% C 13% 18.9 4.2 5.9 1.3 

   O_A 174421.2 4.068 G 87% C 13% 9718.3 2473.8 5.6 1.4 

   O_L 529.1 5.171 G 87% C 13% 21.2 4.7 4.0 0.9 

SCRI_RS_126734 1H 41.3 ES_A 48876.1 5.695 T 87% C 13% 6257.7 1317.0 12.8 2.7 

   ES_L 318.0 5.265 T 87% C 13% 18.9 4.2 5.9 1.3 

   O_A 174421.2 4.068 T 87% C 13% 9718.3 2473.8 5.6 1.4 

   O_L 529.1 5.171 T 87% C 13% 21.2 4.7 4.0 0.9 

QTL2H_NUC 

11_10498 2H 58.3 N_A 125560.8 5.349 A 84% G 16% 6987.2 1523.0 5.6 1.2 

11_10297 2H 59.2 N_A 125560.8 4.506 G 82% A 18% 6076.7 1459.2 4.8 1.2 

12_30691 2H 59.2 N_A 125560.8 4.428 A 84% C 17% 6245.0 1514.4 5.0 1.2 

11_20674 2H 59.5 N_A 125560.8 4.428 C 84% A 17% 6245.0 1514.4 5.0 1.2 

QTL2H_OV 

SCRI_RS_150266 2H 73.8 O_A 174421.2 4.425 C 84% T 16% 9598.8 2328.7 5.5 1.3 

SCRI_RS_16024 2H 73.8 N_A 125560.8 5.279 C 87% T 13% 7653.7 1680.5 6.1 1.3 

   O_A 174421.2 6.652 C 87% T 13% 12676.0 2447.4 7.3 1.4 

   O_L 529.1 4.155 C 87% T 13% 19.5 4.9 3.7 0.9 

   O_T 444.8 5.162 C 87% T 13% 13.1 2.9 2.9 0.7 
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SCRI_RS_16995 2H 73.8 N_A 125560.8 5.279 A 87% G 13% 7653.7 1680.5 6.1 1.3 

   O_A 174421.2 6.652 A 87% G 13% 12676.0 2447.4 7.3 1.4 

   O_L 529.1 4.155 A 87% G 13% 19.5 4.9 3.7 0.9 

   O_T 444.8 5.162 A 87% G 13% 13.1 2.9 2.9 0.7 

QTL4H_INT 

SCRI_RS_144983 4H 52.3 I_T 45.9 4.263 C 73% T 27% 1.0 0.3 2.3 0.6 

SCRI_RS_186944 4H 52.3 I_T 45.9 4.263 C 73% T 27% 1.0 0.3 2.3 0.6 

SCRI_RS_230472 4H 52.3 I_T 45.9 4.263 G 73% T 27% 1.0 0.3 2.3 0.6 

SCRI_RS_7401 4H 52.3 I_T 45.9 4.263 C 73% T 27% 1.0 0.3 2.3 0.6 
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Figure 4-7:Manhattan plots representing associations of 4117 single nucleotide polymorphism (SNP) markers with ovule area, embryo sac area, 

nucellus area, and integument width, as determined by GWAS using an Eigenstrat relationship model, and phenotypic data collected from 127 

genotypes of European two-row spring barley. SNP markers with LOD (-log10(p-value)) score greater than 3 (dashed magenta line) were 

considered to be associated with the phenotype.  
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Identification of putative genes residing near QTL influencing ovule morphology 

 

Candidate genes located near each of the 4 QTL were identified by entering all markers within 

the QTL that formed trait associations with LOD>3 into Barleymap (Cantalapiedra et al. 2015), 

using cv. Morex genome annotations (Mascher et al. 2017), and setting the range to +/-2.5cM, 

in order to account for uncertainty in physical marker locations. The total number of genes 

identified within these windows was 4211, of which QTL1H_ES contributed 399, QTL2H_NUC 

contributed 187, QTL2H_OV contributed 152 and QTL4H_INT contributed 3473. In order to 

assess the broad functionality of genes in each QTL, gene ontology (GO) terms were 

investigated. There were 90 unique GO terms associated with genes in QTL1H_ES, 78 unique 

GO terms associated with genes in QTL2H_NUC, 53 unique GO terms associated with genes 

in QTL2H_OV, and 364 unique GO terms associated with genes in QTL4H_INT. The most 

common GO terms annotated in the genes of each QTL (Figure 4-8) were similar, and tended 

to relate to basic cellular metabolism and replication activities, such as ATP binding, redox 

processes and transcription. In addition, several GO terms were found to be specifically 

enriched in each QTL. The GO term GO:0004867, relating to serine endopeptidase inhibitor 

activity, was enriched in genes underlying QTL1H_ES, the GO terms relating to esterase 

activity (GO:0016788) and methyltransferase activity (GO:008168) were common among 

genes underlying QTL2H_NUC, and the GO term for transporter activity (GO:0005215) was 

uniquely common in genes underlying QTL2H_OV. The most common GO terms for genes in 

QTL4H_INT were relatively unremarkable, perhaps reflecting the quantity of genes located in 

this region.  
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Figure 4-8: Pie charts indicating the most common gene ontology (GO) terms for genes underlying (A) QTL1H_ES, (B) QTL2H_NUC, (C) 

QTL2H_OV, and (D) QTL4H_INT 
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Discussion 

  

As the site of fertilisation and grain initiation, the ovule fulfils a critical role in the life cycle of 

both eudicot and monocot plants, and is thus of critical importance to cereal crop industries. 

This study characterised the range of natural variation present in mature ovule phenotypes 

among a population of two-row spring barleys, establishing an average phenotype for ovule 

at maturity and identifying genotypes with variation among nine specific ovule traits, including: 

two-dimensional ovule area, ovule transverse, ovule longitude, two-dimensional embryo sac 

area, embryo sac transverse, embryo sac longitude, two-dimensional nucellus area, the 

proportion of the ovule occupied by nucellus, and the integument width. After elimination of 

cultivars due to staging and preparation errors, trait data was collected for 127 genotypes. 

Correlation analysis and principal component analysis (PCA) were used to assess 

relationships among ovule traits, and between the ovule and grain traits. Finally, the 

phenotypic data collected was used to perform a genome wide association study (GWAS), 

revealing sixty-six markers of which the majority were located in four key quantitative trait loci 

(QTL) associated with mature ovule morphology.  

 

A key factor in quantifying morphological traits in the mature ovule was the accuracy of 

reproductive staging. It is generally accepted that male and female reproduction in cereals is 

synchronised (Kubo et al. 2013), thus the developmental stage of the much more easily 

accessible anthers should reflect the status of the ovule. Therefore, developmental stage was 

determined in this study both by similarity of the pistil to the description of the pistil at anthesis 

in a commonly used staging guide developed in barley and wheat, the Waddington Scale 

(Waddington et al. 1983), and by whether the anthers of each floret were yellow in colour and 

readily released pollen (Wilkinson and Tucker 2017). However, visualisation of ovule structure 

among the cleared tissue revealed greater morphological variation among ovules produced 

by individual genotypes than could be explained by natural variation of mature phenotypes 
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(Figure 4-1). In these instances trait variation was pronounced and accompanied by variation 

in features of the embryo sac that were not phenotyped for the purposes of this study, 

including: the density of the antipodal cell cluster, the size and shape of the antipodal cell 

nuclei, the presence of groups of small nuclei at the edge of the central cell, and the size of 

the central cell as evident by the distance between the micropylar end of the embryo sac and 

the most distal antipodal cell. Previous reports of the ultrastructure of cereal ovules have 

documented rapid expansion of the nucellus, central cell and the antipodal cells as fertilisation 

occurs, accompanied by degeneration of antipodal cells and multiplication of nuclei in the 

nascent endosperm over the following days (Diboll 1968; Engell 1994; Maeda and Miyake 

1996). Thus regarding this data, small ovule, embryo sac and nucellus area traits in addition 

to the presence of two or more of tight clustering of antipodal nuclei, small antipodal nuclei 

with respect to others of that genotype, or a small central cell area was taken as an indicator 

of immaturity. Equally, the coincidence of enlarged ovule, embryo sac and nucellus area traits 

with the presence of irregularly shaped antipodal cell nuclei or clusters of small nuclei at the 

periphery of the embryo sac was taken as indicators that the ovule had been fertilised.  

 

Data curation following quantification of morphological traits meant insufficient replicate ovule 

measurements were collected for 23 genotypes, thus reducing a total number of 150 barley 

genotypes to an effective population of 127 two-row spring genotypes. Collection of ovules at 

points before and after maturity despite attempts to stage for reproductive maturity may reflect 

sampling error. However, as anther and pistil phenotype were consistently used as a staging 

reference, it may be speculated that pistil structure varies among barley genotypes, and that 

male and female reproductive development are not perfectly synchronised among two-row 

spring barley genotypes.  
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Mature ovule morphology varies in barley  

 

The mature barley ovule is composed of three main tissues; the integuments, the nucellus and 

the embryo sac, and lacks the fourth tissue present in Arabidopsis, the funiculus. The three 

ovule compartments form concentric rings within the pistil, and their relative proportions clearly 

differ in barley compared to ovules from eudicots such as Arabidopsis. Most notably, barley 

ovules develop to become crassinucellate upon maturity, meaning that the nucellus is a thick, 

multilayered tissue compared to the thin, often single layered nucellus in tenuinucellar species. 

Based on the data collected here, the typical two-row spring barley is 174421.2µm2 

±19857.8µm2, with 72.4% ±4.2% of the area composed of nucellus, and surrounded by an 

integument 45.9µm ±2.7µm thick. A range of cultivars were identified that showed distinct 

phenotypes compared to the average value. These cultivars include Akita, Cecilia, Forum, 

Foxtrot, Gant, Host, Lina, Optic, Salka and Wren, and may be considered useful for further 

studies of ovule development. Despite the variation in ovule traits between specific cultivars, 

analysis of the whole panel showed that nucellus area was tightly linked to the ovule area, 

indicating that ovules with more nucellus tissue tend to be larger, irrespective of the 

morphology of other ovule components. However, another major factor contributing to 

variations in ovule size between cultivars is expansion of the embryo sac. A simple summary 

explaining the relationship between the various ovule traits is summarised in a model (Figure 

4-9). This highlights how the different component tissues of the ovule interact to determine 

final ovule size. These different components will be discussed further below. 
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Figure 4-9: Model summarising the contribution of each sub-ovule tissue toward the overall 

mature structure of the barley ovule. Growth of the ovule occurs within the limits of the space 

available, as defined by the ovary wall (OW; i). As the outermost component of the ovule, 

growth of the integument (INT) may restrict development of the nucellus (NUC; ii). While 

growth of both the nucellus and embryo sac (ES) contribute to overall ovule growth, increase 

in either tissue occurs at the expense of the other (iii). ES, embryo sac; INT, integument; NUC, 

nucellus; OW, ovary wall.   
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Dissecting the role and components of nucellus size 

 

As the megasporangium, or the tissue which ultimately gives rise to the female germ cell, the 

nucellus is a key component of ovule fertility. Nucellus area varied by up to 56.7% in the barley 

panel, and was tightly coupled to overall ovule size. Despite this, as ovule size increased, the 

proportion of nucellus tended to decrease. The reason for this appears to be embryo sac 

expansion, since embryo sac area showed a strong negative correlation with nucellus 

proportion. Hence, increased embryo sac and nucellus area both drive increases in ovule 

area, but the expanding embryo sac increases in size at the expense of the nucellus. This 

growth might be facilitated by pre-fertilisation induction of cell death in nucellus cells adjoining 

the embryo sac, or through compression of nucellus cells over time. With respect to the grain, 

the mild negative relationship between the proportion of nucellus and the grain length indicates 

that longer grains are slightly more likely to be produced from ovules that contain relatively 

more embryo sac than nucellus, which in turn, as mentioned above, is more likely to occur in 

larger ovules.  

 

Despite many species producing crassinucellate ovules, the significance of a large nucellus 

remains unclear (Endress 2011; Rudall et al. 2008). Hypotheses suggest that a bigger 

nucellus could provide a larger repository of amino acids or sugar that are required for the 

early stages of grain development (discussed in Wilkinson et al. 2018), but this has yet to be 

conclusively shown. Alternatively,  a larger nucellus may facilitate an ideal environment for 

signalling. Throughout ovule development, developmental signals such as auxin are 

transmitted through the nucellus (Cheng et al. 2006; Pagnussat et al. 2009), and models 

suggest that there may be nutritional transfer and signalling cross-talk between the nucellus 

and embryo sac prior to fertilisation (Juranić et al. 2018; Lora et al. 2017). However, 

information is currently lacking regarding the degree of symplastic connectivity and the 

molecular mechanisms of signal transduction between these two tissues. It is clear that after 
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fertilisation in barley and wheat, the nucellus undergoes programmed cell death (PCD) and 

forms the nucellar projection, which fulfils an important role as a transfer tissue facilitating 

movement of maternal nutrients to the developing embryo and endosperm (Thiel et al. 2008). 

Delayed PCD of nucellar cells dramatically reduces barley grain fill (Radchuk et al. 2006), 

however it is not known whether the size or number of cells in the nucellus or nucellar 

projection are important for nutrient transfer. This might be considered through thin sectioning 

and light microscopy of the cultivars described above. 

 

Given the lack of a clear relationship between nucellus size and grain traits in this study, it is 

possible that simply having a nucellus is sufficient to satisfy the needs of downstream grain 

formation. Alternatively, it is also possible that the crassinucellate nature of barley ovules fulfils 

an important role in developmental regulation, stress tolerance and nutrition of the developing 

embryo sac, rather than the downstream stages of seed growth. Indeed, a number of studies 

have shown that female tissues are much more resilient against abiotic stress than male 

tissues (reviewed by Barnabás et al. (2008) and Wilkinson et al. (2018), and this may be due 

in part to the protection offered to the embryo sac by the ovule itself. Whether variations in 

nucellus size indirectly contribute to grain development by limiting ovule abortion under 

conditions of environmental stress was not tested. However, the identification of genotypes 

with variant nucellus phenotype in this study, such as Akita, Host, Lina and Wren will be a 

useful resource to investigate this question.  

 

Embryo sac expansion contributes to ovule size at the expense of the nucellus 

 

The embryo sac contains four discrete haploid cell types that arise by mitotic divisions of a cell 

known as the functional megaspore (Willemse and De Boer-de 1981). These four cell types 

are: synergid cells, of which there are two, the egg cell and the central cell, of which there are 

one of each, and the antipodal cells, of which there is a large cluster of indeterminate number 
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in cereal crops, generally accepted as being at least 30. By reproductive maturity the central 

cell and the antipodal cell cluster are prominent, and constitute the majority of the region 

occupied by the embryo sac (Chaban et al. 2011; Engell 1994; Maeda and Miyake 1997). 

Once a pollen tube enters the ovule, the two polar nuclei within the central cell are fertilised 

by a pollen sperm nucleus, fusing to form a single triploid nucleus (Mogensen 1990; You and 

Jensen 1985). In the five days following fertilisation, this triploid central cell nucleus undergoes 

mitosis without cytokinesis, thus forming the coenocytic endosperm. This is followed by 

cellularisation and subsequent differentiation of discrete endosperm cell types occurs (Olsen 

2004). Prior to fertilisation, in Arabidopsis the central cell is responsible for production of 

developmental signals, such as the peptide ESF1 (EMBRYO SURROUNDING FACTOR 1), 

which is required for correct seed development (Costa et al. 2014). Previous work regarding 

maternal effects on barley endosperm development focussed on the role of the nucellus in 

post-fertilisation grain filling processes, but proposed that the central cell provides a “factor” 

critical for correct endosperm cell division (Felker et al. 1985). In maize, several maternal effect 

mutants have been identified in which defective growth and organisation of the central cell and 

antipodal cells impacts differentiation and patterning of endosperm cell types, ultimately 

altering kernel morphology (Chettoor et al. 2016; Gutiérrez-Marcos et al. 2006). The function 

of antipodal cells before and after fertilisation has been the subject of much debate but little 

detailed analysis, in part due to the technical difficulty of accessing this tissue (Lloyd 1899; 

Song et al. 2014). However, among historical studies comparing ovule structure in monocot 

and eudicot species (Lloyd 1899), the parents and progeny of a barley/rye cross (Hordeum 

jubatum x Secale cereal; Brink and Cooper, 1944), and more contemporary studies assessing 

antipodal ultrastructure in wheat and rice (Chaban et al. 2011; Maeda and Miyake 1997), there 

is some evidence to suggest that the antipodal cells are an important source of nutrition to the 

developing embryo and endosperm.  
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Cells of the embryo sac can be identified in barley using the methodology described in Chapter 

3 (Wilkinson and Tucker 2017). However, one limitation of the imaging method used in this 

study was the lack of depth measurement, as optical sections were taken insufficiently far 

apart for 3-D reconstruction. Without this, it was not possible to separate the overlapping 

regions occupied by the central cell and the antipodal cell cluster. As such it could not be 

confirmed whether the proportional variation in embryo sac morphology is driven by an 

increase in central cell expansion, antipodal cell proliferation, antipodal cell expansion, or a 

combination of all three factors. Advances in tissue clearing, whole-mount imaging techniques, 

and image processing software capabilities will be useful for addressing this issue in future 

studies that aim to assess ovule morphology both with small sample sizes and in a high-

throughput manner. 

 

Within the population studied, the embryo sac was found to be the most variable ovule 

component, and as a result, its relationship with ovule area was slightly less than that of the 

nucellus. The transverse and longitude dimensions of the embryo sac were tightly correlated, 

meaning that variation of overall embryo sac area occurred proportionally rather than in only 

longitude or transverse. No significant correlations were directly identified between embryo 

sac traits and grain traits, however the proportion of nucellus is the direct inverse of the embryo 

proportion within the ovule. As such, it may be considered that there is a positive relationship 

between embryo sac proportion and grain length. Other than this, given the limitations of the 

method with respect to isolating specific central cell and antipodal cell cluster regions, the lack 

of other relationships being identified may either accurately reflect an absence of impact of 

embryo sac morphology upon grain development, or it may reflect that key traits were not 

phenotyped. Based on current literature, both the genotypic and mechanistic basis for embryo 

sac expansion remains unclear in dicots and monocots. Logically, embryo sac growth may 

result from activity within the embryo sac, such as accumulation of nutrients within the central 

cell and proliferation of the antipodal cells, or in response to changes in the surrounding 
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nucellus, such as substantial growth of the surrounding tissue throughout development 

stretching the embryo sac or conversely alteration of structural properties of nucellar cell walls 

allowing the embryo sac to crush the surrounding nucellus. Investigation of embryo sac 

development in variant genotypes identified in this study, such as Cecilia, Forum, Foxtrot and 

Salka may elucidate genetic inputs that contribute to structure of the embryo sac. Further, 

work utilising such genotypes to assess when and where cell division and expansion take 

place in the barley ovule, particularly in somatic components such as the nucellus and 

integuments, may begin to dissect the relationship between these tissues and their role in 

reproductive development and production of cereal crop grain.  

 

The integuments 

 

The integuments initiate from the chalazal region of the ovule primordium at the same time as 

selection of one nucellus cell to become the archesporial cell, then the megaspore mother cell, 

of which the daughter cells give rise to the embryo sac (Schneitz et al. 1995). Throughout 

ovule development, the bi-layered integument grows sufficiently rapidly to completely 

encapsulate the nucellus before the ovule reaches reproductive maturity. The point at which 

the integuments meet is known as the micropyle. This structure forms at the distal tip of the 

ovule, generally at the closest point to where the egg apparatus is located within the embryo 

sac, and has been found to be important for correct entrance of the pollen tube into the ovule 

prior to fertilisation (Lora et al. 2019). In addition to this role in facilitating fertilisation, in 

Arabidopsis, the integument has a critical role after fertilisation as it forms the seed coat 

(Nakaune et al. 2005; Windsor et al. 2000). Before fertilisation, the integument of Arabidopsis 

has also been demonstrated to be required for correct ovule development, by producing 

developmental signals such as KLUH/CYP78A5 (KLU) and CYP78A9 (Sotelo-Silveira et al. 

2013; Zhao et al. 2018). These cytochrome P450 genes are required for proliferation of 

integument cells and subsequently the cells of the seed coat, ultimately regulating ovule 
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fertility and overall seed size (Adamski et al. 2009; Ito and Meyerowitz 2000). Silencing of 

TaCYP78A5, the wheat orthologue of the KLU, was found to restrict seed coat cell proliferation 

and cause a 10% reduction in grain size (Ma et al. 2015). In the barley panel investigated 

here, integument width was found to be the least variable of the nine ovule traits measured. 

Despite this, genotypes with larger ovule area tended to have thinner integuments, which may 

indicate they are less-resistant to compression by the nucellus and expanding embryo sac. 

Further, a mild negative relationship was identified between integument width and grain length 

(R2 = -0.22, p<0.05), thus it may be speculated that mechanical constraint by the integuments 

could potentially play a role in grain filling processes. However, replication of both ovule and 

grain trait measurements must be undertaken before meaningful conclusions may be drawn 

from this analysis. Future study of genotypes identified to have variant integument phenotype 

at maturity, such as Akita, Forum, Gant and Wren may reveal genetic inputs into integument 

formation.  

 

Characterisation of variation in mature ovule phenotype provides tools for the future  

 

Shape and size of mature ovules is likely to be determined by a combination of factors such 

as nucellus cell divisions, expansion of cells within the embryo sac such as the central cell 

and antipodal cells, mechanical restriction from the integuments, or by the space within the 

carpel (the locule) that is available for the ovule to fill. Due to the unique challenges posed by 

the size and location of cereal ovules, accurate visualisation of physical structures such as the 

locule, and observation of processes such as cell expansion and division remains technically 

challenging. Prior to this study, morphological analysis of ovule development in cereal crops 

has been performed using time-consuming techniques that do not allow visualisation in more 

than two dimensions, such as histological staining of thick sections and transmission electron 

microscopy (Engell 1994; Maeda and Miyake 1997; You and Jensen 1985). While use of 

whole-mount clearing techniques such as ClearSee, PeaClarity and Hoyer’s Solution can be 
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arduous and involve significant method optimisation (Anderson 1954; Kurihara et al. 2015; 

Palmer et al. 2015), this study demonstrates that it is possible to utilise such techniques for 

investigating genotypic differences in the physical arrangement of cereal crop ovules. These 

techniques will provide a powerful tool for future investigation of ovule development, especially 

upon identification of genes specifically expressed in discrete ovule cell types that can be used 

for generation of fluorescent reporter lines and mutational studies.  

 

In this study, morphological quantification of the variation in nine mature ovule morphological 

traits facilitate the investigation between physical aspects of the mature barley ovule and the 

grain subsequently produced. Correlation analysis revealed only a single mild relationship 

between ovule and grain phenotypes, such that genotypes with thicker integuments were more 

likely to produce shorter grain. It must be acknowledged that only one generation of ovules 

and grain were analysed for this data, thus technical replications must be completed before 

meaningful conclusions are drawn from these correlation analyses. Further, it should be noted 

that it was not possible to phenotype several traits, such as nucellus cell number, and size of 

the central cell, thus the data presented in this study may not have captured the features of 

ovule development that contribute to mature grain traits. Future studies might also consider 

additional quantification of pistil traits, as recent work has identified a positive correlation 

between pistil and yield traits in wheat and sorghum (Guo et al. 2016; Yang et al. 2009). A 

positive relationship between pistil size and the number of grains produced per spike has been 

identified in wheat, which, alongside a further positive association between pistil size and floret 

survival, has led to the suggestion that floral nutrient allocation is a determinant of not only 

floral organ size but floral survival, and thus total yield (Guo et al. 2016). This hypothesis is in 

line with previous speculation that nutrient accumulation within the pistil, or even within the 

ovule, can support continuation of the metabolic processes of the ovule throughout conditions 

of environmental stress, thus accounting for the relatively robust environmental tolerance of 

the ovule as compared to that of the pollen in most species (reviewed by Wilkinson et al., 
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2018).  However, the relationship between ovule traits and ovary traits remains to be 

assessed. 

 

Identification of morphological variation among 127 genotypes of two-row spring barley 

genotypes in this study raises several questions, particularly including: 1) What is the genetic 

basis for variation in ovule phenotype? 2) When in development does variant ovule 

morphology become apparent – is the mature ovule size determined upon ovule initiation, or 

can processes occurring mid-development influence the mature phenotype? 3) What is the 

role of cell proliferation and expansion in the nucellus and cells of the embryo sac with respect 

to mature ovule phenotype? Each of these questions requires future study of developing 

ovules, and assessment of genotypes with varied ovule phenotypes. Several suitable 

genotypes have been identified in this study, including Akita, Cecilia, Forum, Foxtrot, Gant, 

Host, Lina, Optic, Salka and Wren. In order to guide future investigation of the genetic basis 

for differences in mature ovule phenotype, the variation quantified in this study was used to 

perform a genome wide association study.  

 

GWAS identifies four small-effect QTL that influence ovule morphology in two-row 

spring barley  

 

The use of genome wide association studies (GWAS) in plants is relatively new. This  

technique compares phenotypic data collected from a population of related genotypes to 

marker data such as genotype-specific single nucleotide polymorphisms (SNP). These 

comparisons facilitate identification of quantitative trait loci (QTL) that influence the phenotypic 

trait in question, on the basis of how frequently phenotypic variation coincides with specific 

SNPs. Over the last decade, GWAS has been widely used to discover regions of the genome, 

and subsequently genetic components, of polygenic and pleiotropic traits, both in medical 

research fields and agricultural research (Qian et al. 2017). For example, the NERD1 (NEW 
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ENHANCER OF ROOT DWARFISM) gene was recently identified as a component of several 

fertility traits in Arabidopsis, following a GWAS using ovule number data in a population of 189 

accessions (Yuan and Kessler 2018). Similarly, QTL of relevance to cereal crop breeding 

programs have been identified in wheat for genotypes showing tolerance against drought 

stress occurring at meiosis (Onyemaobi et al. 2018), heat-stress occurring in early grain fill 

(Shirdelmoghanloo et al. 2016), and a combination of heat and drought stress (Bennett et al. 

2012). In this study, GWAS was used to identify QTL associated with the variation in mature 

ovule morphology present in a panel of 127 two-row spring barley genotypes. Marker 

associations with nine distinct ovule traits were analysed, including: ovule area, ovule 

transverse, ovule longitude, embryo sac area, embryo sac transverse, embryo sac longitude, 

nucellus area, nucellus proportion, and integument width. Sixty six SNP markers were 

identified that associated with variation in at least one these traits, and 17 markers exhibited 

particularly strong associations. The markers were grouped into six general regions 

throughout the barley genome, of which four were of particular interest. Although the maximum 

LOD score of any association was only 6.65, these four regions were notable in containing 

multiple markers that formed strong associations with multiple ovule traits. Interestingly, 

markers of greatest strength of association within each region related to combinations of either 

embryo sac and ovule traits, or nucellus and ovule traits, but not for the combination of embryo 

sac and nucellus traits, suggesting that development of the embryo sac and the nucellus are 

likely governed by distinct regulatory programs. Three of the four QTL were enriched for 

specific gene ontology (GO) terms unique to that QTLs, indicating that each QTL represents 

contribution of a different regulatory pathway to the observed variation in ovule phenotypes.  

 

In relation to other GWAS studies, the strength of associations within the QTL identified in this 

study is relatively low. This, combined with the incidence of multiple marker associations for 

each trait, suggests that development of ovule morphological traits assessed are subject to 

complex small-effect multigenic regulation. In order to identify markers of greater significance, 
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future GWAS will require phenotypic data from larger populations and/or higher density 

genomic marker data. Alternatively, the genotypes identified as being outliers for each trait 

might be used to generate bi-parental populations for standard QTL mapping in the F2 

generation. In parallel, a genomics approach could be used document expression patterns 

and filter for genes that vary between key cultivars and/or co-locate within QTL intervals. 

Further, study of these genes will be required throughout ovule development in order to assess 

at what developmental stage variant phenotype manifests, and ultimately to further our 

understanding of the reproductive purpose of the nucellus in cereal crops. 

 

Conclusion  

 

Microscopic technology has advanced sufficiently to allow quantification of morphological 

traits of mature barley ovules among a population. In this study a population screen identified 

variation among nine ovule traits, and revealed four QTL associated with variation in these 

traits. Correlation between ovule and grain traits would benefit from increased replication of 

the population grown in order to bulk grain production, to reduce the effects of plant loss on 

total yield and thus allow more rigorous grain trait analysis. Further study is required to 

determine whether variation of discrete ovule morphological traits confers an advantage to 

ovule development and fertility under stressful conditions.  
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Supplementary Data 

Table 4-S1: Measurements for nine morphological traits of mature ovules in 127 genotypes of European two-row spring barley. O_A, ovule area; 

O_T, ovule transverse; O_L, ovule longitude; ES_A, embryo sac area; ES_T, embryo sac transverse; ES_L, embryo sac longitude; I_W, 

integument width; N_A, nucellus area; N_P, nucellus proportion.  

Genotype O_A (µm2) O_T (µm) O_L (µm) ES_A (µm2) ES_T (µm) ES_L (µm) I_W (µm) N_A (µm2) N_P (%) 

Acapella 202777.7 ± 38935 499.1 ± 25.6 533.9 ± 19.7 46464.9 ± 9679.1 216.5 ± 4.8 279.5 ± 15.7 38.1 ± 2.5 156312.8 ± 30894.7 0.77 ± 0.024 

Agenda 227499.2 ± 42467 483.4 ± 17.1 625.2 ± 24.7 75121.6 ± 13856.8 272.9 ± 11.6 367.9 ± 21.7 49.5 ± 2 152377.7 ± 32315.5 0.667 ± 0.043 

Akita 159405.5 ± 21166.8 421.5 ± 5.4 500.8 ± 15.8 56263.6 ± 15762.1 242.9 ± 8.6 328.1 ± 16.2 52.2 ± 2.1 103142 ± 10601.4 0.653 ± 0.065 

Alabama 188015.8 ± 22567.6 466.9 ± 10 543.3 ± 9.5 47066.8 ± 8037.7 233.3 ± 10.1 290.3 ± 8.7 48.1 ± 1.2 140949 ± 17452 0.75 ± 0.027 

Alis 150012.3 ± 16751.1 432.3 ± 5.8 468.9 ± 15.9 44269.9 ± 9124.8 237 ± 13.1 266.1 ± 16.7 46.7 ± 0.8 105742.4 ± 9603.8 0.707 ± 0.037 

Amourette 171066.4 ± 22210.5 435 ± 7.6 527.8 ± 12.7 53021.2 ± 11671.7 236.9 ± 9.4 320.1 ± 10.8 47.4 ± 0.6 118045.2 ± 12930.1 0.693 ± 0.038 

Anaconda 175754.9 ± 24729.3 434.9 ± 12.6 544.4 ± 11.5 49135.6 ± 8349.3 225.1 ± 9.1 320.9 ± 11.7 46.6 ± 0.3 126619.3 ± 21639.9 0.719 ± 0.043 

Annabell 169975.6 ± 17536.6 464.5 ± 23.1 514.9 ± 7 55868.4 ± 5977.1 246.6 ± 6.1 316 ± 6.7 49.6 ± 1.1 114107.2 ± 21672.8 0.666 ± 0.061 

Appaloosa 211603.2 ± 24692 492 ± 11.6 576.9 ± 13.7 57511.7 ± 9111.2 260.2 ± 11 309.6 ± 15.7 49.5 ± 1.1 154091.6 ± 18946.2 0.728 ± 0.029 

Ardila 180109.1 ± 18186.7 465.5 ± 8.2 519.5 ± 9.6 41395.2 ± 8153.9 214.4 ± 9.5 276.4 ± 8.2 49.7 ± 1.1 138714 ± 11530.8 0.772 ± 0.027 

Astoria 190873.9 ± 16285 471.6 ± 5.3 543 ± 11.2 46474.6 ± 9324.7 224.7 ± 7.5 286.3 ± 12.1 47.5 ± 1.1 144399.3 ± 8488.4 0.759 ± 0.032 

Athena 149659.1 ± 45201.7 412.8 ± 19 476.2 ± 26 32568.6 ± 18038.1 174.1 ± 15.8 254 ± 26.4 45.5 ± 1.3 117090.6 ± 31701.4 0.793 ± 0.07 

Athos 160966.7 ± 27244.7 482.2 ± 49.1 497.9 ± 18.3 38129.9 ± 11155.5 201.4 ± 13.9 273 ± 17.2 44.7 ± 1.4 122836.7 ± 18501 0.766 ± 0.038 

Atlas 171584.4 ± 32144.6 444.2 ± 18.4 530.7 ± 30.2 45944.1 ± 18271.2 207.3 ± 23.3 321.1 ± 27.1 46.4 ± 1.2 125640.3 ± 14108.7 0.742 ± 0.053 
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Auriga 161884.1 ± 38547.9 430.7 ± 15 503.2 ± 24.7 38298.6 ± 12018.4 191 ± 10 286.6 ± 18.1 48.8 ± 0.4 123585.5 ± 27274.8 0.768 ± 0.03 

Avec 172691.2 ± 21624.7 447.1 ± 12.6 531.6 ± 10.2 44083.8 ± 8870.9 209.6 ± 4.2 312.6 ± 11.3 45.8 ± 1.8 128607.4 ± 22714.6 0.742 ± 0.055 

Baronesse 171348.2 ± 28762.3 452 ± 13.7 514.5 ± 27.5 38308.1 ± 9522.4 197.4 ± 11.8 304.5 ± 16.8 45.3 ± 0.4 133040.1 ± 20688.9 0.778 ± 0.024 

Berac 151120 ± 15047.7 419.8 ± 7.9 497.4 ± 23.9 38984.4 ± 8527.6 195.2 ± 3.7 310 ± 24.2 46.7 ± 0.5 112135.6 ± 9043.4 0.744 ± 0.037 

Beryllium 138197.8 ± 15888.7 396.9 ± 11.7 484.3 ± 8.9 30462.7 ± 5597.7 174.6 ± 10.6 270.1 ± 10.4 44.9 ± 2.3 107735.1 ± 11329.2 0.781 ± 0.022 

Braemar 187581.4 ± 11179.7 454.6 ± 10.1 562.9 ± 9.2 47076.2 ± 14935 239.7 ± 8.4 340 ± 19.3 47.5 ± 0.5 140505.2 ± 12090.8 0.751 ± 0.075 

Brazil 182011.1 ± 23031.5 462.3 ± 11.3 542.3 ± 9.8 51241.6 ± 5545.8 242.9 ± 6.8 323.5 ± 8.4 45.5 ± 0.9 130769.6 ± 19270.8 0.717 ± 0.024 

Cabaret 193191.6 ± 26708.1 466.6 ± 12.7 557.3 ± 16.3 48388.4 ± 10239.8 229.6 ± 7.9 321.9 ± 12.7 45.7 ± 0.8 144803.1 ± 19611.1 0.751 ± 0.033 

Calgary 187296.8 ± 36417.7 472.4 ± 22 545.3 ± 22.5 49399.6 ± 10033.6 226.8 ± 13.2 325.5 ± 11 46.7 ± 1.2 137897.2 ± 27812.3 0.736 ± 0.021 

Calico 156593.3 ± 21815.8 429.7 ± 10.5 495.7 ± 13.3 36313.5 ± 10750.5 186.6 ± 10 281.3 ± 10.2 46.6 ± 0.7 120279.8 ± 14262.8 0.772 ± 0.043 

Camir 172567.8 ± 11254.8 461.2 ± 10 502.2 ± 6.1 39585 ± 4712.2 210.2 ± 6.7 286.9 ± 11.2 51.1 ± 0.5 132982.8 ± 12026.8 0.77 ± 0.032 

Campala 162723.7 ± 30920 434.7 ± 11.6 503.4 ± 18.9 40636.5 ± 14579.3 201.7 ± 14.9 291.8 ± 14.6 49.5 ± 0.7 122087.3 ± 17067.7 0.759 ± 0.049 

Casino 153786.7 ± 18049.9 435.5 ± 7.2 471.4 ± 8.3 40642.7 ± 6321.1 214.2 ± 6 278 ± 6.8 48.6 ± 0.7 113144 ± 14808.7 0.735 ± 0.031 

Catalina 173326.2 ± 16742.5 461.7 ± 6.6 512.1 ± 13.5 35811.6 ± 10565.4 193.3 ± 10.8 286.7 ± 16.6 50.1 ± 0.8 137514.6 ± 12036.1 0.795 ± 0.049 

Cecilia 136893.5 ± 27697.2 411.1 ± 17.7 440 ± 26.2 25194.4 ± 9330.6 158.1 ± 13 238.8 ± 24.3 46.1 ± 0.6 111699.2 ± 18406.4 0.821 ± 0.027 

Celebra 193488.6 ± 15004.4 480 ± 7.8 533.3 ± 10 46708.3 ± 8401.9 229.2 ± 10.7 279.6 ± 13.1 43.5 ± 0.7 146780.3 ± 12442.5 0.759 ± 0.035 

Cellar 148462 ± 34500.2 384 ± 26.2 485.2 ± 24.4 38385.3 ± 16361.6 200.2 ± 15.3 281.8 ± 21.2 49.8 ± 0.9 110076.7 ± 19948.7 0.752 ± 0.061 

Charm 161985 ± 21394.4 421.9 ± 18.9 523.3 ± 8.4 45378.9 ± 10688.6 200.3 ± 18.5 327.1 ± 14.3 47.4 ± 2 116606.1 ± 11745.4 0.724 ± 0.038 

Chieftan 155828.3 ± 12691.9 419.3 ± 4.5 511.5 ± 15.2 40089.8 ± 9515.4 196.7 ± 11.1 296.3 ± 19.9 50.8 ± 1.4 115738.5 ± 4680.8 0.746 ± 0.043 

Chime 161668 ± 10602 434.8 ± 6.4 504.5 ± 10.5 43478.5 ± 6809.9 219.7 ± 7 288.9 ± 12.7 46.8 ± 0.7 118189.6 ± 7204.6 0.732 ± 0.031 
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Class 169898.4 ± 18278.3 436.2 ± 4.9 517.7 ± 20 43506.7 ± 13188.3 212.5 ± 18.5 300.6 ± 20.7 45 ± 0.3 126391.6 ± 6550.9 0.749 ± 0.053 

Cocktail 163254.5 ± 25345 426.4 ± 10.7 525 ± 19.8 47006.1 ± 11979.9 215.3 ± 9.9 323.3 ± 18.3 49.6 ± 0.9 116248.3 ± 16431.4 0.715 ± 0.041 

Cooper 155485.3 ± 25762.9 421.5 ± 8.5 504 ± 12.9 41315.4 ± 10263.4 205.8 ± 8.5 294 ± 11.6 48.6 ± 0.7 114169.8 ± 16507.1 0.737 ± 0.03 

Cribbage 177799.4 ± 22963.1 443.1 ± 9.8 538.3 ± 12.5 57237.6 ± 10063.5 225.2 ± 4.3 358 ± 11.4 47.8 ± 0.7 120561.8 ± 15258.1 0.679 ± 0.029 

Croydon 160034.6 ± 38047.1 437.1 ± 20.3 492.2 ± 36.1 41044.2 ± 15323.3 201.5 ± 12.1 277.7 ± 18.6 49.3 ± 0.5 118990.4 ± 23349.3 0.75 ± 0.033 

Crusader 171243.3 ± 15637.8 444.1 ± 9.9 523.1 ± 9.8 48232.8 ± 12141 228.7 ± 13.4 317.5 ± 12.6 49.6 ± 0.6 123010.5 ± 9026 0.721 ± 0.054 

Dantuna 158939.3 ± 22284.7 443.3 ± 11.3 482.3 ± 13.9 38076.7 ± 9948.8 198 ± 11.9 273.8 ± 14.1 49.6 ± 0.8 120862.5 ± 17061.1 0.762 ± 0.045 

Derkado 186747.9 ± 22732.1 443 ± 8.2 565.1 ± 14.7 62685.7 ± 13968 252.9 ± 11.3 355.2 ± 16.3 49.3 ± 0.7 124062.2 ± 14565.2 0.667 ± 0.05 

Draught 169698.7 ± 20772.6 455.8 ± 9.9 494.4 ± 9.3 36127.7 ± 3998 194.2 ± 4.6 282.4 ± 10.5 45.4 ± 0.7 133571.1 ± 17902.4 0.786 ± 0.017 

Drum 160297.4 ± 21842.7 439.8 ± 9.2 491.5 ± 13.4 37227.3 ± 7495 195.9 ± 8.4 276.7 ± 10.9 47.5 ± 0.9 123070.1 ± 14843.9 0.77 ± 0.021 

Elo 185090.6 ± 11378.9 458.4 ± 6.3 547.5 ± 7.2 50198.2 ± 5220.8 236.4 ± 3.5 329 ± 6.1 43.6 ± 0.5 134892.4 ± 9025.8 0.729 ± 0.022 

Extract 164652.1 ± 14406.3 448.3 ± 6.9 497.6 ± 6.5 34479.2 ± 7094.9 188.9 ± 7.8 284 ± 8.3 46.7 ± 0.8 130172.9 ± 11537.1 0.791 ± 0.035 

Fairytale 158521.2 ± 36092.7 440.4 ± 18.2 478.1 ± 21.3 35954.4 ± 13135.1 189.5 ± 17.3 264 ± 15.9 46.2 ± 1.6 122566.7 ± 24630.2 0.78 ± 0.046 

Felicie 161461.4 ± 25734.5 430.3 ± 12.3 513.8 ± 10.3 49945.3 ± 10762.9 234.3 ± 8.8 305.8 ± 8.6 46.3 ± 0.7 111516.1 ± 20226.3 0.69 ± 0.048 

Formula 179950.3 ± 16592.1 431.9 ± 7.1 570 ± 9.1 62091 ± 9557.1 247.6 ± 9.3 372.9 ± 10 50.7 ± 0.7 117859.4 ± 8938.8 0.657 ± 0.029 

Forum 152996.3 ± 21356.1 398.6 ± 14.6 520.9 ± 15.2 43990.9 ± 15934.7 190.7 ± 22 295.7 ± 27.4 51.2 ± 1.1 109005.4 ± 16656.1 0.716 ± 0.084 

Foxtrot 198862.9 ± 17717.3 449 ± 8.2 597.8 ± 10.5 77888.1 ± 8793.7 280.5 ± 7.8 406.6 ± 10.1 50.3 ± 1.3 120974.8 ± 13459.6 0.608 ± 0.032 

Gant 158950.9 ± 39588.9 421.9 ± 12.8 511 ± 25.1 46619.9 ± 20650.8 209.9 ± 17 321.1 ± 19.9 50.4 ± 1.1 112331 ± 20229.6 0.719 ± 0.056 

Global 192288 ± 17768 472.7 ± 12.1 551 ± 9.5 54115.5 ± 10936.5 224.5 ± 14.7 343.2 ± 11.4 47.8 ± 0.9 138172.5 ± 8588.4 0.721 ± 0.036 

Golden Promise 216556.9 ± 14298.1 496 ± 10 590.7 ± 4.5 72314.9 ± 2290.7 281.7 ± 4 371.1 ± 3.8 48.7 ± 0.5 144242 ± 12135.2 0.665 ± 0.013 
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Goldie 204627.8 ± 14264.1 471.1 ± 12.4 572.7 ± 5.4 59582.5 ± 3252.3 245.4 ± 6.2 355.2 ± 9 47.4 ± 1.1 145045.3 ± 15604.8 0.707 ± 0.03 

Granta 171594.5 ± 27088.2 428.8 ± 10.7 536.5 ± 14.9 47375.8 ± 11696.6 209.1 ± 9.6 322.9 ± 14 44.6 ± 1.5 124218.8 ± 18092.4 0.726 ± 0.034 

Gundel 183395.7 ± 19038.4 444.8 ± 7.4 555.6 ± 10.2 50780.3 ± 10286.8 223.4 ± 9.9 341.2 ± 12.1 47.9 ± 0.8 132615.3 ± 9565.7 0.726 ± 0.033 

Harry 143960.4 ± 15404.5 422.6 ± 7.6 463.9 ± 6.9 41114.3 ± 6085.6 206.4 ± 6 292.5 ± 5 47.6 ± 0.5 102846.1 ± 13370.9 0.713 ± 0.037 

Hart 154955.7 ± 15849.2 435.8 ± 8.5 476.8 ± 10.4 40823.2 ± 5849.9 197.6 ± 6.1 288.3 ± 6.1 48 ± 0.7 114132.5 ± 14603.9 0.735 ± 0.036 

Hassan 172938.6 ± 28604.2 440.3 ± 9.3 530.4 ± 14.2 44054.1 ± 10196.2 212.3 ± 7.2 311.7 ± 12.3 46.6 ± 0.5 128884.5 ± 21981.6 0.746 ± 0.04 

Heather 155101.1 ± 9871.1 426 ± 4.9 498.2 ± 7.2 47387 ± 5030.5 217.8 ± 4.8 311.4 ± 6.4 49.5 ± 1.1 107714.1 ± 6795.3 0.695 ± 0.021 

Heris 128009.3 ± 10397.5 386.8 ± 9.7 446.3 ± 5.7 32134 ± 2326 176.7 ± 4.5 251.7 ± 8.5 47.6 ± 0.5 95875.3 ± 10194.1 0.748 ± 0.024 

Heron 219524.7 ± 33382.7 501.3 ± 19.3 584.6 ± 23.4 64910.8 ± 20208 264.5 ± 24.8 349 ± 24.3 43.7 ± 0.4 154613.9 ± 21015.5 0.71 ± 0.065 

Hopper 176250.4 ± 2733.6 450.8 ± 1.5 522.3 ± 7.2 46541.8 ± 1841.5 222.4 ± 1.8 303.3 ± 12.1 44.9 ± 0.5 129708.7 ± 3117.5 0.736 ± 0.011 

Horizon 241310.7 ± 48703.9 519.2 ± 24 607.2 ± 29.5 72158.9 ± 14691.2 268.8 ± 14.5 371.9 ± 24 43 ± 0.8 169151.8 ± 35130.8 0.7 ± 0.022 

Host 174855.1 ± 22010.3 452 ± 12.2 513 ± 10.9 31372.8 ± 4873.2 170.3 ± 5.6 289.4 ± 8.5 44 ± 0.6 143482.3 ± 17884.2 0.821 ± 0.014 

Ida 181751.8 ± 35204.9 452.9 ± 11.8 547.2 ± 18.9 57074.1 ± 16787.8 246.9 ± 11.3 359.6 ± 16.8 43.9 ± 0.8 124677.7 ± 20293.2 0.692 ± 0.043 

Indola 192415.5 ± 25679.7 444.5 ± 8.8 607.5 ± 27.4 60038.8 ± 14732.8 233.4 ± 10.8 378.3 ± 21.3 45.2 ± 0.9 132376.7 ± 12874.2 0.692 ± 0.041 

Isabella 155656.8 ± 32716.9 448.3 ± 16.4 458.7 ± 18.6 35115.4 ± 8884.8 196.4 ± 11.3 251.2 ± 12.1 46.1 ± 3.1 120541.4 ± 25453.2 0.774 ± 0.032 

Jacinta 172285.4 ± 20494.2 444.2 ± 8.3 518 ± 9 47919 ± 11649.2 224.7 ± 9.5 312.6 ± 13.7 45.8 ± 0.6 124366.4 ± 14235.3 0.724 ± 0.05 

Jive 177271.4 ± 48134.1 443.8 ± 19.5 528.6 ± 34.9 58553.1 ± 20528.7 241 ± 21.6 336.1 ± 22 42.1 ± 0.5 118718.3 ± 28599.7 0.676 ± 0.038 

Klaxon 186547.5 ± 27052.2 451.5 ± 10.1 559.1 ± 16.8 57390 ± 14682 252 ± 13.2 331.4 ± 18.2 44.9 ± 0.6 129157.5 ± 16741.6 0.697 ± 0.059 

Kristaps 141033.2 ± 16766.9 419.2 ± 7.9 451 ± 11.5 29149.3 ± 5087.3 172.1 ± 5.9 248.1 ± 10.6 48 ± 1.2 111883.9 ± 13941.6 0.793 ± 0.027 

Laird 205907.9 ± 12201.4 478.3 ± 5.3 587.7 ± 9 72562.4 ± 9706.3 276.3 ± 6.1 379.3 ± 11.2 44.7 ± 0.6 133345.5 ± 8171.2 0.648 ± 0.036 
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Lina 218821.9 ± 23008.7 480.1 ± 14.6 618 ± 16.9 56061.7 ± 8325.2 245.8 ± 8.4 346.7 ± 12.2 41.8 ± 0.8 162760.2 ± 19881 0.743 ± 0.032 

Linden 177054.9 ± 21240.3 440.6 ± 7.4 545 ± 8.8 45614.5 ± 7224.3 216.5 ± 5.5 322 ± 8.3 42 ± 0.4 131440.4 ± 20392.8 0.74 ± 0.047 

Lithium 181754.7 ± 17181.1 453.5 ± 5.8 541.5 ± 6 45455.5 ± 6369 213.9 ± 3.9 317.5 ± 7.5 42.6 ± 0.5 136299.2 ± 14870.9 0.749 ± 0.031 

Livet 185340 ± 16365.3 454.2 ± 12 555.3 ± 9.7 51007.7 ± 1965.7 228.7 ± 1.2 334.4 ± 7.1 45.2 ± 1.5 134332.3 ± 17738.9 0.722 ± 0.03 

Macarena 179263.9 ± 28318 444.3 ± 18.2 539.9 ± 15.4 52068.4 ± 9691.3 228.3 ± 13.6 334.5 ± 6.4 39.1 ± 1.3 126477.7 ± 18769.5 0.715 ± 0.026 

Maris Mink 159991.8 ± 16929.9 419.9 ± 12.5 503.8 ± 10.2 46703.7 ± 6238.6 220.4 ± 10.7 327.4 ± 9.3 45 ± 1.2 113288.1 ± 12547.9 0.708 ± 0.026 

Maypole 159156.1 ± 31478.1 434.8 ± 16.4 486.1 ± 21 37549.7 ± 10722.4 192.2 ± 16 275.5 ± 11.4 44.5 ± 0.6 121606.4 ± 21810.1 0.767 ± 0.029 

Melitta 162393.6 ± 22453.3 439.7 ± 8.6 494.5 ± 9 53423.8 ± 12408.2 236.3 ± 7.6 315.8 ± 8.4 43.8 ± 0.7 108969.8 ± 14518.4 0.673 ± 0.046 

Midas 189991 ± 38369.1 458.8 ± 18.4 556.5 ± 29.1 56436.4 ± 12595.8 236 ± 12.6 353.3 ± 18.2 45.5 ± 0.9 133554.6 ± 25940.1 0.705 ± 0.011 

Minstrel 175581.7 ± 17944.1 437.3 ± 6.4 541.7 ± 12.4 46950.9 ± 11014.2 215.7 ± 8.1 323.6 ± 15.3 44.4 ± 0.6 128927.6 ± 11016.1 0.742 ± 0.038 

Neruda 177169.8 ± 19122.3 453.9 ± 8.1 531.6 ± 9.8 40801.9 ± 8715.7 200.3 ± 5.8 302.1 ± 10 44.3 ± 0.6 136367.9 ± 16535.1 0.769 ± 0.04 

Nimbus 183543.5 ± 22967.5 435.6 ± 9.1 567.3 ± 10.9 58867.6 ± 13808.4 243.1 ± 11.8 357.5 ± 10.2 44.9 ± 1.1 124675.9 ± 14303.1 0.682 ± 0.046 

Novello 154239.1 ± 16522.7 413.1 ± 5.5 505.6 ± 12.3 33330.3 ± 6097.1 171.7 ± 4.8 298 ± 10.8 43.9 ± 0.9 120908.9 ± 12418.2 0.785 ± 0.025 

Optic 167477.1 ± 7342.4 439.9 ± 3.1 507.3 ± 7.4 35562.9 ± 3665.9 186.2 ± 6.3 294.3 ± 7.1 48.4 ± 0.6 131914.2 ± 5274.6 0.788 ± 0.016 

Orbit 161883 ± 20556 451.7 ± 13.2 487.3 ± 8.5 33816.5 ± 4352.4 182.2 ± 7 281 ± 4.3 46.4 ± 1.2 128066.6 ± 18494.2 0.789 ± 0.026 

Paramount 161360.3 ± 14144.7 413.7 ± 6.3 525.8 ± 15.4 51749.1 ± 13781.8 221.5 ± 14.4 342.1 ± 15.5 41.8 ± 0.9 109611.3 ± 2643.4 0.684 ± 0.061 

Pewter 156268.5 ± 25146.1 423.6 ± 11 496.6 ± 10.3 37983.4 ± 5533.4 200.4 ± 6.5 298.6 ± 6.8 43.5 ± 0.5 118285.1 ± 21300.3 0.755 ± 0.026 

Pitcher 172678.7 ± 11314.8 441.5 ± 5.6 532.4 ± 8.8 51923 ± 5262.5 234.8 ± 5.5 319.4 ± 7.8 44 ± 0.7 120755.7 ± 9224.1 0.699 ± 0.025 

Poker 187373.3 ± 13702.9 455.1 ± 8.7 552.4 ± 11.7 50386.2 ± 9877.4 224.8 ± 9.1 334.2 ± 15.4 45.9 ± 0.9 136987.1 ± 11481.8 0.732 ± 0.045 

Quartet 171754.4 ± 10072.4 450.7 ± 7.2 517.3 ± 7.1 48002.8 ± 10243.8 221.2 ± 14.3 348.8 ± 50.2 45.4 ± 1.1 123751.5 ± 7520.7 0.722 ± 0.048 
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Ragtime 170178.2 ± 26642.2 443.7 ± 14.7 519.3 ± 14.9 43434.9 ± 8846.7 202.3 ± 10.2 314.5 ± 13.8 41.2 ± 0.8 126743.3 ± 18976.8 0.746 ± 0.022 

Rainbow 221620.1 ± 14500.2 488.6 ± 8.3 598.6 ± 8.1 65471.9 ± 8707.8 242.4 ± 6.9 375.2 ± 9.4 41 ± 1.2 156148.2 ± 8030.2 0.706 ± 0.025 

Rakaia 183623.3 ± 16492.1 463.3 ± 8.6 521.5 ± 8.1 45941.3 ± 6966 213.7 ± 6.9 321.3 ± 6.8 40.9 ± 0.7 137682 ± 15001 0.749 ± 0.034 

Rasa 194815.1 ± 36055.6 462 ± 18.7 582.6 ± 23.2 57361.3 ± 18451.3 230.1 ± 15.2 368.1 ± 26.5 39.6 ± 1.3 137453.8 ± 25536.5 0.707 ± 0.063 

Sacha 183828.1 ± 29642.3 442.7 ± 9.5 580 ± 18.7 66886.2 ± 14705 255.3 ± 11.1 373.3 ± 13.4 45.5 ± 0.8 116941.9 ± 16409 0.639 ± 0.03 

Salka 216504.3 ± 11109.6 476.6 ± 6.7 639.8 ± 8.9 72452.8 ± 7096.1 278.7 ± 7.5 396.9 ± 9.9 43.6 ± 0.4 144051.6 ± 11480.4 0.665 ± 0.032 

Saloon 199385.6 ± 11367.7 456.7 ± 5.3 598.7 ± 7.1 70066.1 ± 9071.9 266.1 ± 6 382.3 ± 6.9 43.6 ± 0.5 129319.5 ± 10869.6 0.649 ± 0.039 

Scandium 169544.2 ± 29001.2 437.8 ± 8.1 527.6 ± 17.7 60537.6 ± 17785.7 251.8 ± 11.9 350.2 ± 16.5 45.5 ± 0.5 109006.6 ± 14955.3 0.649 ± 0.055 

Sebastian 177366.7 ± 12892 448.5 ± 10.9 535.3 ± 6.9 49655.6 ± 8576.6 214.8 ± 10 321.8 ± 19.5 46.7 ± 0.6 127711.1 ± 15658.4 0.719 ± 0.05 

Simba 187989.2 ± 28982 470.9 ± 11.6 534.1 ± 15.6 55242.7 ± 13826 250.8 ± 15.7 332.8 ± 10.7 47.3 ± 0.8 132746.5 ± 17973.4 0.709 ± 0.041 

Sj Christina 152980.5 ± 25152.2 420.8 ± 10.9 496.8 ± 12.3 42003.5 ± 10831.6 206 ± 9.4 295.5 ± 10.6 44.5 ± 0.9 110977.1 ± 16918.7 0.728 ± 0.041 

Skittle 165843.4 ± 12277.1 429.9 ± 4.2 520.3 ± 8.2 47450 ± 8531.6 228.5 ± 8.8 316.8 ± 10.1 45.1 ± 0.6 118393.4 ± 9194 0.715 ± 0.04 

Starlight 175739.2 ± 22371.3 440.8 ± 10.1 543 ± 14.5 52376.3 ± 15117.8 223.2 ± 14.7 348.9 ± 16 45.2 ± 0.5 123362.9 ± 10552 0.708 ± 0.056 

Static 151390.8 ± 29178.8 412.4 ± 9.1 495.4 ± 18.9 34923.6 ± 6341.6 181.6 ± 6.1 301.5 ± 13.3 46.3 ± 0.8 118880.8 ± 24141.4 0.767 ± 0.024 

Tabora 192978.2 ± 17445.3 450.4 ± 9.8 576.7 ± 8 53302 ± 5987.9 236.1 ± 6.7 334 ± 6.1 46.9 ± 1 139676.2 ± 12659 0.724 ± 0.016 

Taphouse 192035.9 ± 29961.8 466 ± 9.4 556.7 ± 13.2 62763.8 ± 14264.2 253.1 ± 8.6 355.3 ± 10.3 46.1 ± 0.7 129272.1 ± 19587.2 0.675 ± 0.041 

Tartan 166958.4 ± 19986.6 436 ± 7.8 524 ± 16.9 50389.5 ± 10818.3 231.5 ± 11.1 328.4 ± 11.1 44.7 ± 0.7 116568.9 ± 9242.8 0.702 ± 0.03 

Thrift 163944.6 ± 13336.1 437.2 ± 6 516.9 ± 9.4 46666.3 ± 5608.5 224.4 ± 2.5 310.1 ± 9.1 44.5 ± 0.7 117278.2 ± 9335.9 0.716 ± 0.021 

Toby 177399.8 ± 25090.6 449.9 ± 10.6 538.5 ± 11.6 55550.6 ± 12772.1 243 ± 11.1 338.7 ± 10.7 45.5 ± 0.7 121849.2 ± 15150.4 0.69 ± 0.041 

Toucan 177561.6 ± 21683.1 444.7 ± 7.5 554.2 ± 13.5 45330.7 ± 9374.7 210.7 ± 6.9 320.3 ± 14 46.1 ± 0.6 132230.9 ± 14255.4 0.747 ± 0.033 
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Troon 178106.5 ± 15480.1 424 ± 7.7 580.2 ± 13.8 63375.3 ± 9998 253.2 ± 7.6 364 ± 12.6 46.5 ± 0.8 114731.2 ± 12625.3 0.644 ± 0.044 

Turnberry 197208.8 ± 38990 458.2 ± 14.6 574.4 ± 34.1 58628.5 ± 24867.2 240.7 ± 25 355.1 ± 34.5 44.1 ± 0.9 138580.3 ± 19326.8 0.714 ± 0.082 

Tuscon 154039 ± 30202.8 422.1 ± 10.7 502 ± 16.4 43908.6 ± 11936.7 218.2 ± 9.2 297.7 ± 13.6 44.9 ± 0.4 110130.4 ± 19497.2 0.718 ± 0.032 

Tyne 183220.9 ± 29886.1 446.1 ± 14.2 547.9 ± 17.2 59202.6 ± 12854 257.8 ± 13.1 334.2 ± 11.3 44 ± 0.7 124018.3 ± 19111.5 0.679 ± 0.036 

Ursa 180656.3 ± 16302.3 444.3 ± 7.1 551.3 ± 14 49858.8 ± 12481.4 227.8 ± 13.4 319.9 ± 16 42.7 ± 0.7 130797.5 ± 8571.4 0.727 ± 0.05 

Vankkuri 172398.7 ± 53894.2 423.8 ± 32.9 549.8 ± 54.7 63755.6 ± 26969.7 240 ± 33.4 360.2 ± 48.7 42.5 ± 2.3 108643.1 ± 28393.1 0.652 ± 0.077 

Velvet 143289.2 ± 27835.5 393.7 ± 9.1 491.1 ± 14.6 43372.5 ± 12077.3 210.7 ± 7.5 309.8 ± 13.7 42.4 ± 0.7 99916.7 ± 16250.7 0.702 ± 0.029 

Viivi 170335.9 ± 32616.3 452.9 ± 19.9 506.4 ± 18.8 50929.4 ± 16704.8 234 ± 21.9 316.2 ± 17.2 44.6 ± 1 119406.6 ± 16508.7 0.707 ± 0.037 

Waggon 146258.6 ± 24883.4 423.9 ± 9.1 471.6 ± 13.7 36657.3 ± 7066.1 203.9 ± 7.5 268.1 ± 8.6 46.3 ± 0.4 109601.3 ± 19976.5 0.748 ± 0.032 

Weitor 169918.2 ± 21455.1 443.8 ± 8.8 521.7 ± 11 58549.7 ± 7184.3 256.3 ± 7.1 335.9 ± 8.5 41 ± 0.5 111368.5 ± 19181.1 0.653 ± 0.044 

Wicket 152379.6 ± 17648.6 418.3 ± 7.3 499.9 ± 15.2 46210 ± 8823.6 222.2 ± 7.2 298.8 ± 12.4 46.6 ± 0.7 106169.6 ± 12074 0.698 ± 0.038 

Widre 173886.7 ± 27079.8 448.3 ± 13.6 520.7 ± 12.7 60625.6 ± 11485.8 256 ± 12.4 349.8 ± 8.4 45.4 ± 0.9 113261.1 ± 18638.9 0.653 ± 0.041 

Wren 210936.6  18576.4 488.7 ± 17.9 606.9 ± 11.7 76887.5 ± 15544.2 282 ± 11 387.8 ± 21.9 42.3 ± 0.9 134049.1 ± 15034.8 0.637 ± 0.056 
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Table 4-S2: Barley genotypes with (A) small and (B) large variant phenotypes for nine traits of mature ovule morphology, as determined by 

exceeding standard deviation from average trait values among a population of 127 genotypes. Genotypes are listed in descending order of 

variance from the average, i.e. smallest (A) and largest (B) genotypes are at the top of each table. O_A, ovule area (µm2); O_T, ovule transverse 

(µm); O_L, ovule longitude (µm); ES_A, embryo sac area (µm2); ES_T, embryo sac transverse (µm); ES_L, embryo sac longitude (µm); I_W, 

integument width (µm); N_A, nucellus area (µm2); N_P, nucellus proportion (%). 

A 
 

 O_A O_T O_L ES_A ES_T ES_L I_W N_A N_P 

1 Heris Cellar Cecilia Cecilia Cecilia Cecilia Acapella Heris Foxtrot 

2 Cecilia Heris Heris Kristaps Host Kristaps Macarena Velvet Wren 

3 Beryllium Velvet Kristaps Beryllium Novello Isabella Rasa Harry Sacha 

4 Kristaps Beryllium Isabella Host Kristaps Heris Rakaia Akita Troon 

5 Velvet Forum Harry Heris Athena Athena Weitor Alis Laird 

6 Harry Cecilia Alis Athena Beryllium Fairytale Rainbow Wicket Saloon 

7 Waggon Static Casino Novello Heris Alis Ragtime Heather Scandium 

8 Cellar Athena Waggon Orbit Static Waggon Paramount Beryllium Vankkuri 

9 Athena Novello Athena Extract Orbit Beryllium Lina Vankkuri Weitor 

10 Alis Paramount Hart Static Optic Athos Linden Melitta Widre 

11 Berac Wicket Fairytale Isabella Calico Dantuna Jive Forum Akita 

12 Static Kristaps Dantuna Optic Extract Maypole Wren Scandium Formula 
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13 Wicket Chieftan Beryllium Catalina Fairytale Ardila Velvet Waggon Salka 

14 Sj Christina Berac Cellar Fairytale Forum Drum Vankkuri Paramount Golden Promise 

15 Forum Maris Mink Maypole Draught Auriga Croydon Lithium Cellar Annabell 

16 Casino Sj Christina Orbit Calico Maypole Casino Ursa Tuscon Derkado 

17 Tuscon Cooper  Waggon Catalina Acapella Horizon Sj Christina Agenda 

18 Novello Akita  Drum Draught Celebra  Weitor Melitta 

19    Maypole Berac Orbit  Felicie Taphouse 

20    Pewter Drum Calico  Cecilia Jive 

21      Cellar  Kristaps Cribbage 

22      Draught  Berac Tyne 

B 

 

 O_A O_T O_L ES_A ES_T ES_L I_W N_A N_P 

1 Horizon Horizon Salka Foxtrot Wren Foxtrot Akita Horizon Cecilia 

2 Agenda Heron Agenda Wren Golden Promise Salka Forum Lina Host 

3 Rainbow Acapella Lina Agenda Foxtrot Wren Camir Acapella Catalina 

4 Heron Golden Promise Indola Laird Salka Saloon Chieftan Rainbow Athena 

5 Lina Appaloosa Horizon Salka Laird Laird Formula Heron Kristaps 

6 Golden Promise Wren Wren Golden Promise Agenda Indola Gant Appaloosa Extract 

7 Salka Rainbow Saloon Horizon Horizon Rainbow Foxtrot Agenda Orbit 
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8 Appaloosa Agenda Rainbow Saloon Saloon Sacha Catalina Celebra Optic 

9 Wren Athos Foxtrot Sacha Heron Formula Cellar Goldie Draught 

10 Laird Lina Golden Promise Rainbow Appaloosa Horizon Ardila Cabaret Novello 

11 Goldie Celebra Laird Heron Tyne Golden Promise Cocktail Astoria Beryllium 

12 Acapella Laird Heron Vankkuri Weitor Rasa Annabell Golden Promise Fairytale 

13 Saloon Salka Rasa Troon Widre Agenda Crusader Salka Baronesse 

14 Foxtrot Global Troon Taphouse Sacha Troon Dantuna Host Isabella 

15 Turnberry Calgary Sacha Derkado Troon Vankkuri Heather Alabama Ardila 

16 Rasa Astoria Appaloosa Formula Taphouse Ida Campala Braemar Calico 

17  Goldie Tabora Widre Derkado Cribbage Appaloosa Tabora Drum 

18  Simba Turnberry Scandium Klaxon Nimbus Agenda  Camir 

19   Goldie Indola Scandium Taphouse Croydon  Acapella 

20   Formula  Simba Derkado Derkado  Neruda 

21      Goldie Auriga  Auriga 

22      Turnberry Golden Promise  Maypole 

23      Midas Casino  Static 

24         Athos 
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Figure 4-S1: Correlation plots showing relationships between nine morphological traits of mature ovules measured in 127 genotypes of European 

two-row spring barley. Significance is given as: * = p <0.05; ** = p < 0.01; *** = p < 0.001. O_A, ovule area (µm2); O_T, ovule transverse (µm); 

O_L, ovule longitude (µm); ES_A, embryo sac area (µm2); ES_T, embryo sac transverse (µm); ES_L, embryo sac longitude (µm); I_W, integument 

width (µm); N_A, nucellus area (µm2); N_P, nucellus proportion (%).  
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Table 4-S3: Grain traits measured in 123 genotypes of European two-row spring barley. TKW, 

thousand kernel weight. G_L, grain length (mm); G_W, grain width (mm); G_T, grain thickness 

(mm); G_AA, grain average area (mm2); O_A, ovule area (µm2); O_T, ovule transverse (µm); 

O_L, ovule longitude (µm); ES_A, embryo sac area (µm2); ES_T, embryo sac transverse (µm); 

ES_L, embryo sac longitude (µm); I_W, integument width (µm); N_A, nucellus area (µm2); 

N_P, nucellus proportion (%). Of the full panel of 127 genotypes, insufficient grain was 

available for four genotypes: Appaloosa, Calgary, Salka and Turnberry. 

Genotype G_L (mm) G_W (mm) G_T (mm) G_AA (mm2) 

Acapella 9.9 ± 0.73 3.43 ± 0.53 2.21 ± 1.18 22.6 

Agenda 9.15 ± 0.68 3.08 ± 0.5 2.55 ± 1 18.2 

Akita 9.6 ± 3.35 3.27 ± 1.09 2.95 ± 0.01 24.1 

Alabama 8.87 ± 0.44 3.07 ± 0.42 2.21 ± 1.18 17.1 

Alis 9.55 ± 0.81 2.8 ± 0.44 2.16 ± 0.42 17.8 

Amourette 9.77 ± 0.53 3.21 ± 0.54 2.5 ± 0.24 21.3 

Anaconda 9.98 ± 0.71 3.53 ± 0.37 2.8 ± 0.12 23 

Annabell 9.14 ± 0.67 3.54 ± 0.39 2.66 ± 0.71 21.3 

Ardila 9.1 ± 0.53 3.09 ± 0.5 2.32 ± 0.59 19.4 

Astoria 9.68 ± 0.71 3.31 ± 0.39 2.56 ± 0.13 21.8 

Athena 9 ± 1.34 3.38 ± 0.56 2.85 ± 0.18 20.6 

Athos 9.8 ± 0.92 3.22 ± 0.43 2.67 ± 0.04 21.4 

Atlas 9.66 ± 0.58 2.95 ± 0.33 2.22 ± 0.27 19.2 

Auriga 10.08 ± 0.56 3.28 ± 0.51 2.66 ± 0.07 21.6 

Avec 9.65 ± 0.53 3.26 ± 0.37 2.24 ± 0.64 20.7 

Baronesse 9.65 ± 0.78 2.92 ± 0.49 2.43 ± 0.43 19.3 

Berac 8.92 ± 3.25 3.11 ± 1.03 1.93 ± 0.96 21.2 

Beryllium 9.78 ± 0.62 3.49 ± 0.47 2.02 ± 1.27 24.1 

Braemar 9.88 ± 1.4 3.43 ± 0.55 2.67 ± 0.39 23.5 

Brazil 9.45 ± 0.63 2.79 ± 0.39 2.33 ± 0.29 18.6 

Cabaret 9.9 ± 0.42 3.44 ± 0.52 2.65 ± 0.05 21.9 
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Calico 10.19 ± 0.67 3.42 ± 0.58 2.59 ± 0.57 23.9 

Camir 8.34 ± 0.38 2.96 ± 0.39 2.47 ± 0.11 16.3 

Campala 8.87 ± 1.7 2.92 ± 0.53 2.18 ± 0.58 18 

Casino 9.66 ± 0.27 2.46 ± 0.78 1.92 ± 0.17 17.9 

Catalina 8.51 ± 4.1 2.97 ± 1.25 2.66 ± 0.08 24.3 

Cecilia 9.32 ± 1.55 3.21 ± 0.55 2.35 ± 0.54 21.6 

Celebra 9.3 ± 0.67 3.45 ± 0.37 2.76 ± 0.52 21.8 

Cellar 10.1 ± 0.79 3.21 ± 0.31 2.32 ± 0.54 21.7 

Charm 9.23 ± 0.67 3.05 ± 0.38 2.4 ± 0.12 17.1 

Chieftain 9.31 ± 1.04 2.9 ± 0.56 2.32 ± 0.4 19.4 

Chime 9.54 ± 0.82 3.14 ± 0.37 2.48 ± 0.57 19.7 

Class 9.89 ± 0.69 3.44 ± 0.4 2.68 ± 0.19 22.6 

Cocktail 8.26 ± 4.06 2.78 ± 1.33 2.43 ± 0.23 20.8 

Cooper 9.5 ± 0.86 3.1 ± 0.53 2.7 ± 0.06 18.8 

Cribbage 9.56 ± 0.6 3.26 ± 0.44 2.77 ± 1 20.5 

Croydon 9.15 ± 0.59 3.36 ± 0.34 2.85 ± 0.11 20.5 

Crusader 10.19 ± 1.02 3.08 ± 0.59 1.81 ± 1.07 20 

Danuta 10.02 ± 0.86 3.33 ± 0.42 2.82 ± 0.18 21.3 

Derkado 9.91 ± 0.84 3.43 ± 0.52 2.2 ± 1.1 21.6 

Draught 9.15 ± 1.58 3.38 ± 0.62 2.65 ± 0.19 21.3 

Drum 10.04 ± 0.85 3.4 ± 0.46 2.61 ± 0.32 23.4 

Elo 9.1 ± 0.64 2.93 ± 0.35 2.53 ± 0.07 16.3 

Extract 9.9 ± 0.68 3.37 ± 0.45 2.69 ± 0.13 21 

Fairytale 8.89 ± 0.68 3.01 ± 0.48 2.67 ± 0.06 17 

Felicie 9.45 ± 1.2 3.17 ± 0.52 2.54 ± 0.35 20.7 

Formula 10.06 ± 0.71 3.3 ± 0.5 2.3 ± 0.63 23.8 

Forum 9.83 ± 0.37 2.58 ± 0.5 2.01 ± 0.23 18.3 

Foxtrot 10.15 ± 0.73 3.37 ± 0.39 2.96 ± 0.19 21.6 

Gant 9.86 ± 0.74 3.22 ± 0.46 2.51 ± 0.18 21.5 

Global 8.85 ± 0.7 3.41 ± 0.38 2.57 ± 0.65 19.7 
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Golden Promise 8.88 ± 0.63 3.31 ± 0.41 2.45 ± 0.27 19.5 

Goldie 8.98 ± 0.69 3.36 ± 0.73 2.55 ± 0.2 20.7 

Granta 10.63 ± 0.71 3.42 ± 0.47 2.78 ± 0.14 24.5 

Gundel 10.1 ± 0.76 3.3 ± 0.31 2.6 ± 0.77 21.6 

Harry 10.18 ± 0.65 3.24 ± 0.54 2.68 ± 0.14 22.5 

Hart 9.26 ± 0.56 3.3 ± 0.48 2.74 ± 0.2 19.8 

Hassan 9.31 ± 1.45 3.45 ± 0.54 2.64 ± 0.19 21.8 

Heather 8.69 ± 0.22 3.05 ± 0.45 2.7 ± 1 17.4 

Heris 9.04 ± 0.63 3.26 ± 0.36 2.27 ± 1 19.4 

Heron 9.25 ± 0.7 3.43 ± 0.43 2.49 ± 0.56 21.6 

Hopper 10.1 ± 0.76 3.43 ± 0.42 2.6 ± 0.15 22.9 

Horizon 9.41 ± 1.27 3.4 ± 0.57 2.64 ± 0.18 22.1 

Host 8.72 ± 1.97 3.12 ± 0.67 2.58 ± 0.13 19.4 

Ida 10.46 ± 0.59 3.42 ± 0.57 2.31 ± 0.69 23.3 

Indola 9.03 ± 0.69 3.08 ± 0.36 2.3 ± 0.83 18 

Isabella 9.65 ± 0.59 3.75 ± 0.41 2.75 ± 0.41 23.4 

Jacinta 9.33 ± 1.73 3.05 ± 0.61 2.53 ± 0.3 19.6 

Jive 9.46 ± 1.43 3.14 ± 0.5 2.66 ± 0.17 21.1 

Klaxon 9.62 ± 0.81 3.08 ± 0.34 2.68 ± 0.29 20 

Kristaps 9.47 ± 0.43 3.05 ± 0.41 2.49 ± 0.22 18.7 

Laird 8.73 ± 0.41 3.19 ± 0.58 2.45 ± 0.18 19.5 

Lina 10.03 ± 0.49 3.04 ± 0.66 2.68 ± 0.14 20.8 

Linden 10.85 ± 0.77 3.29 ± 0.43 2.99 ± 0.09 23.5 

Lithium 9.8 ± 0.73 3.36 ± 0.44 2.53 ± 0.28 22.7 

Livet 9.31 ± 0.61 2.7 ± 0.46 2.4 ± 0.34 16 

Macarena 9.92 ± 0.62 3.21 ± 0.46 2.69 ± 0.18 22 

Maris Mink 9.56 ± 0.8 3.41 ± 0.37 2.51 ± 0.58 22 

Maypole 10.38 ± 0.84 3.37 ± 0.42 2.58 ± 0.5 23.6 

Melitta 8.92 ± 0.9 3.27 ± 0.51 3.01 ± 0.08 17.8 

Midas 9.13 ± 0.54 3.36 ± 0.48 2.59 ± 0.32 21 
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Minstrel 9.22 ± 0.74 3.43 ± 0.37 2.73 ± 0.24 20.5 

Neruda 9.99 ± 0.78 3.39 ± 0.36 2.62 ± 0.44 23.2 

Nimbus 10.13 ± 0.8 2.74 ± 0.45 2.14 ± 0.31 18.8 

Novello 8.2 ± 3.5 2.85 ± 1.15 2.51 ± 0.37 20.8 

Optic 9.12 ± 3.42 2.51 ± 0.88 1.81 ± 1.15 18.1 

Orbit 9.52 ± 0.51 3.38 ± 0.43 2.41 ± 0.33 21.1 

Paramount 10.7 ± 0.64 3.4 ± 0.41 2.52 ± 0.2 24.4 

Pewter 10.14 ± 0.73 3.34 ± 0.37 2.9 ± 0.16 20.7 

Pitcher 9.61 ± 0.69 2.76 ± 0.45 2.26 ± 0.22 18.6 

Poker 9.79 ± 0.63 3.29 ± 0.35 2.68 ± 0.11 21.7 

Quartet 9.31 ± 0.76 3.56 ± 0.47 2.8 ± 0.3 21.7 

Ragtime 9.69 ± 1.9 3.18 ± 0.81 2.6 ± 0.17 23.2 

Rainbow 9.56 ± 1.41 2.71 ± 0.49 1.33 ± 1.08 17.5 

Rakaia 8.86 ± 0.75 3.03 ± 0.52 2.48 ± 0.44 17.7 

Rasa 9.38 ± 0.62 3.31 ± 0.47 2.53 ± 0.4 20.8 

Sacha 10.89 ± 0.59 3.38 ± 0.57 2.72 ± 0.19 23.7 

Saloon 9 ± 3.15 2.85 ± 0.9 2.35 ± 0.2 20.6 

Scandium 9.91 ± 0.66 3.27 ± 0.38 2.73 ± 0.17 21.3 

Sebastian 9.26 ± 1.32 3.4 ± 0.51 2.7 ± 0.47 21.6 

Simba 9.84 ± 0.67 3.57 ± 0.47 2.63 ± 0.58 23.3 

Sj Christina 9.42 ± 0.68 3.46 ± 0.48 2.82 ± 0.24 21.6 

Skittle 9.68 ± 0.83 3.39 ± 0.37 2.75 ± 0.53 21.6 

Starlight 9.07 ± 1.6 3.41 ± 0.59 2.49 ± 0.71 20.7 

Static 9.69 ± 0.9 3.34 ± 0.4 2.55 ± 0.33 21.7 

Tabora 9.45 ± 0.5 3.01 ± 0.42 2.69 ± 0.14 18.6 

Taphouse 9.35 ± 2.79 3.1 ± 0.8 2.74 ± 0.34 21.9 

Tartan 10.16 ± 0.77 3.29 ± 0.41 2.59 ± 0.26 22.5 

Thrift 9.48 ± 0.41 3.34 ± 0.47 2.87 ± 0.01 20 

Toby 10.65 ± 0.71 3.56 ± 0.5 2.72 ± 0.19 24.1 

Toucan 9.76 ± 1.37 3.37 ± 0.62 2.68 ± 0.41 22.7 



133 

 

Troon 9.82 ± 0.83 3.3 ± 0.32 2.7 ± 0.19 20.4 

Tucson 9.76 ± 1.37 2.99 ± 0.52 2.36 ± 0.31 20.3 

Tyne 9.48 ± 0.54 2.98 ± 0.34 2.31 ± 0.27 19.2 

Ursa 10.12 ± 0.86 3.16 ± 0.4 2.54 ± 0.3 21.5 

Vankkuri 11.33 ± 0.6 2.8 ± 0.38 2.28 ± 0.28 21.9 

Velvet 10.09 ± 0.65 2.79 ± 0.62 2.34 ± 0.24 19.1 

Viivi 9.83 ± 0.9 2.93 ± 0.48 2.49 ± 0.09 19.9 

Waggon 9.55 ± 0.56 3.19 ± 0.33 2.78 ± 0.14 18.8 

Weitor 9.52 ± 0.82 3.11 ± 0.5 2.57 ± 0.39 19.7 

Wicket 9.83 ± 0.41 3.67 ± 0.44 3.08 ± 0.14 23.3 

Widre 9.72 ± 0.61 2.64 ± 0.38 2.43 ± 0.09 16.6 

Wren 9.67 ± 0.39 2.78 ± 0.43 2.56 ± 0.05 17.3 
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Figure 4-S2: Correlation plots showing relationships between grain traits and nine morphological traits of mature ovules measured in 124 

genotypes of European two-row spring barley. Significance is given as: * = p <0.05; ** = p < 0.01; *** = p < 0.001. G_L, grain length (mm); G_W, 

grain width (mm); G_T, grain thickness (mm); G_AA, grain average area (mm2); O_A, ovule area (µm2); O_T, ovule transverse (µm); O_L, ovule 

longitude (µm); ES_A, embryo sac area (µm2); ES_T, embryo sac transverse (µm); ES_L, embryo sac longitude (µm); I_W, integument width 

(µm); N_A, nucellus area (µm2); N_P, nucellus proportion (%). Of the full panel of 127 genotypes, insufficient grain was available for four 

genotypes: Appaloosa, Calgary, Salka and Turnberry. 
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Table 4-S4: Summary of the 66 SNP markers identified to attain a LOD score greater than 3 for associations with nine morphological traits of 

mature barley ovules following GWAS performed using data collected from a population of 127 genotypes of European two-row spring barley. 

The bounds of each of the four major QTLs identified is highlighted in a different colour. Within each QTL, the trait with the highest LOD score 

has been highlighted, as has the LOD score and the allele effect, calculated as % of the trait average phenotype. O_A, ovule area (µm2); O_T, 

ovule transverse (µm); O_L, ovule longitude (µm); ES_A, embryo sac area (µm2); ES_T, embryo sac transverse (µm); ES_L, embryo sac longitude 

(µm); I_W, integument width (µm); N_A, nucellus area (µm2); N_P, nucellus proportion (%).  

 

       Major Allele Minor Allele 

QTL ID Ch cM Trait TraitAvg LOD Allele Freq (%) Allele Freq (%) Effect s.e. Effect (%) s.e. 

 SCRI_RS_128285 1H 26.5 ES_A 48876.1 3.13 T 63.8% C 36.2% 3245.7 962.8 6.6 2.0 

    ES_L 318.0 4.22 T 63.8% C 36.2% 12.1 3.0 3.8 0.9 

    O_A 174421.2 3.20 T 63.8% C 36.2% 6059.7 1773.2 3.5 1.0 

    O_L 529.1 3.29 T 63.8% C 36.2% 12.0 3.4 2.3 0.7 

 SCRI_RS_232660 1H 26.5 ES_A 48876.1 3.25 C 64.0% T 36.0% 3325.5 963.8 6.8 2.0 

    ES_L 318.0 4.33 C 64.0% T 36.0% 12.3 3.0 3.9 1.0 

    O_A 174421.2 3.33 C 64.0% T 36.0% 6278.8 1795.4 3.6 1.0 

    O_L 529.1 3.36 C 64.0% T 36.0% 12.3 3.5 2.3 0.7 

 SCRI_RS_117492 1H 33.3 ES_T 222.4 3.20 A 50.4% G 49.6% -7.7 2.2 -3.5 1.0 

 SCRI_RS_151047 1H 33.3 ES_T 222.4 3.65 C 52.0% T 48.0% -8.2 2.2 -3.7 1.0 

 SCRI_RS_217160 1H 33.3 ES_T 222.4 3.18 A 52.8% G 47.2% -7.6 2.2 -3.4 1.0 

QTL1H_ES 

11_20617 1H 41.3 ES_A 48876.1 5.70 G 86.6% C 13.4% 6257.7 1317.0 12.8 2.7 

   ES_L 318.0 5.27 G 86.6% C 13.4% 18.9 4.2 5.9 1.3 

   ES_T 222.4 3.98 G 86.6% C 13.4% 12.7 3.3 5.7 1.5 

   N_% 0.7 3.94 G 86.6% C 13.4% 0.0 0.0 -2.8 0.7 

   O_A 174421.2 4.07 G 86.6% C 13.4% 9718.3 2473.8 5.6 1.4 
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   O_L 529.1 5.17 G 86.6% C 13.4% 21.2 4.7 4.0 0.9 

SCRI_RS_126734 1H 41.3 ES_A 48876.1 5.70 T 86.6% C 13.4% 6257.7 1317.0 12.8 2.7 

   ES_L 318.0 5.27 T 86.6% C 13.4% 18.9 4.2 5.9 1.3 

   ES_T 222.4 3.98 T 86.6% C 13.4% 12.7 3.3 5.7 1.5 

   N_% 0.7 3.94 T 86.6% C 13.4% 0.0 0.0 -2.8 0.7 

   O_A 174421.2 4.07 T 86.6% C 13.4% 9718.3 2473.8 5.6 1.4 

   O_L 529.1 5.17 T 86.6% C 13.4% 21.2 4.7 4.0 0.9 

 SCRI_RS_21080 1H 75.3 O_A 174421.2 3.10 T 50.4% C 49.6% -5747.6 1714.8 -3.3 1.0 

 SCRI_RS_4893 1H 75.3 O_A 174421.2 3.10 T 50.4% C 49.6% -5747.6 1714.8 -3.3 1.0 

QTL2H_NUC 

11_10498 2H 58.3 N_A 125560.8 5.35 A 84.3% G 15.7% 6987.2 1523.0 5.6 1.2 

   O_A 174421.2 3.80 A 84.3% G 15.7% 8721.8 2310.8 5.0 1.3 

   O_T 444.8 3.94 A 84.3% G 15.7% 10.3 2.7 2.3 0.6 

11_10297 2H 59.2 N_A 125560.8 4.51 G 81.9% A 18.1% 6076.7 1459.2 4.8 1.2 

12_30691 2H 59.2 N_A 125560.8 4.43 A 83.5% C 16.5% 6245.0 1514.4 5.0 1.2 

   O_A 174421.2 3.17 A 83.5% C 16.5% 7787.3 2292.1 4.5 1.3 

11_20674 2H 59.5 N_A 125560.8 4.43 C 83.5% A 16.5% 6245.0 1514.4 5.0 1.2 

   O_A 174421.2 3.17 C 83.5% A 16.5% 7787.3 2292.1 4.5 1.3 

QT2H_OV 

11_10265 2H 71.9 ES_L 318.0 3.13 G 56.7% A 43.3% -10.6 3.1 -3.3 1.0 

SCRI_RS_100476 2H 71.9 ES_L 318.0 3.13 C 56.7% A 43.3% -10.6 3.1 -3.3 1.0 

SCRI_RS_167713 2H 71.9 ES_L 318.0 3.13 C 56.7% G 43.3% -10.6 3.1 -3.3 1.0 

11_21251 2H 73.8 O_A 174421.2 3.43 A 85.8% G 14.2% 8810.8 2474.8 5.1 1.4 

SCRI_RS_150266 2H 73.8 N_A 125560.8 3.42 C 84.3% T 15.7% 5663.8 1594.9 4.5 1.3 

   O_A 174421.2 4.43 C 84.3% T 15.7% 9598.8 2328.7 5.5 1.3 

   O_T 444.8 3.43 C 84.3% T 15.7% 9.8 2.7 2.2 0.6 

SCRI_RS_16024 2H 73.8 ES_A 48876.1 3.21 C 87.4% T 12.6% 4789.1 1399.2 9.8 2.9 

   ES_T 222.4 3.35 C 87.4% T 12.6% 11.8 3.4 5.3 1.5 

   N_A 125560.8 5.28 C 87.4% T 12.6% 7653.7 1680.5 6.1 1.3 

   O_A 174421.2 6.65 C 87.4% T 12.6% 12676.0 2447.4 7.3 1.4 

   O_L 529.1 4.16 C 87.4% T 12.6% 19.5 4.9 3.7 0.9 
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   O_T 444.8 5.16 C 87.4% T 12.6% 13.1 2.9 2.9 0.7 

SCRI_RS_16995 2H 73.8 ES_A 48876.1 3.21 A 87.4% G 12.6% 4789.1 1399.2 9.8 2.9 

   ES_T 222.4 3.35 A 87.4% G 12.6% 11.8 3.4 5.3 1.5 

   N_A 125560.8 5.28 A 87.4% G 12.6% 7653.7 1680.5 6.1 1.3 

   O_A 174421.2 6.65 A 87.4% G 12.6% 12676.0 2447.4 7.3 1.4 

   O_L 529.1 4.16 A 87.4% G 12.6% 19.5 4.9 3.7 0.9 

   O_T 444.8 5.16 A 87.4% G 12.6% 13.1 2.9 2.9 0.7 

SCRI_RS_219568 2H 75.5 N_A 125560.8 3.10 C 81.1% T 18.9% 4959.8 1479.8 4.0 1.2 

   O_A 174421.2 3.20 C 81.1% T 18.9% 7635.0 2234.2 4.4 1.3 

   O_T 444.8 3.25 C 81.1% T 18.9% 9.2 2.7 2.1 0.6 

SCRI_RS_220533 2H 75.5 N_A 125560.8 3.10 C 81.1% T 18.9% 4959.8 1479.8 4.0 1.2 

   O_A 174421.2 3.20 C 81.1% T 18.9% 7635.0 2234.2 4.4 1.3 

   O_T 444.8 3.25 C 81.1% T 18.9% 9.2 2.7 2.1 0.6 

 SCRI_RS_171038 2H 83.1 O_A 174421.2 3.00 C 57.5% T 42.5% 5878.5 1785.5 3.4 1.0 

 11_10538 2H 112 O_A 174421.2 3.20 G 55.1% A 44.9% -6270.0 1835.7 -3.6 1.1 

    O_T 444.8 3.28 G 55.1% A 44.9% -7.1 2.0 -1.6 0.5 

 SCRI_RS_196100 2H 112 O_T 444.8 3.13 C 69.3% T 30.7% -8.1 2.4 -1.8 0.5 

 SCRI_RS_132586 2H 113.1 ES_A 48876.1 3.03 T 50.4% C 49.6% -3430.7 1036.8 -7.0 2.1 

    O_A 174421.2 3.46 T 50.4% C 49.6% -6274.0 1754.1 -3.6 1.0 

    O_T 444.8 3.74 T 50.4% C 49.6% -7.5 2.0 -1.7 0.5 

 11_10916 2H 114.2 O_T 444.8 3.44 A 61.4% C 38.6% -7.4 2.1 -1.7 0.5 

 SCRI_RS_164608 2H 114.2 ES_L 318.0 3.19 A 81.9% G 18.1% -14.1 4.1 -4.4 1.3 

 SCRI_RS_12444 2H 116.9 ES_L 318.0 3.19 T 81.9% C 18.1% -14.1 4.1 -4.4 1.3 

 11_10092 2H 117.8 O_T 444.8 3.47 G 66.7% A 33.3% -8.0 2.2 -1.8 0.5 

 11_20511 2H 117.9 O_T 444.8 3.59 G 66.9% A 33.1% -8.1 2.2 -1.8 0.5 

 SCRI_RS_155161 2H 117.9 O_T 444.8 4.22 G 67.7% A 32.3% -8.9 2.2 -2.0 0.5 

 SCRI_RS_174214 2H 117.9 O_T 444.8 3.59 A 66.9% G 33.1% -8.1 2.2 -1.8 0.5 

 SCRI_RS_235261 2H 117.9 O_T 444.8 3.25 T 67.7% C 32.3% -7.9 2.3 -1.8 0.5 

 11_11365 2H 122 O_T 444.8 4.22 A 67.7% T 32.3% -8.9 2.2 -2.0 0.5 
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 11_173490 2H 122 O_T 444.8 3.59 A 66.9% G 33.1% -8.1 2.2 -1.8 0.5 

 12_20295 2H 122.3 O_T 444.8 3.32 A 68.5% G 31.5% -7.9 2.3 -1.8 0.5 

 SCRI_RS_161030 2H 122.3 O_T 444.8 3.23 C 69.8% A 30.2% -7.9 2.3 -1.8 0.5 

QTL4H_INT 

SCRI_RS_187708 4H 52 I_T 45.9 3.34 C 66.1% T 33.9% 0.8 0.2 1.8 0.5 

SCRI_RS_204773 4H 52 I_T 45.9 3.34 G 66.1% A 33.9% 0.8 0.2 1.8 0.5 

11_10577 4H 52.1 N_A 125560.8 3.32 G 75.6% A 24.4% -5396.7 1546.4 -4.3 1.2 

   O_A 174421.2 3.06 G 75.6% A 24.4% -8072.5 2427.2 -4.6 1.4 

   O_T 444.8 3.01 G 75.6% A 24.4% -9.8 3.0 -2.2 0.7 

   N_A 125560.8 3.82 G 74.8% A 25.2% -5810.3 1533.4 -4.6 1.2 

   O_A 174421.2 3.26 G 74.8% A 25.2% -8245.7 2387.0 -4.7 1.4 

SCRI_RS_157290 4H 52.1 N_A 125560.8 3.32 T 75.6% C 24.4% -5396.7 1546.4 -4.3 1.2 

   O_A 174421.2 3.06 T 75.6% C 24.4% -8072.5 2427.2 -4.6 1.4 

   O_T 444.8 3.01 T 75.6% C 24.4% -9.8 3.0 -2.2 0.7 

SCRI_RS_157666 4H 52.1 N_A 125560.8 3.32 A 75.6% G 24.4% -5396.7 1546.4 -4.3 1.2 

   O_A 174421.2 3.06 A 75.6% G 24.4% -8072.5 2427.2 -4.6 1.4 

   O_T 444.8 3.01 A 75.6% G 24.4% -9.8 3.0 -2.2 0.7 

SCRI_RS_160373 4H 52.1 N_A 125560.8 3.82 T 74.8% C 25.2% -5810.3 1533.4 -4.6 1.2 

   O_A 174421.2 3.26 T 74.8% C 25.2% -8245.7 2387.0 -4.7 1.4 

SCRI_RS_217322 4H 52.1 N_A 125560.8 3.32 T 75.6% G 24.4% -5396.7 1546.4 -4.3 1.2 

   O_A 174421.2 3.06 T 75.6% G 24.4% -8072.5 2427.2 -4.6 1.4 

   O_T 444.8 3.01 T 75.6% G 24.4% -9.8 3.0 -2.2 0.7 

SCRI_RS_226221 4H 52.1 N_A 125560.8 3.82 C 74.8% T 25.2% -5810.3 1533.4 -4.6 1.2 

   O_A 174421.2 3.26 C 74.8% T 25.2% -8245.7 2387.0 -4.7 1.4 

12_30777 4H 52.2 N_A 125560.8 3.75 A 74.6% G 25.4% -5767.8 1538.1 -4.6 1.2 

   O_A 174421.2 3.29 A 74.6% G 25.4% -8346.1 2404.3 -4.8 1.4 

SCRI_RS_145379 4H 52.2 I_T 45.9 3.34 A 66.1% G 33.9% 0.8 0.2 1.8 0.5 

11_20782 4H 52.3 N_A 125560.8 3.82 G 74.8% A 25.2% -5810.3 1533.4 -4.6 1.2 

11_20782 4H 52.3 O_A 174421.2 3.26 G 74.8% A 25.2% -8245.7 2387.0 -4.7 1.4 

12_31310 4H 52.3 I_T 45.9 3.92 A 65.9% C 34.1% 0.9 0.2 2.0 0.5 
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SCRI_RS_144983 4H 52.3 I_T 45.9 4.26 C 73.2% T 26.8% 1.0 0.3 2.3 0.6 

SCRI_RS_16811 4H 52.3 I_T 45.9 3.93 T 73.8% A 26.2% 1.0 0.3 2.2 0.6 

SCRI_RS_186944 4H 52.3 I_T 45.9 4.26 C 73.2% T 26.8% 1.0 0.3 2.3 0.6 

SCRI_RS_230472 4H 52.3 I_T 45.9 4.26 G 73.2% T 26.8% 1.0 0.3 2.3 0.6 

SCRI_RS_7401 4H 52.3 I_T 45.9 4.26 C 73.2% T 26.8% 1.0 0.3 2.3 0.6 

12_30620 4H 60 ES_L 318.0 3.10 A 60.6% G 39.4% 10.6 3.2 3.3 1.0 

 12_30455 4H 60.1 ES_L 318.0 3.10 C 60.6% A 39.4% 10.6 3.2 3.3 1.0 

 SCRI_RS_165031 4H 60.1 ES_L 318.0 3.10 G 60.6% A 39.4% 10.6 3.2 3.3 1.0 

 SCRI_RS_168478 4H 60.1 ES_L 318.0 3.10 G 60.6% T 39.4% 10.6 3.2 3.3 1.0 

 SCRI_RS_157334 5H 113.1 ES_A 48876.1 3.20 C 72.4% T 27.6% 3719.6 1087.8 7.6 2.2 

    ES_T 222.4 3.12 C 72.4% T 27.6% 9.0 2.7 4.0 1.2 

 SCRI_RS_9560 6H 3.2 O_L 529.1 3.63 C 85.0% T 15.0% 17.3 4.7 3.3 0.9 

 11_21335 7H 69.5 O_T 444.8 3.61 A 65.4% G 34.6% -7.6 2.1 -1.7 0.5 

 SCRI_RS_152698 7H 69.5 O_T 444.8 3.61 C 65.4% T 34.6% -7.6 2.1 -1.7 0.5 

 SCRI_RS_161285 7H 116.3 ES_A 48876.1 3.44 C 64.6% A 35.4% 3523.5 988.8 7.2 2.0 

    ES_T 222.4 3.74 C 64.6% A 35.4% 8.9 2.4 4.0 1.1 

    O_A 174421.2 3.71 C 64.6% A 35.4% 6560.9 1761.5 3.8 1.0 

    O_T 444.8 3.71 C 64.6% A 35.4% 7.8 2.1 1.7 0.5 

 SCRI_RS_174255 7H 116.3 O_A 174421.2 3.09 T 63.8% C 36.2% 5928.4 1770.0 3.4 1.0 

    O_T 444.8 3.12 T 63.8% C 36.2% 7.1 2.1 1.6 0.5 
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Abstract  

 

Development of reproductively competent ovules is a key factor in the production of cereal 

grain in species such as Hordeum vulgare (barley). Genetic factors required to initiate and 

sustain ovule development have been characterised in Arabidopsis thaliana and rice (Oryza 

sativa), however the barley ovule remains relatively unexplored. This study provides a detailed 

description of female reproductive development in barley, presenting morphological and 

transcriptional details of ovule development in five barley genotypes. Nine stages of 

reproductive development were determined, and genotypic variation in the rate of ovule tissue 

development throughout these stages was revealed by whole-mount microscopic analyses. 

Extraction and sequencing of RNA from whole pistils and specific ovule cell types revealed 

the expression dynamics of gene families known to influence reproductive development, 

including MADS-box genes, auxin-signalling genes, and genes involved in pectin biosynthesis 

and remodelling. Consistent with the abundance of pectin-related genes, immunolabelling 

detected pectin-related epitopes in a range of ovule cell types. Most notably, a discrete region 

of demethylestereified pectin was identified in the nucellus, specifically within the walls of 

nucellus cells adjoining the reproductive lineage. The proximity of this region to the germline 

cells suggests it may actively contribute to growth, expansion and/or signalling during female 

germline development.   

 

Introduction  

 

The formation and development of reproductive organs are critical for crop production. In 

cereal species such as barley, each flower produces thousands of pollen grains within the 

male reproductive organs, the stamens/anthers, and a single ovule within the female 

reproductive organ, the pistil (Kellogg 2015). The ovule is particularly important for seed 

development, since it produces the female germline and nourishes the female gametophyte 



145 

 

before and after fertilisation. At flower maturity, known as anthesis, the barley ovule contains 

an embryo sac, surrounded by nucellus, surrounded by a bi-layered integument. The nucellus 

and integument are diploid maternal tissues that differentiate into a nutrient transfer tissue and 

the seed coat, respectively, after fertilisation (You and Jensen 1985). The embryo sac (ES) is 

the site of fertilisation, and consists of two synergid cells, which attract the pollen tube, the egg 

cell, which is fertilised to form the embryo, and two polar nuclei in the central cell, which are 

also fertilised to form the endosperm. In addition, a cluster of over 30 antipodal cells is present 

that degenerates over the first few days after fertilisation, but for which an exact function 

remains yet to be precisely determined (Lloyd 1899; Weatherwax 1926; Maheswari 1950). 

Ovule tissue development must be carefully coordinated to support germline development, 

resist environmental stress and ensure the flower is capable of reproduction (Wilkinson et al. 

2018).  

 

The barley ovule develops from a primordial projection that extends into a locule, which is 

located in the centre of the pistil (Briggs 1978). The base of the primordium is known as the 

chalaza, and the distal end is the nucellus. Thus, already at this stage cereal ovule 

development differs from that of eudicots such as Arabidopsis, in which the primordial 

projection is tripartite; the tip is nucellus, the middle section is chalaza and there is additionally 

a basal region, known as the stalk-like funiculus (Bowman et al. 1994). Despite these 

differences, development of the female “germline” (i.e. the processes of megasporogenesis 

and megagametogenesis) is similar, and begins when a single sub-epidermal cell located 

toward the distal tip of the nucellus is selected to adopt a reproductive fate. This “archesporial” 

cell enlarges to become the megaspore mother cell (MMC), and undergoes meiosis. Four 

megaspores are produced, but only the megaspore closest to the chalaza survives, and this 

surviving cell is known as the functional megaspore (FM). The FM undergoes the process of 

megagametogenesis, meaning undergoing three rounds of mitosis, to form the female 

gametophyte (Schneitz et al. 1995; Willemse and De Boer-de 1981). The mature female 
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gametophyte is also known as the ES. Concurrent with the processes of megasporogenesis 

and megagametogenesis, two integument layers form from the chalaza, elongating until the 

nucellus is completely encapsulated and a micropyle is formed at the distal tip of the ovule 

(Ray et al. 1996). In contrast to eudicots, where the nucellus diminishes as the female 

gametophyte develops, in cereal crops the nucellus proliferates and by maturity contributes 

around 65% of the ovule area (see Chapters 3 and 4). Regarding the ES, the overall 

positioning of cells is similar between Arabidopsis and cereal crops, whereby the synergid 

cells and egg cell are located at the micropylar end of the ES, the antipodal cells are located 

at the chalazal end of the ES, and the central cell occupies a large space between the two 

groups of cells. However, in barley, the two polar nuclei remain unfused at anthesis as 

opposed to Arabidopsis where the nuclei are already fused prior to pollination. Moreover, while 

the three antipodal cells of Arabidopsis degenerate when the ES reaches maturity, in cereal 

crops the antipodal cells undergo several rounds of proliferation and endoreduplication, 

ultimately forming a cluster of over 30 cells with conspicuously large nuclei that does not begin 

degeneration until after fertilisation (Brink and Cooper 1944; Engell 1994). Neither the purpose 

of the antipodal cells nor the persistence of a thick nucellus has been precisely determined in 

barley, despite their occurrence in many other species (Endress 2011; Lora et al. 2017).  

 

At the molecular level, ovule development requires a large number of inputs over a relatively 

short timeframe. Genes that contribute to cereal ovule development have been identified in 

rice and maize via mutagenesis, such as MEIOSIS ARRESTED AT LEPTOTENE (OsMEL1; 

Nonomura et al. 2007), MULTIPLE SPOROCYTE 1 (OsMSP1; Nonomura et al. 2003); 

MULTIPLE ARCHESPORIAL CELLS 1; ZmMAC1, Wang et al. 2012), and  SEEDSTICK 

(AtSTK; Pinyopich et al. 2003), as well as by transcriptional profiling (Jain and Khurana 2009; 

Johnston et al. 2007; Yu et al. 2005). However, little is known in barley. Similar to other 

angiosperms, it is likely that coordinated growth of multiple tissues is required to ensure stable 

ovule and germline development (Pinto et al. 2019). Desynchronization of developmental cues 
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can have a variety of effects, ranging from germline abortion (e.g. mel1), to extra germline 

cells (e.g. msp1) and altered tissue growth (e.g. kluh; Ito and Meyerowitz 2000), all of which 

impact downstream seed development. The identity of these cues is of particular interest in 

this study, especially those that may influence tissue or overall organ size (see Chapters 3 

and 4). A number of cues that may facilitate ovule growth in barley have been reviewed in 

recent times and include organ formation genes (Callens et al. 2018), hormonal pathways 

(Shirley et al. 2018) and components of the cell wall (Tucker et al. 2018). Although these 

published reviews provide a comprehensive summary for readers, for the purposes of this 

thesis and the current Chapter, aspects are considered in further detail below.  

 

MADS-box genes 

 

The ABC model of floral development was proposed to explain the role of transcription factors 

in organising initiation of different organs from the floral meristem in angiosperms (Bowman et 

al. 2012; Coen and Meyerowitz 1991). The angiosperm flower is typically divided into four 

concentric rings, or whorls, each containing a specific floral organ, of which the descriptions 

are as follows: whorl 1 comprises the most outer tissues, namely sepals in eudicots or the 

palea and lemma in monocots, whorl 2 comprises the petals in eudicots or the lodicules in 

monocots, whorl 3 contains the anthers and whorl 4 contains the pistil. Within whorl 4 there is 

also a discrete region that may be considered its own whorl, which contains the ovule(s). 

Homeotic transcription factors (TFs) containing a conserved MADS-box motif, thus known as 

MADS-box genes, play a critical role in plant development, as well as a variety of key 

regulatory roles in animals and fungi. The name “MADS” is derived from four of the initial 

transcription factors identified, MCM1 (Saccharomyces cerevisiae), AGAMOUS (Arabidopsis 

thaliana), DEFICIENS (Antirrhinum majus), and SRF (Homo sapiens; Theißen et al. 1996). 

MADS-box genes are expressed in different whorls of the floral meristem in a highly regulated 

manner that has resulted in their designation as Class A, B, C, D, E, or Bsister genes. Class A 
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TFs are expressed in whorls 1 and 2, Class B TFs are expressed in whorls 2 and 3, Class C 

TFs are expressed in whorls 3 and 4, Class D TFs are expressed in only whorl 4, Class E TFs 

may be expressed in any whorl, and Bsister genes are predominantly expressed in the ovule. 

Identity and complete formation of the floral organs of each whorl relies upon the correct 

combination of MADS-box genes, resulting in the palea and lemma forming in whorl 1, 

lodicules in whorl 2, the anthers in whorl 3, and the pistil in whorl 4 (reviewed by Jack 2001; 

Theißen et al. 2016). Many of the MADS-box genes involved in floral development have been 

identified and functionally characterised in rice (Arora et al. 2007; Yoshida and Nagato 2011), 

allowing putative orthologues to be identified/predicted in wheat (Murai 2013) and barley 

(Callens et al. 2018). Of particular relevance to ovule development are the Class C genes 

MADS3 and MADS58, which contribute to pistil formation (Dreni et al. 2011), the Class D 

genes MADS13 and MADS21 (Dreni et al. 2007) and the Bsister genes MADS29, MADS30 and 

MADS31 (Callens et al. 2018; Lee et al. 2013), which influence ovule initiation and germline 

development, and the Class E genes MADS1, MADS5, MADS6, MADS7, MADS8 and 

MADS34 (Dreni and Zhang 2016; Favaro et al. 2003), which are key components of most 

MADS-box protein complexes. Studies have indicated that MADS expression is not exclusive 

to the early stages of floral meristem development, suggesting that specific MADS genes may 

fulfil additional functions in growth and development in different stages and tissues (e.g. 

STK/MADS13; Mizzotti et al. 2014). Whether this is the case in barley has yet to be determined 

(Callens et al. 2018).  

 

Auxin signalling genes 

 

Similar to the MADS-box transcription factors, modulation of gene expression by auxin 

signalling plays a key role in ovule and flower development in a range of species (Shirley et 

al. 2018). Auxin is the general term for a class of plant hormones (characterised by an aromatic 

ring and a carboxylic acid group), the most abundant and potent member of which is indole-
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3-acetic acid (IAA; Haagen-Smit et al. 1946; Kaethner 1977; Thimann 1958). In Arabidopsis, 

the auxin biosynthetic pathway involves conversion of tryptophan into indole-3-pyruvic acid 

(IPA), itself an auxin, which is then converted into IAA. Production of IPA is achieved by the 

combined action of TRYPTOPHAN AMINOTRANSFERASE OF ARABIDOPSIS (TAA1) and 

two TRYPTOPHAN AMINOTRANSFERASE RELATED genes (TAR1 and TAR2), while the 

conversion of IPA into IAA is catalysed by members of the YUCCA flavin monooxygenase-like 

enzyme family (Cheng et al. 2006; Stepanova et al. 2008; Won et al. 2011). Due to the 

chemical nature of auxin, direct observation of its short- and long-range movement is not 

currently possible, and as such, while it is proposed that movement occurs both actively and 

passively, the complete mechanisms of auxin transport are yet to be fully described. However, 

to counter the difficulty of directly observing auxin, activity of auxin responsive genes and 

abundance of transport proteins have been observed using fluorescent reporters (Chettoor 

and Evans 2017; Friml 2010; Yang et al. 2017). This has allowed inference of the fluctuation 

of auxin abundance in tissues over time. Models based on mutational studies indicate that 

ATP-BINDING CASSETTE SUBFAMILY B (ABCB) and PIN-FORMED (PIN) proteins are 

involved in active cellular IAA efflux of IAA (Carraro et al. 2006; Cho et al. 2007; Noh et al. 

2001), while active cellular IAA import is facilitated by AUXIN1/LIKE AUX1 (AUX1/LAX) 

transport proteins (Swarup et al. 2008). Under low auxin conditions, AUXIN RESPONSE 

FACTOR (ARF) proteins are bound by AUXIN/INDOLE-3-ACETIC ACID INDUCIBLE 

(Aux/IAA) family proteins in a repressive manner (Tiwari et al. 2004; Ulmasov et al. 1999). 

TRANSPORT INHIBITOR RESPONSE 1/AUXIN SIGNALING F-BOX (TIR1/AFB) proteins are 

activated by cellular accumulation of auxin, and mediate degradation of Aux/IAA proteins, 

which effectively relieves repression of ARF function (Dharmasiri et al. 2005; Parry et al. 

2009). The current model of auxin biosynthesis and transport within the developing ovule of 

Arabidopsis includes synthesis of IPA in the most basal nucellus / chalaza region and activity 

of YUCs, PIN1 and ARFs at the very distal tip of the nucellus at developmental stages between 

MMC and FG8. IAA may also be synthesised in the tip of the inner integument at stages after 
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FG1 (Crhak Khaitova et al. 2015; Larsson et al. 2013; Shirley et al. 2018). Mutants with 

overactive and defective auxin biosynthesis and transport exhibit compromised reproductive 

development, with ranging severity, including loss of antipodal cell proliferation in maize 

(Chettoor and Evans 2015) and defective embryo sac formation in Arabidopsis (Pagnussat et 

al. 2009). As such, it has been suggested that tight regulation of auxin biosynthesis and 

transport plays an important role in female reproductive development, recently summarised in 

several reviews (Larsson et al. 2013; Shirley et al. 2018).  

 

Pectin-dependent cell wall remodelling during development 

 

One of the mechanisms by which auxin signalling has been found to influence female 

reproductive development in Arabidopsis is by mediation of the pectin methylesterification 

status of cell walls (Andres-Robin et al. 2018). Pectin is a general term used to describe 

polysaccharide chains that are predominantly α-(1,4)-linked galacturonic acid, with a varying 

degree of sidechain substitution (O'Neill et al. 1990). Specific pectins include apiogalacturonan 

(AGA), homogalacturonan (HG), rhamnogalacturonan I and II (RG-I and RG-II), and 

xylogalacturonan (XG). Each of these types of pectin are distinguished by the other hexose 

present, and have different mechanical/structural properties and contribute different 

functionalities to the cell wall (reviewed by Ridley et al. 2001; Vincken et al. 2003). Of these, 

HG is the most well-studied. Longstanding models indicate that HG is synthesised and 

decorated in the Golgi apparatus, before vesicular transport and integration into the cell wall 

(Goldberg et al. 1996). Following synthesis by galacturonosyltransferases (GAUTs; Atmodjo 

et al. 2011), HG chains are methylesterified and acetylesterified on the carboxylic acid groups 

of the GalA backbone (Mouille et al. 2007), in a pattern that is highly regulated with respect to 

developmental processes and tissue identity (Tucker et al. 2018). Pectin methyltransferases 

decorate HG, which reduces the capacity of carboxylic acid groups on each GalA residue to 

interact with calcium ions present in the cell wall, meaning that the individual methylesterified 
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HG chains are prevented from crosslinking and forming a regular, densely packed matrix. 

Removal of methyl ester groups is performed by pectin methylesterase (PME) enzymes, 

allowing interaction with calcium ions, formation of a dense pectinaceous matrix, thereby 

conferring rigidity to the local cell wall region (Hongo et al. 2012; Morris et al. 1982). 

Alternatively, in the absence of calcium, de-methylesterified HG may be hydrolysed by endo-

polygalacturonases (PGs), causing the plant cell wall structure to be degraded and thus 

become more flexible (reviewed by Cosgrove 1999; Wolf and Greiner 2012), and release short 

chains of HG known as oligogalacturonic acid (OGA), which may interact with auxin signalling 

pathways (Branca et al. 1988; Spiro et al. 2002). Activity of PMEs is regulated by pectin 

methylesterase inhibitors (PMEIs), and both PMEs and PMEIs are sensitive to pH fluctuation 

in the local cell wall (Sénéchal et al. 2017; Sénéchal et al. 2015). Methylation status of HG 

plays a regulatory role in organogenesis of floral organs (Peaucelle et al. 2008) and has been 

observed to be tightly regulated within different tissues of the ovule by immunolabelling in 

other species (Lora et al. 2017).  

 

In summary, ovule development leads to the formation of distinct tissues that are essential for 

floral fertility and seed production. Function of these tissues depends upon a range of inputs, 

including MADS-box homeotic transcription factors, auxin signalling components, and the 

constant modification of cell wall properties to allow rapid cell proliferation to occur with the 

correct physical proportions. Much of this has been described in Arabidopsis, and to some 

extent in rice and maize, however morphological and transcriptional data is lacking in the 

Triticeae cereal crops such as barley. Here, we describe the morphological and transcriptional 

dynamics of barley ovule development in four distinct barley genotypes. Morphological 

features and cell wall modifications were analysed using cleared whole-mounted pistil tissue 

and immunostained thin sections, revealing discrete stages of reproductive development and 

differential cell wall modification within discrete sub-domains of the nucellus. RNA sequencing 

data from whole-pistil tissues collected throughout development was analysed in combination 
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with RNA sequence data from specific ovule tissues, collected using laser capture 

microdissection, to explore expression of genes involved in networks known to regulate floral 

development in other species, including MADS-box homeotic transcription factors and auxin 

biosynthesis.  

 

Methods 

 

Plant growth – 10 genotypes of interest and Sloop  

Barley plants were grown in glasshouses at The Plant Accelerator, Adelaide, Australia, in a 

50:50 cocopeat:clay-loam soil mixture (v/v), under 22°C day / 17°C night conditions. All 

genotypes used in this study were two-row spring barleys, and were grown in quintuplicate. 

Sloop is an elite malting genotype adapted to Australian conditions that has previously been 

used to study gene expression during grain development (Zhang et al. 2016). The remaining 

genotypes, including Akita, Cecilia, Forum, Foxtrot, Gant, Host, Lina, Optic, Salka and Wren, 

were part of an association panel provided by Prof Robbie Waugh (JHI, Scotland) and 

imported to Australia in 2013. 

 

Collection of floral tissue for ovule morphological analysis, immunostaining and 

whole-pistil RNA sequencing  

The Waddington scale (Waddington et al. 1983) was used to stage barley florets during spike 

development. For the genotypes Akita, Cecilia, Forum, Foxtrot, Gant, Host, Lina, Optic, Salka 

and Wren, florets were collected from the middle of tillers at Waddington Stage 7 until 

fertilisation. For each genotype, spikes at equivalent developmental stages were sampled 

from at least three of the five plants grown. Tissue collected from each spike was prepared for 

three end uses: clearing for morphological analysis, immunostaining, and whole-pistil RNA 

sequencing. This collection method enabled the developmental stage of each sample to be 



153 

 

determined by clearing prior to RNA extraction, allowing a more precise comparison of 

genotypes. To enable clearing, tissue was fixed in FAA (10% formalin, 5% glacial acetic acid, 

50% ethanol, 35% millipore H2O, plus a drop of Triton X100), dehydrated through an ethanol 

series (3 x 30mins at each of 70%, 80%, 90%, 95%, 100%) and placed into Hoyer’s Solution 

(Wilkinson and Tucker 2017). Five samples were collected from each spike. At stages prior to 

Waddington Stage 8.5 whole florets were collected; for samples after this stage only the pistil 

was collected. After sampling and handling error, at least 10 samples were collected at each 

stage, from each genotype. To enable immunostaining, tissue was fixed in TEM fixative (4% 

paraformaldehyde, 0.25% glutaraldehyde, 4% sucrose, in phosphate buffered saline at pH 

7.2), dehydrated in an ethanol series (3 x 30mins at each of 70%, 80%, 90%, 95%, 100%) and 

transitioned into LR White resin (ProSciTech, Australia) with overnight incubations in 50:50 

100% ethanol:LR White resin then 100% LR White resin, before embedding in LR White resin, 

in gelatin capsules at 56°C for 72 hours. Three whole florets were prepared from each spike 

for immunostaining. To enable RNA sequencing, dissected pistils were frozen in liquid nitrogen 

and stored at -80oC. At stages prior to Waddington Stage 8.5, ten pistils were collected from 

each spike; at later stages, five pistils were collected. In sum, for each genotype, and at all 

developmental stages assessed, a minimum of fifteen pistils were prepared for clearing, nine 

florets were prepared for immunolabelling, and either five or ten pistils were frozen for RNA 

extraction.  

 

Analysis of cleared barley ovules during development 

Ovules within the cleared carpel tissue were captured as z-stack images using differential 

contrast microscopy (DIC) on a Zeiss AxioImager M2, and analysed using Zeiss Zen Blue 

(2012) software (Carl Zeiss AG, Germany), as described in Wilkinson and Tucker (2017). 

Ovules were separated into nine reproductive developmental stages, called Stages 0 - 9, 

based on ovule morphology. From reproductive Stage 5 onwards (correlating to Waddington 

Stage 8.75) nine morphological traits were measured: ovule area, ovule transverse, ovule 
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longitude, embryo sac area, embryo sac transverse, embryo sac longitude, nucellus area, 

nucellus proportion and integument width. The ovule area trait was measured as the sum of 

embryo sac area and nucellus area, and did not include the integuments as it was not possible 

to reliably distinguish the outer integument layer from the locule. At all earlier developmental 

stages, ovule area was measured as the integuments plus the nucellus, because it was not 

possible to accurately separate them due to ovule curvature. Composite images for figures 

were generated to represent the key information captured by z-stack imaging using Adobe 

Photoshop and Illustrator (Adobe Inc., USA).  

 

Immunostaining  

LR-white embedded samples were sectioned at 0.8µm using a diamond knife with a Leica 

UM6 Ultramicrotome (Leica microsystems, Germany) and placed on poly-Lys coated glass 

slides (ProSciTech, Australia). Immunolabelling was performed as described by Betts et al., 

2017. Primary antibodies included Rat LM19 monoclonal IgG which detects 

homogalacturonan (PlantProbes, UK), Rat LM20 monoclonal IgG that detects methyl-

esterified homogalacturonan (PlantProbes, UK) and mouse BG1 that detects 1,3;1,4-β-glucan 

(BioSupplies, Australia). Secondary antibodies used included AlexaFluor 555 anti-rat 

monoclonal IgG and AlexaFluor 488 anti-mouse monoclonal IgG (ThermoFisher Scientific, 

USA). Immunolabelled sections were imaged using a Zeiss AxioImager M2.  Immunolabelling 

of three replicate sections were used to quantify each ovule trait measured.  

 

RNA extraction from whole barley pistils  

Using tissue clearing and DIC microscopy, as per above, samples at equivalent developmental 

stages were selected from four genotypes: Forum, Gant, Salka and Wren. For each genotype, 

RNA was extracted from two replicate samples at each of five developmental stages. These 

stages, called 3, 4, 5, 6, and 7, were collected from florets of Waddington Stage 7.5 to 

Waddington Stage 9.5, and cover, with respect to reproductive development, a timepoint 
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shortly after selection of the functional megaspore until anthesis. RNA was extracted using 

the SpectrumTM Plant Total RNA kit (Sigma-Aldrich, Germany). RNA was treated with 

Ambion® TURBO DNA-freeTM Post DNase kit (Life Technologies Corporation, USA). Poor 

RNA quality precluded sequencing of four samples. These samples were from: Forum at 

Stage 3, Salka at Stage 3, and Wren at Stages 5 and 7.  

 

cDNA synthesis of RNA extracted from whole barley pistils 

cDNA was synthesised from RNA extracted from all whole-pistil samples as described by 

Burton et al. (2008) with the SuperScript®III Reverse Transcriptase kit (Invitrogen, USA). 

qPCR was performed as described by Burton et al. (2008).  

 

Primer design  

Primers for HvMADS13 were designed to encompass a portion of the coding sequence, the 

stop codon, and the 3’ untranslated region using Primer3 (v.0.4.0; (Untergasser et al. 2012). 

The sequences of the primers used were, forward: TCAGCTGAACCTAGGCTGC; reverse: 

TTTGACAGGAATAGTTGAGTACTGGT. Primers used for the housekeeping genes 

glyceraldehyde 3-phosphate dehydrogenase (HvGAPDH; HORVU7Hr1G074690), cyclophilin 

(HvCycl; HORVU6Hr1G012570), α-tubulin (HvTub; HORVU1Hr1G081280) and heat shock 

protein 70 (HvHSP70; HORVU5Hr1G113180) were determined as described by Burton et al 

(2004), and were as follows: HvGAPDH forward: GTGAGGCTGGTGCTGGATTACG; 

HvGAPDH reverse: TGGTGCAGCTAGCATTTGAGAC; HvCycl forward: 

CCTGTCGTGTCGTCGGTCTAAA; HvCycl reverse: ACGCAGATCCAGCAGCCTAAAG; 

HvTub forward: AGTGTCCTGTCCACCCACTC; HvTub reverse: 

AGCATGAAGTGGATCCTTGG; HvHSP70 forward: CGACCAGGGCAACCGCACCAC; 

HvHSP70 reverse: ACGGTGTTGATGGGGTTCATG.  
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Quantitative polymerase chain reaction 

qPCR was performed as described by Burton et al. (2008) using the primers for HvMADS13 

described above for all RNA samples extracted from whole pistils. Control genes were used 

to normalise data as described by Vandesompele et al. (2002).  

 

Laser Capture Microdissection of specific ovule tissues  

Whole flowers were collected from the reference barley cv. Sloop at approximately Stages 8, 

8.75 and 9.5 on the Waddington Scale, corresponding to reproductive Stages 4, 5, and 7, 

which describe ovules at FG2-4, FG8, and Anthesis. For laser microdissection, the protocol 

described in Okada et al. (2013) was followed. Samples were fixed in an ice-cold mixture of 

3:1 ethanol:acetic acid with 1mM 1,4-Dithiothreitol (DTT). Samples were stored at 4°C 

overnight, then transferred into 70% ethanol and stored at -20°C. Samples were dehydrated 

through an ethanol series (70%, 80%, 90%, 95%, 100%), and were gently agitated in each 

solution for at least 30 minutes. Each ethanol solution was prepared with 1mM DTT and kept 

ice-cold. Samples were infiltrated with BMM resin (composed of 40mL n-butyl methacrylate, 

10mL methyl methacrylate, 250mg benzoin methyl ether (ProSciTech, Australia), and 1mM 

DTT), diluted with ethanol in a 1:3, 1:1, 3:1 ratio of BMM:ethanol over two days before being 

placed in pure BMM resin. Samples in BMM resin were placed in BEEM capsules 

(ProSciTech, Australia) for embedding, and kept in a Cryo Chamber under UVlight at -20°C 

for five days to allow polymerisation (Koltunow Lab, CSIRO, Adelaide). Embedded tissue was 

serially sectioned in a transverse aspect at 3µm, and all sections from the base of the ovule 

to the most apical integument cells were collected. Sectioning was performed on a Leica UM6 

Ultramicrotome (Leica microsystems, Germany) with a glass knife. Sections were placed onto 

DEPC-treated water droplets on PEN-membrane glass slides (Thermo Fisher Scientific, USA) 

and evaporated using a 36°C slide warmer. 
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Prior to laser capture, BMM resin was removed from tissue sections by gently rinsing slides in 

acetone (Sigma) for 10 minutes. Various tissues were collected from each ovule using a Leica 

LMD Laser Dissection Microscope (Leica microsystems, Germany) at the Waite Adelaide 

Microscopy Facility. In total, 15 different samples were collected across three stages of ovule 

development. Tissues dissected from the most immature ovule (Stage 4) included: 1. Embryo 

Sac plus Nucellus, 2. Integument and 3. Ovary Wall. Tissues dissected from the Stage 5 ovule 

included: 1. Whole Embryo Sac, 2. Egg Apparatus (Egg and Synergid Cells) plus the Central 

Cell, 3. Antipodal Cell Cluster, 4. Nucellus, 5. Integuments, and 6. Ovary Wall. Tissues 

dissected from the anthesis-stage ovule included: 1. Egg Apparatus plus Central Cell, 2. 

Antipodal Cell Cluster, 3. Nucellus, 4. Integuments, 5. Chalaza, and 6. Ovary Wall.  

 

RNA extraction, amplification and cDNA preparation from laser-dissected samples 

Total RNA was extracted from each laser-dissected tissue sample using the Picopure RNA 

isolation kit (Molecular Devices, USA), with DNase I. Concentration and integrity of the 

resulting RNA was assessed by a NanoDrop One (Thermo Fisher Scientific, USA). The total 

RNA was amplified twice with the MessageAmp II aRNA Amplification kit (Thermo Fisher 

Scientific, USA).  

 

RNA sequencing and transcript analysis  

All RNA samples were sent to the Australian Genome Research Facility for sequencing on the 

Illumina Hiseq platform. Reads were assembled using the current barley reference genome 

(Mascher et al 2017) with CLC Genomics (Qiagen, Netherlands), and normalised to the 

previously mentioned housekeeping genes HvGAPDH, HvHSP70, HvTub and HvCycl. 

Normalised read counts (transcripts per million, TPM) were used to reflect the abundance of 

each gene in each sample. Gene names are annotated as HORVUs, as per the International 

Barley Sequencing Consortium (IBSC 2012).  
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Results 

 

Developmental progression of ovule development in barley 

 

Following analysis of inflorescence tissue across a time course, nine distinct stages of ovule 

development were discernible in cleared floral tissue using DIC microscopy, shown in Figure 

5-1. In brief, Stages 0 through to 3 encapsulate outgrowth of the initial ovule primordium, 

megasporogenesis and integument growth (Figure 5-1A-D), Stages 4 through to 6 involve 

rapid cellular proliferation and expansion within the nucellus and embryo sac (Figure 5-1E-G), 

Stage 7 represents the mature, reproductively competent ovule at anthesis (Figure 5-1H), and 

Stage 8 represents the fertilised ovule (Figure 5-1I). This series of stages corresponds to the 

span of stages 6 to 10 on the Waddington scale, commonly used to assess floral development 

in barley and wheat (Waddington et al. 1983). Further details of each developmental stage 

are described in the following sections. 

 

Stages 0 to 3: Ovule initiation, megasporogenesis and early female gametophyte 

development 

 

Stage 0, “Ovule Initiation”, represents the initial stage of ovule development characterised in 

this study. At this stage the ovule is detected as a small protrusion of nucellus tissue extending 

out at a slight angle from the placental/carpel tissue, at the base of which the inner integument 

layer is just beginning to form (Figure 5-1A). Stage 0 correlates approximately to Stage 6 of 

the Waddington scale. Using the clearing method described in Chapter 3 it was not possible 

to indubitably or consistently identify an archesporial cell/megaspore mother cell at this stage, 

however a region containing an enlarged cell at the tip of the nucellus was often visible.   
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Figure 5-1: Female reproductive development of barley described in nine stages. (A) At Stage 

0 the ovule is initiated from the ovule primordia by the selection of an archesporial cell and 

growth of the integuments; (B) at Stage 1 the selection of the megaspore mother cell (MMC) 
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develops from the archesporial cell; (C) at Stage 2 the MMC undergoes meiosis, giving rise to 

four haploid daughter cells, of which the single most chalazal survives and is known as the 

functional megaspore (FM); (D) at Stage 3 the FM undergoes several rounds of mitosis to 

form the cells that will become the embryo sac (ES); (E) at Stage 4 the integument has closed 

over the nucellus thus forming the micropyle, and the ES has cellularised, containing, arranged 

from proximal to the micropyle to most basal, two synergid cells, an egg cell, a central cell that 

contains the two polar nuclei, and at least three antipodal cells; (F) at Stage 5 growth of the 

ovule is driven by cell proliferation and expansion in the nucellus, and the antipodal cells 

proliferate to become a group of 15 to 45 small and tightly clustered cells; (G) at Stage 6 

growth of the ovule is driven by cell proliferation and expansion within the nucellus and embryo 

sac, and the antipodal cells are distinctly less tightly clustered; (H), at Stage 7 the ovule 

reaches anthesis, or reproductive maturity, discernible from Stage 6 by both greater nucellus 

and embryo sac areas, and greater spacing of the antipodal cell nuclei; (I) at Stage 8 the ovule 

is fertilised, as determined by a combination of a further increase in ovule traits, visibility of 

extra pollen nuclei, lack of visibility of the polar nuclei, irregular nuclear shapes of antipodal 

cells, and clusters of small nuclei at the periphery of the embryo sac. ac = archesporial cell; 

es = embryo sac; fm = functional megaspore; ii = inner integument; mmc = megaspore mother 

cell; oi = outer integument; nuc = nucellus. Solid line indicates bounds of embryo sac, dashed 

line indicates bounds of antipodal cell cluster, arrowheads indicate additional clusters of nuclei 

after fertilisation. Images from the genotype Salka. Scale bars = 100µm.  
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Stage 1, “MMC”, represents the appearance of an enlarged megaspore mother cell (MMC), a 

single cell located in the sub-epidermal nucellus layer at the distal tip of the ovule primordia. 

This is the primary female germline cell (Pinto et al. 2019). At this stage the inner and outer 

integuments have both begun to differentiate forming rings around the base of the nucellar 

projection, and the nucellus appears to be tenuinucellate (containing a single-layered nucellar 

epidermis directly adjoining the MMC; Figure 5-1B). The pistils of ovules at this developmental 

stage resemble Waddington Stage 7.  

 

Stage 2, “Meiosis”, represents the stage at which the megaspore mother cell undergoes 

meiosis. The pistils of ovules at this developmental stage resemble Waddington Stage 7.5. 

Cells containing enlarged nuclei appear to be visible at the distal tip of the ovule primordia and 

the integument layers extend to cover half the length of the projecting nucellus (Figure 5-1C). 

The nucellar projection itself is distinctly more angled away from its almost “upright” position 

with respect to the stigma, such that the inner integument is visible over the tip of the projection 

when the floret is viewed from the angle as shown in Figure 5-1. In terms of other floral organs, 

at this point the palea almost completely obscures the stigma, and the anthers elongate to 

nearly double their previous length.  

 

Stage 3, “Mitosis”, represents the stage when megasporogenesis is complete and the 

functional megaspore has initiated megagametogenesis. Pistils at this stage of development 

resemble those between Waddington Stages 7.5 and 8. Due to the curvature of the ovule, 

more precise staging with regard to which phase of mitosis, or how many rounds of mitosis 

have occurred, was not possible using DIC microscopy and cleared wholemount floral tissue. 

At the distal tip of the nucellus, distinct cell walls mark the region of the nascent embryo sac. 

Integuments are in a similar position to Stage 2, extending slightly further around the nucellus 

but still leaving a large portion of the distal tip exposed (Figure 5-1D). By this stage the tip of 

the developing ovule, soon to form the micropyle, extends from the carpel at approximately a 
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90o angle with respect to the stigma, i.e. it has become hemianatropous. This rotation from 

almost-upright to perpendicular generates asymmetry in the transverse aspect, visible in the 

sagittal aspect, as the ring of integument layers keeps pace with the growth and rotation of 

the distal tip, thus there is more integument on the “top” side (closest to the stigma) of the 

ovule.  

 

Stages 4 to 7: Gametophyte maturity and ovule maturation 

 

Stage 4, “Established Female Gametophyte”, represents the point at which a mature 

Polygonum-type female gametophyte has formed, as it is described in a range of model dicots 

such as Arabidopsis. At this stage the pistil resembles Stage 8 on the Waddington Scale. The 

female gametophyte exists as an embryo sac with at least 8 haploid nuclei within at least 7 

cells. These cells are the egg cell, two synergid cells, the central cell containing two unfused 

polar nuclei, and at least three antipodal cells. By this stage the integuments have completely 

covered the nucellus, the inner integuments meeting to form the micropyle at the very distal 

tip of the ovule (Figure 5-1E). The micropyle is angled such that it now points more towards 

the base of the floret. This suggests it is transitioning from a hemianatropous position to an 

anatropous position.  

 

Stage 5, “Antipodal Proliferation”, represents the point at which a massive proliferation of 

antipodal cells and expansion of the nucellus tissue has occurred. At this stage the pistil 

resembles Waddington Stages 8.5 to 8.75. Within the ovule, the antipodal cells form a distinct 

group of between 15 to 45 cells tightly clustered near the rest of the embryo sac cells (implying 

that the central cell is quite small), the ovule roughly doubles in overall size (see also: Figure 

5-2), and the nucellus tissue and epidermal nucellus layer that flank the embryo sac undergo 

divisions such that the embryo sac is surrounded by at least two layers of nucellus at all points 
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other than the micropyle, i.e. the ovule becomes partially crassinucellar (Figure 5-1F). The 

position of the micropyle indicates that the ovule has become anatropous.  

 

Stage 6, “Antipodal Expansion”, represents the stage where the antipodal cells have expanded 

from a tight cluster of cells into a group of much larger cells occupying the central region of 

the ovule, when viewed from the aspect as shown in Figure 5-1, making the shape of the 

embryo sac somewhat resemble a lightbulb (Figure 5-1G). The antipodal cells appear to be 

located along the “chalazal” side of the central cell. Notably, despite occupying a much greater 

region of the ovule, the nuclei of the antipodal cells do not appear to have increased in size. 

Between Stage 5 and Stage 6 the ovule once again increases approximately 50% in size and 

the pistil resembles Waddington Stages 9 to 9.25.  

 

Stage 7, “Anthesis”, represents the stage at which the ovule is reproductively mature, and 

coincides with anther dehiscence (Figure 5-1H). The differences between Stage 6 and Stage 

7 include an increase in ovule area by approximately 50% as compared to Stage 6 (Table 5-

1), and the antipodal cell nuclei are more dispersed and much larger, meaning the embryo 

sac area is also increased and indicating that the antipodal nuclei have likely undergone 

endoreduplication. With the method used it was not possible to determine the area of the 

central cell, however as the antipodal cells are located along the flank of the central cell it is 

likely that central cell has expanded in proportion. This stage is equivalent to Stage 9.5 of the 

Waddington scale.  

 

Stage 8: Post-fertilisation 

 

Simply for the purposes of this study, Stage 8, “Fertilisation”, represents any ovules that were 

collected after fertilisation (Figure 5-1H). Fertilised ovules may include any of the following 
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phenotypic features: lack of distinct nuclei in the egg apparatus region, a single fused nucleus 

in the central cell, three nuclei in the central cell, non-spheroid antipodal nuclei, even-

numbered clusters of small nuclei appearing at the edge of the embryo sac in the region where 

the polar nuclei would normally sit, and exaggerated elongation of the ovule. On the presented 

scale, Stage 8 is equivalent to Stage 10 on the Waddington scale.  

 

In summary, using wholemount clearing and DIC microscopy, barley ovule development was 

divided into nine stages, called Stages 0 to 8. These stages were subsequently used to 

investigate variation in the relative size of embryo sac, nucellus, and overall ovule area among 

different genotypes showing variation in ovule traits at maturity (see Chapter 4).  
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Table 5-1: Quantification of five traits of ovule morphology in four barley genotypes with diverse mature morphologies, over six stages spanning 

initiation of the female reproductive lineage (Stage 2) to reproductive maturity (Stage 7).  

Tissue Stage Forum Gant Salka Wren 

Ovule Area 

2 5091.3 ± n/a 4982.3 ± 472.8 5270.6 ± 440.5 3307 ± 416.5 

3 9283.9 ± 3578.1 7463.8 ± 2179.5 6994.1 ± 1416.2 7252.1 ± 1879 

4 13890.6 ± 4686.2 17756.7 ± 5699.4 9974.2 ± 1727.7 14726.1 ± 6239 

5 61136.2 ± 20050.3 45275.7 ± 19816.6 72731.9 ± 24513.9 49503.3 ± 17302.7 

6 146006.5 ± 11843.2 134300 ± 34752.1 136426.9 ± 14316.6 133005.9 ± 25592.6 

7 160728.4 ± 20500.1 190807.8 ± 22657.3 200041.9 ± 14047.9 203119.9 ± 19874.5 

Nucellus 
Area 

2 5091.3 ± n/a 4982.3 ± 472.8 5270.6 ± 440.5 3307 ± 416.5 

3 9283.9 ± 3578.1 7463.8 ± 2179.5 6994.1 ± 1416.2 7252.1 ± 1879 

4 13890.6 ± 4686.2 17756.7 ± 5699.4 9974.2 ± 1727.7 14726.1 ± 6239 

5 54848.1 ± 17840.1 39949.5 ± 16306.2 63029.5 ± 19530.8 43723.8 ± 14191.4 

6 115120.6 ± 8231.1 98807 ± 22173.6 106537.2 ± 10527.5 102732.5 ± 15845.9 

7 115275.7 ± 15867.1 123623.6 ± 7262.1 134873.1 ± 8471.8 128484.5 ± 9665.8 

Embryo Sac  
Area 

5 6288.1 ± 3040.1 5326.3 ± 3848.2 9702.5 ± 5331 5779.5 ± 3242.3 

6 30885.9 ± 7720.4 35492.9 ± 13192.3 29889.7 ± 4744.5 30273.4 ± 10579.6 

7 45452.7 ± 5557.2 67184.2 ± 17216.4 65168.8 ± 11717.1 74635.3 ± 15221.5 

Nucellus 
Proportion 

5 0.897 ± 0.89 0.882 ± 0.823 0.867 ± 0.797 0.883 ± 0.82 

6 0.788 ± 0.695 0.736 ± 0.638 0.781 ± 0.735 0.772 ± 0.619 

7 0.717 ± 0.774 0.648 ± 0.321 0.674 ± 0.603 0.633 ± 0.486 

Integument  
Width 

5 51.6 ± 1.3 52.9 ± 4.7 52.8 ± 2.8 50.3 ± 4.2 

6 48 ± 3 53.4 ± 2.6 48.7 ± 1.5 50.3 ± 1 

7 50 ± 1.3 49.5 ± 1.7 46.4 ± 1.9 46.5 ± 2.2 
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Figure 5-2: Change in ovule area (µm2) at six stages (Stages 2 - 7) spanning initiation of the 

female reproductive lineage to reproductive maturity, as measured in four barley genotypes. 

Data for the genotype Forum is shown in pink, Gant in orange, Salka in green, and Wren in 

purple. The average value for each genotype at each developmental stage is indicated by a 

large circle, individual replicates are indicated by small circles. Blue line represents local 

regression curve calculated with the R ggplot2 package function geom_smooth, using data of 

all four genotypes.  
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Differences in ovule development between different genotypes are manifested at 

distinct developmental stages 

 

Four genotypes were examined in detail, including Forum, Gant, Salka and Wren, in order to 

assess the development of ovule tissues among phenotypically variant genotypes. Forum and 

Gant represent genotypes that produce a smaller ovule at maturity compared to genotypes 

producing larger ovules, such as Wren and Salka (see Chapter 4). To assess the temporal 

variation in ovule development between these genotypes, measurements were compared 

from Stages 2 to 7 (Table 5-1; Figure 5-2). Samples were also collected for Stages 0, 1, and 

8, but due to insufficient replicates, these were excluded from the analysis.  

 

At Stage 2 the area of the ovule primordia in the smallest genotype (Wren, 3307.0µm2) was 

62.7% of the area of the largest genotype (Salka, 5270.6µm2). At Stage 5, once the embryo 

sac had become established and the ovule had begun to undergo rapid proliferation and 

expansion, the ovule area of the smallest genotype at this stage (Gant, 45275.7µm2) was 

62.3% the size of the largest genotype (Salka, 72731.9µm2). At Stage 5 the embryo sac was 

clearly visible, which allowed measurement of the nucellus and embryo sac in addition to total 

ovule area. At this stage, all four genotypes produced embryo sacs of similar area, occupying 

approximately 11% of the total ovule area.  

 

Concurrent with an overall increase in ovule area between Stages 5 and 7, the proportion of 

embryo sac (relative to the ovule) in each genotype increased, demonstrating that expansion 

of the central cell and antipodal cells is likely to be a major contributor to the final mature ovule 

size. Further, as has previously been reported (Chapter 4), there was substantial variation in 

the contribution of the embryo sac to ovule area at Stage 7, ranging from 28.3% in Forum to 

36.7% in Wren. Forum and Wren also presented the smallest and largest ovule area 

phenotypes at this stage, respectively, with Forum (160728.4µm2) being 21% smaller than 
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Wren (203119.9µm2). Despite ovules from Salka having a larger mature ovule area than those 

of Gant, the contribution of the embryo sac to ovule size in two genotypes was similar, 67% 

and 65% respectively, further supporting conclusions from Chapter 4 that embryo sac and 

nucellus development are independent processes.   

 

Ovule area measurements from the four genotypes were plotted over time to assess growth 

dynamics during development (Figure 5-2). As discussed above, the different stages in each 

genotype were aligned based on morphological indicators such as the stage of germline 

development and integument growth. Hence, any differences in growth rate between 

genotypes should reflect inherent differences in size at the same developmental stage. The 

growth dynamic of all four genotypes was generally similar, with ovule size remaining relatively 

stable between Stages 2 to 4, and rapidly increasing from Stages 4 to 7. However, specific 

differences were identified between genotypes. For example, between Stages 4 and 5, ovule 

area in Forum increased much more rapidly than the other three genotypes. This difference 

was maintained until Stage 6, at which point the ovule area of Forum barely increased 

compared to Stage 7, contrasting with an increase in ovule area in the three other genotypes. 

Most notable of these was the increase in ovule area in Wren, which exhibited the smallest 

ovule size at both Stage 2 and Stage 6 but reached the largest size of all four genotypes by 

Stage 7. The area of embryo sac and nucellus tissue area also varied between genotypes 

over time, particularly in the final stage of development. However, when any two genotypes 

were compared, the variation at each stage with respect to the next was not consistent, 

meaning that the embryo sac and nucellus tissues of different genotypes do not grow at 

equivalent rates throughout ovule development.   

 

In summary, these data indicate that genotype-dependent differences in ovule size at maturity 

arise at multiple stages of pistil development. Some genotypes, such as Salka, already show 

evidence of larger ovules at the primordial stage, while Wren only achieves a large size during 



169 

 

the rapid proliferation and expansion phase. By contrast, the smaller ovules of Gant and 

Forum produce intermediate-sized primordia that grow rapidly, but fail to maintain growth to 

the same degree as Wren and Salka. 

 

Immunolabelling reveals discrete domains within the nucellus  

 

A key question arising from the wholemount analysis is what drives the increase in ovule size; 

cell division, expansion or a combination of both? To observe the cellular arrangement of the 

ovule during growth, florets from the genotypes Forum, Gant, Salka and Wren were sectioned 

at three developmental stages: Stage 3 (Mitosis), Stage 5 (Antipodal proliferation), and Stage 

7 (Anthesis). Transverse semi-thin sections (0.8µm) were generated in two regions of the 

ovule, cutting through the egg apparatus and antipodal cells. This enabled the integuments, 

nucellus and embryo sac to be compared at three distinct positions along the length of the 

ovule in the four genotypes. Cell nuclei and cytoplasmic contents were visualised by their 

autofluorescence in the DAPI channel (Zeiss FS 49), while cell walls were visualised by 

fluorescent immunolabelling of (1,3;1,4)-ß-glucan (BG), de-methylesterified 

homogalacturonan (LM19; Figure 5-3) and methylesterified homogalacturonan (LM20; Figure 

5-4; negative controls Figure 5-S1). Visualisation of the cell walls and contents in replicate 

sections facilitated observation of the arrangement of the nucellus and embryo sac cells, and 

measurement of nucellus cell number. Observation of the ovule with semi-thin sections rather 

than whole-mount clearing yielded much more precise information about the organisation of 

ovule tissues. For example, autofluorescence in sections taken from all four genotypes 

indicated that the outer integument and inner integument have discrete properties; cells of the 

outer integument appeared mostly devoid of contents while cells of the inner integument were 

brightly autofluorescent.  
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Figure 5-3: Immunolabelling of de-methylesterified homogalacturonan (pectin) and ß-

(1,3;1,4)-glucan (BG) in the cell walls of barley ovules from four genotypes (Forum, Gant, 

Salka and Wren), at three stages of ovule development (Stages 3, 5 and 7). Labelling is shown 

in two different regions of the ovule at Stages 5 and 7. Pectin (magenta) was labelled with 

LM19, BG (green) was labelled with BG1, autofluorescence at 461nm is shown in blue. 

Sections were taken in the transverse aspect, with 0.8µm thickness. Scale bars = 100µm.  
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Figure 5-4: Immunolabelling of methylesterified homogalacturonan (pectin) in the cell walls of barley ovules from four genotypes (Forum, Gant, 

Salka and Wren), at three stages of ovule development (Stages 3, 5 and 7). Labelling is shown in two different regions of the ovule at Stages 5 

and 7. Pectin (magenta) was labelled with LM20 , autofluorescence at 461nm is shown in blue. Sections were taken in the transverse aspect, 

with 0.8µm thickness. Scale bars = 100µm.  
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Based on autofluorescence of the cellular contents and cell wall immunolabelling at Stages 5 

and 7, the nucellus appears to consist of three discrete cell types: an epidermal layer, 

peripheral nucellus, and inner nucellus. The nucellar epidermis consists of a single, regularly 

organised layer of small cells with brightly autofluorescent cellular contents. The peripheral 

nucellus consists of relatively small, densely packed cells with brightly autofluorescent 

contents, starting near the chalaza and progressing around the whole ovule. The peripheral 

nucellus was the predominant cell type within all sections taken at Stage 3 (Figure 5-3A-D, 

Figure 5-4A-D), Stage 5 (Figure 5-3E-L), and through the egg apparatus plane at Stage 7 

(Figure 5-3M-P, Figure 5-4E-H). The inner nucellus consists of large, vacuolated cells with 

irregular shape, which flank the embryo sac. This distinctive nucellus cell size and loss of 

cytoplasmic autofluorescence was observed at both Stage 5 and Stage 7, and was most 

evident in sections through the antipodal cell cluster in ovules at Stage 7 (Figure 5-3Q-T, 

Figure 5-4I-L). Finally, transverse sectioning confirmed that between Stage 5 and Stage 7 of 

reproductive development the barley ovule becomes crassinucellate, as multiple layers of 

nucellus were observed to surround the embryo sac as opposed to the single nucellus layer 

that defines tenuinucellate ovules.  

 

Immunolabelling reveals discrete domains of differing pectin content within the 

nucellus  

 

Different types of pectin have been associated with growth and development in diverse plant 

tissues, such as meristems (Iwai et al. 2002; Sobry et al. 2005) and ovules (Juranić et al. 2018; 

Lora et al. 2017) and can be detected using specific antibodies such as LM19 and LM20 

(Verhertbruggen et al. 2009). These antibodies were used in immunolabelling assays to test 

for the presence and location of pectin epitopes in the growing barley ovule. Cell walls of the 

nucellus immediately flanking the embryo sac were specifically labelled with LM19 from its 

initiation (Stage 3; Figure 5-S2A) to maturity (Stage 7; Figure 5-S2B). At early stages of 
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development, represented here by Stage 3, the most prominent LM19 labelling was confined 

to nucellus cells within two cell layers flanking and three layers above and below the germline 

cells (i.e. the megaspore mother cell or the developing gametophyte). From Stage 5 onwards, 

labelling of nucellar cells with LM19 remained prominent in the two to three cell layers adjacent 

to the embryo sac, but additional weaker labelling was detected in inner nucellus cells located 

further away. Particularly at Stage 7, nucellus cells labelled with LM19 tended to match the 

inner nucellus phenotype, i.e. cells labelled with LM19 were located toward the centre of the 

ovule and tended to be large, vacuolated and irregularly shaped. Speckled LM19 labelling was 

also evident in the middle lamella between peripheral nucellus cells, and in cells at the junction 

of the chalaza, integuments and the “placental” region of the pistil where the ovule is attached. 

Notably, a near complete lack of LM20 labelling indicates that the pectin present is partially, if 

not completely, de-methylesterified (Figure 5-4).  

 

Cell number and cell size contribute to variation in ovule area at anthesis.  

 

Replicate transverse sections were used to measure the width of the carpel and the ovule, 

two-dimensional ovule area, and the total number of nucellus cells (Table 5-2, Table 5-3). To 

assess if there was any relationship between pectin labelling and ovule morphology, the 

number of LM19-labelled nucellus cells was also measured. To account for the variation in 

ovule shape at different points between its micropylar and chalazal ends, sections through the 

egg apparatus (region of the ES containing the egg cell and synergid cells) and the antipodal 

cell cluster were assessed. At Stage 3, ovule development involves asymmetric cell divisions 

causing a shift in orientation with respect to the orientation of the rest of the pistil. As such, the 

precise orientation of ovule sections was difficult to determine at Stage 3, thus only Stage 5 

and Stage 7 were measured.  
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Table 5-2: Summary of data obtained from analysis of images taken following immunolabelling of pectin and ß-(1,3;1,4)-glucan in the cell walls 

of two regions of ovules at two developmental stages, in four barley genotypes.  

Cultivar Stage Region Ovule area (µm2) Nucellus cell number Area per cell (µm2) 
Number of LM19- 

labelled cells 
Proportion of nucellus  

with LM19 labelling (%) 

Forum 5 Egg 30753.7 ± 3110.9 247.7 ± 14.8 124.2 81.3 ± 21.1 26.0 

Gant 5 Egg 23789.3 ± 1684.3 217  19.9 109.6 56.7 ± 18.4 32.6 

Salka 5 Egg 22265.2 ± 3438.6 195  26.5 114.2 132 ± 12.1 9.2 

Wren 5 Egg 19534.2 ± 1828.5 141.7  11.9 137.9 72.3 ± 17.6 24.4 

Forum 5 Antipodal 48017.2 ± 3027 396.7  29.2 121.1 185 ± 7.5 4.1 

Gant 5 Antipodal 32667.5 ± 1053.6 303.3  12.1 107.7 87 ± 16 18.4 

Salka 5 Antipodal 46913.7 ± 4094.6 328  27.9 143.0 182 ± 31.5 17.3 

Wren 5 Antipodal 28288.5 ± 1249 217  3.6 130.4 105 ± 14.2 13.5 

Forum 7 Egg 25430.3 ± 11051.9 283.3  94.4 89.8 205.7 ± 92.8 45.1 

Gant 7 Egg 26974 ± 3206 286  24.9 94.3 238.7 ± 16.3 6.8 

Salka 7 Egg 28952 ± 3158.2 333.7  44.8 86.8 280.7 ± 41 14.6 

Wren 7 Egg 20031.1 ± 2975.7 213.7  19.5 93.7 151 ± 30.1 19.9 

Forum 7 Antipodal 94118.6 ± 4572.4 635.3  33.9 148.1 342.3 ± 44.8 13.1 

Gant 7 Antipodal 112599.5 ± 1495.5 736  19.5 153.0 479 ± 34.2 7.1 

Salka 7 Antipodal 114690.6 ± 4383.2 697  43 164.5 394.7 ± 67.6 17.1 

Wren 7 Antipodal 119680.1 ± 1981.8 773  14 154.8 727.7 ± 23.4 3.2 
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Table 5-3: Summary of data obtained from analysis of images taken following immunolabelling 

of pectin and ß-(1,3;1,4)-glucan in the cell walls of two regions of pistils at two developmental 

stages, in four barley genotypes. 

Cultivar Stage Region Carpel width (µm) Ovule Width 
Proportion of ovule 

to carpel 

Forum 5 Egg 744.3 ± 16.8 326.4 ± 16.3 0.44 

Gant 5 Egg 657.2 ± 8.3 265.2 ± 8.4 0.40 

Salka 5 Egg 687.1 ± 27.4 292.4 ± 39.6 0.43 

Wren 5 Egg 617.1 ± 23.6 246.5 ± 29.4 0.40 

Forum 7 Antipodal 900.2 ± 18.3 452.6 ± 7.4 0.50 

Gant 7 Antipodal 910.9 ± 3.4 468.2 ± 1.7 0.51 

Salka 7 Antipodal 952.4 ± 6.3 524.7 ± 3.6 0.55 

Wren 7 Antipodal 883.6 ± 10.2 510.6 ± 5.6 0.56 

 

 

 

 



177 

 

Slight variation of pistil width at anthesis was observed among the four genotypes, with the 

greatest proportion of ovule to pistil width (0.58) found in Wren and the smallest (0.50) found 

in Forum. At both Stage 5 and Stage 7, transverse area of the ovule was found to vary 

considerably between sections taken through the egg apparatus and the antipodal cell cluster. 

For example, in Forum at Stage 5 the ovule area at the plane of the egg apparatus was 

30753.7± 3110.9µm2, while at the plane of the antipodal cell cluster the ovule area was 

48017.2 ± 3027.0µm2, an increase of approximately 36%.  

 

Generally speaking, both the ovule area and nucellus cell number of sections taken through 

the egg apparatus were similar between Stages 5 and 7. A decrease in ovule area at the egg 

apparatus from Stage 5 to Stage 7 in the genotype Forum may reflect a discrepancy in the 

angle at which the ovule was sectioned. Generally speaking, at Stage 5 the number of nucellus 

cells increased slightly in sections through the antipodal cell cluster as compared those 

through the egg apparatus, while the average area of nucellus cells was similar, indicating that 

the change in ovule area between these two different points of the ovule was likely driven by 

cell number. In contrast, at Stage 7 the number of nucellus cells was found to double between 

sections through the egg apparatus and the antipodal cell cluster, and the average area of 

nucellus cells increased by approximately 42%, indicating that, with respect to the contribution 

of the nucellus, the dramatic increase in ovule area previously observed between Stages 5 

and 7 is driven by both cell number and cell expansion. Further, the lack of change in sections 

through the egg apparatus at each stage indicates that cell division and expansion occurs in 

nucellus cells located more centrally within the ovule, such as where the antipodal cell cluster 

is located, rather than at the micropylar tip.  

 

At Stage 5, the genotypes with the greatest and least number of nucellus cells at the antipodal 

region of the ovule were Forum and Wren, respectively. Conversely, at Stage 7, the genotypes 

with the greatest and least number of nucellus cells at the antipodal region of the ovule were 
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Wren and Forum, respectively. Measurement of ovule area from the transverse plane could 

not be directly compared to area data collected from whole-mounted tissue, due to the 

difference in plane of viewing and the variation in ovule shape at different points throughout 

its structure. The proportion of nucellus cells labelled with LM19 varied substantially among 

genotypes, for example, among sections at anthesis through the antipodal cell cluster, 56.6% 

of nucellus cells were found to be labelled in Salka, compared to 94.1% labelled in Wren. The 

proportion of LM19 labelling tended to increase between Stage 5 and Stage 7. However, 

genotypic variation in the extent of LM19 labelling did not directly relate to ovule morphological 

variation observed among the four genotypes assessed.  

 

Exploring the transcriptional landscape of the developing barley ovule  

 

The differences in ovule development detected between genotypes Forum, Gant, Wren and 

Salka raised questions regarding genes that might be involved. The remarkable differences in 

overall ovule dimensions, component tissue proportions, cell number, cell size, and the timing 

of growth, provide a significant resource to investigate the molecular dynamics of barley ovule 

growth. Despite this, there is a general lack of information regarding the molecular details of 

pre-fertilisation ovule and pistil development in species such as barley and wheat. Some data 

is available for rice, where laser microdissection was coupled with microarrays to provide 

global transcriptional information across ovule development (Kubo et al. 2013) but this 

resource has limited usefulness in barley. 

 

To address this gap, RNA sequencing (RNAseq) was used to generate transcriptional profiles 

from pistils at five stages of reproductive development, containing ovules ranging from Stage 

3 to Stage 7. Moreover, profiles were generated from the four genotypes, Forum, Gant, Salka 

and Wren, which show differences in ovule morphology across development and at maturity. 

The RNAseq data corresponded directly to the stages analysed by microscopy (see above), 
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since pistils were collected for both microscopy and RNA extraction from adjacent florets on 

each spike. RNA was extracted from duplicate biological samples at all five stages in each of 

the four genotypes, however due to tissue loss and poor RNA quality, not every sample was 

sequenced. This meant that only one replicate was available for Forum at Stage 3, Salka at 

Stage 3, and Wren at Stages 5 and 7. In total, 36 individual samples of whole-pistil RNA were 

sequenced (Table 5-S1).  

 

To provide some spatial context regarding the ovule, in addition to the whole pistil, RNA was 

also extracted and sequenced from specific ovule tissues harvested using laser capture 

microdissection. Different ovule tissues were collected from cv. Sloop, an elite Australian two-

row spring genotype, to create a tissue-specific reference dataset. Although Sloop was not 

analysed as part of the ovule size experiments, thin sectioning and immunolabelling confirmed 

clear similarities in staging, ovule morphology and pectin deposition. Ovules were laser 

dissected at three developmental stages (approximately Stages 3, 5 and 7) that span a similar 

developmental period compared to the whole-pistil data. Rather than isolating replicate 

samples for every tissue, emphasis was placed on capturing similar tissues at sequential time 

points to assess the dynamic patterns of gene expression over time. In total, 15 tissue samples 

incorporating the nucellus, integuments, ovary wall, female gametophyte and chalaza were 

collected, amplified and submitted for RNAseq (Table 5-S2). RNAseq reads for all samples 

were aligned to the latest barley reference sequence that comprises 81,683 HORVUs. 

Samples were normalized and TPM values for each gene were assigned. For the pistil data, 

replicate TPM values were averaged, such that each developmental stage in each genotype 

was represented by a single set of expression data (20 in total). Among all whole-pistil 

samples, transcripts were identified for 15594 unique HORVUs at an expression level of at 

least 5TPM (Table 5-S3). In each individual sample (i.e. each of the 20 data sets representing 

five developmental stages in four genotypes), transcripts were identified for between 10,396 

and 11,780 unique HORVUs ≥ 5 TPM, or between 67% and 75.5% of the total of 15,594 
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HORVUs identified (Table 5-S4). Approximately 13,500 HORVUs (+/- 450) were identified at 

TPM>5 in each genotype, across all developmental stages. The difference between the 

number of HORVUs identified to be expressed at TPM>5 between individual samples and 

between genotypes indicates the presence of stage- and genotype-specific gene expression. 

In the 15 tissue-specific RNA-seq samples (Table 5-S2), an average of 21,850 individual 

HORVUs were detected in any sample, and this was reduced to an average of 9,905 HORVUs 

when filtered for TPM greater than or equal to 5.  

 

For the remainder of this Chapter, we consider these RNAseq data in terms of general 

expression trends during pistil and ovule development. Further analysis of differentially 

expressed genes is reported in Chapter 6. 

 

Validation of whole-pistil and tissue-specific RNA-seq data by comparison to qPCR 

data and previously identified ovule-specific genes 

 

To validate the whole-pistil RNA-seq data we assessed expression of HvMADS13, a key 

regulator of ovule identity (Figure 5-5; Dreni et al. 2007), by qPCR. Expression of the ovule 

identity factor was remarkably similar, increasing across ovule development in both datasets. 

To validate the tissue specificity of RNA-seq samples derived from small, laser-dissected 

tissues, the presence of genes previously identified as cell-specific ovule genes were 

assessed (Figure 5-6). For example, to determine if cell types within the embryo sac had been 

accurately dissected, expression of homologs of EGG CELL 1 (EC1) and  

DOWNREGULATED IN DIF1-29 (DD29, At2g47280) were assessed. EC1 has previously 

been identified to be specific to the egg cell in wheat and Arabidopsis (HORVU7Hr1G101980; 

Sprunck et al. 2012), while DD29 is specifically expressed in Arabidopsis antipodal cells 

(Steffen et al. 2007) and shares homology with HORVU2Hr1G023830. The JEKYLL gene, 

associated with programmed cell death of the nucellus and nucellar projection after fertilisation 
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in barley (HORVU3Hr1G068150; Radchuk et al. 2006), was selected as a nucellus marker. 

The transcription factor OsMADS21 is specifically expressed in the integument of rice ovules 

(HORVU1Hr1G064150; Dreni et al. 2011), thus the barley orthologue was selected to assess 

integument samples.  

 

Transcripts of HvEC1 were abundant in laser-dissected samples containing the egg apparatus 

plus the central cell, but were not identified at an appreciable level in the sample containing 

the whole embryo sac (Figure 5-6A). Conversely, transcripts of HvDD29 were highly abundant 

in both antipodal samples, as well as the whole embryo sac sample (Figure 5-6B). Transcripts 

of HvDD29 were also found at relatively very low abundance in the egg apparatus plus central 

cell samples. These two genes indicate that the egg apparatus plus central cell and antipodal 

cell samples were accurately dissected, contaminating neither the other embryo sac-derived 

samples nor nucellus samples, and that the whole embryo sac sample may be biased towards 

the antipodal cells. Expression of HvJEKYLL was identified in the nucellus at all developmental 

stages, as well as embryo sac derived samples, particularly the egg apparatus plus central 

cell sample at anthesis (Figure 5-6C). Notably, no expression was identified in the chalaza, 

integument, or ovary wall samples. As the expression pattern of HvJEKYLL has only been 

characterised as a nucellus-specific gene after fertilisation, this may be interpreted as 

indicating the integuments were not contaminated by nucellus, and may present new 

information regarding where HvJEKYLL is expressed and localised prior to fertilisation. 

Transcripts of HvMADS21 was abundant in all three integument samples, as well as being 

identified in the chalaza sample at a reduced abundance, and several other samples at very 

low abundance (Figure 5-6D). Given the specificity of other samples assessed, this may 

indicate that integument samples were collected accurately, and the low abundance of 

HvMADS21 in other tissue samples may present new insight regarding the site of HvMADS21 

function.  
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Figure 5-5. Comparison of transcript abundance of HvMADS13 (HORVU1Hr1G023620) as 

detected in RNA samples using (A) quantitative polymerase chain reaction (Q-PCR), and (B) 

an Illumina Hi-Seq platform. RNA was extracted from whole barley pistils at five stages of 

ovule development (Stages 3-7). Expression is presented as the average transcript 

abundance among samples of four genotypes at each developmental stage. Abundance is 

presented as arbitrary units in (A), and transcripts per million (TPM) in (B).  
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Figure 5-6: Expression of four tissue-specific genes among fifteen samples RNA sequencing 

data collected from specific ovule tissues of the genotype Sloop, at three stages of ovule 

development (Stages 4, 5 and 7) in order to assess successful tissue isolation. The four genes 

selected are specifically expressed in (A) the egg cell, (B) the antipodal cells, (C) the 

integuments, and (D) the nucellus. Transcript abundance is given as transcripts per million 

(TPM). ANTP, antipodal cell cluster; CHLZ, chalaza; ECC, egg apparatus and central cell; ES, 

embryo sac; INT, integument; NUC, nucellus; NUC_ES, nucellus and embryo sac; OW, ovary 

wall. 
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Expression analysis of gene families associated with flower and ovule development  

 

The RNA-seq data provide an opportunity to establish novel information regarding gene 

expression patterns in barley pistils over time, and differences between genotypes and the 

location of expression in different regions of the ovule. To interrogate the RNA-seq data in 

detail, we first considered classes of genes that might be expected to be involved in ovule 

and/or flower development. Two classes of genes that are important for reproductive 

development in a number of species are the MADS box genes and auxin signalling genes 

(Favaro et al. 2003; Murai 2013; Larsson et al. 2013). Additionally, plasticity of the plant cell 

wall is necessary for organ growth, which requires extensive biosynthesis and modification of 

polysaccharides such as pectin (Sechet et al. 2018). In particular, the methylesterification 

status of HG has been identified to have an important role in plant development (Lora et al. 

2017; Wolf et al. 2009). The roles of selected genes from these three families during floral 

development have been characterised in Arabidopsis, rice and maize, however this 

knowledge has not yet been translated to barley. Therefore, we identified barley orthologues 

of genes in each of these classes and used whole-pistil and tissue specific RNA sequencing 

data to assess their expression patterns throughout barley ovule development. This general 

“barley” timecourse was generated by averaging values from at least 6 replicates of RNAseq 

per stage, derived from the four genotypes described above. 

 

Assessing the expression of barley MADS box genes during pistil and ovule 

development 

 

Within the whole pistil timecourse, 18 of the 23 putative HvMADS genes showed expression 

>5TPM in at least one stage (Figure 5-S3, Table 5-S5). The most abundant genes were 

HvMADS7 (E-class) and HvMADS58 (C-class) that were expressed in every stage of 

development (Table 5-S6). Three main clusters of gene expression patterns were identified 
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when samples were normalised based on their maximum expression value. These clusters 

grouped genes that tended to show their highest expression (albeit weak) during early stages 

(i.e. HvMADS4, HvMADS15, HvMADS56, HvMADS5), genes that showed highest expression 

at maturity (i.e. HvMADS57, HvMADS34, HvMADS14, HvMADS18) and the remainder that 

appeared to be expressed in most stages of pistil development. In general, Stage 5 appeared 

to be a key stage for MADS-box gene expression. 

 

Examination of the same genes in the tissue-specific data revealed considerably more 

information regarding expression location and dynamics (Figure 5-7, Table 5-S7). The MADS-

box genes were clustered into four main groups based on expression pattern. These groups 

include putative non-germline genes, integument genes, nucellus genes, and germline genes. 

In this dataset, “germline” refers to the tissue-specific samples derived from the embryo sac 

(i.e. ES, EA/CC and ANT at three stages). Among the non-germline genes, relatively high 

transcript abundance was found for HvMADS58 and HvMADS6 (170.8TPM, 78.7TPM), Class 

C and Class E genes respectively, which have been demonstrated to interact in rice (Li et al. 

2011). Maximum abundance of HvMADS58 and HvMADS6 was detected in the ovary wall 

samples, and decreased with time. Both genes were also found to be expressed in the 

integuments, but at lower abundance relative to the ovary wall.  

 

A number of the MADS genes were most abundant in the integument samples and typically 

at the earliest stage (Stage 4). For example, transcript abundance peaked in the integument 

at Stage 4 for HvMADS3, HvMADS13, HvMADS7 and HvMADS8 (135.7TPM, 432.5TPM, 

417.9TPM, 63TPM), which are Class C, Class D, and two Class E genes respectively. 

Transcript abundance of the closest homologue of HvMADS13, HvMADS21, appeared to be 

specific to the integument (339.5TPM), similar to HvMADS32, also known as the orthologue 

of CHIMERIC FLORAL ORGANS1 (CFO1; 134.4TPM). The Bsister genes HvMADS29 and 

HvMADS31 showed a distinct pattern that was unique to the nucellus (61.4TPM, 327.4TPM) 
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at the samples of Stages 4 and 5. Of the floral MADS-box genes showing at least 5 TPM in 

one tissue, only HvAGL1 (putative annotation, class as yet undetermined) was observed to 

be abundant in the germline, and it was found to be specifically expressed in the egg/central 

cell (245.5TPM).  

 

When comparing relative transcript abundance between the tissue-specific and whole-pistil 

data sets, it is evident that genes that have higher relative abundance in ovary wall samples, 

e.g. HvMADS7 and HvMADS58, are more abundant in the pistil data. Similarly, genes that are 

not present in the ovary wall samples, but were enriched in the nucellus or integument 

samples, e.g. HvMADS31, HvMADS29 and HvMADS21, were identified to be expressed in 

the pistil data, but not found to be very abundant.  
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Figure 5-7: Heatmap showing expression of putative barley genes encoding MADS-box 

transcription factors in specific tissues of the barley ovule at three different stages of 

reproductive development, as determined by RNA sequencing. Transcript abundance values 

(TPM) have been normalised to 1. ANTP, antipodal cell cluster; CHLZ, chalaza; ECC, egg 

apparatus and central cell; ES, embryo sac; INT, integument; NUC, nucellus; NUC_ES, 

nucellus and embryo sac; OW, ovary wall.  
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Genes involved in auxin signalling show dynamic expression profiles in the pistil and 

ovule expression datasets  

 

To gain insight into the transcriptional dynamics of the auxin pathway in barley, the ARF, 

Aux/IAA, PIN, TIR/AFB and YUC families were examined (Figure 5-8). Homology searches 

identified 23 ARF genes, 26 Aux/IAA genes, 13 PIN genes, 5 TIR/AFB genes and 11 YUC 

genes, many of which have recently been reported by (Shirley et al. 2018). Of the 78 genes, 

36 were found to pass the abundance threshold of reaching TPM>5, and these formed the 

focus of subsequent expression analysis (Table 5-S8). Notably, all YUCCA family genes 

identified were excluded on the basis of low expression, both in the whole-pistil and tissue-

specific data set. Examination of expression patterns in the whole pistil time course revealed 

distinct groups of “early” and “late” developmental genes, most abundant at Stage 3 or Stages 

6 or 7, respectively (Figure 5-S4, Table 5-S9). These groups contained at least one member 

from each transport, signalling and response class. The most abundant early genes were 

HvARF4a, HvARF4c, and HvIAA3, while ARF17, ARF25 and HvIAA30 were abundant late 

genes at Stages 6 and 7. At least one member of each family was present during the entire 

timecourse, although patterns were distinct in each gene family. For example, HvPIN1a, 

HvPIN1c, HvPIN1b and HvPIN2 showed different patterns (early, early, mid and late, 

respectively) suggesting they may be involved in different developmental events. 

 

The same genes were examined in the tissue-specific data, and expression could be divided 

into three main categories: ovary wall genes, non-germline genes and germline genes, 

whereby expression was either entirely or predominantly observed in the ovary wall, all tissues 

other than germline tissues, or only in the germline tissues (Figure 5-8, Table 5-S10). Most 

genes were expressed in the ovary wall at all three developmental stages, while only a few 

genes were enriched in the germline tissues. Within all three groups, maximum gene 
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abundance was biased toward samples at earlier developmental stages. The only group with 

substantial abundance in mature-stage samples was the ovary wall group. Among the ovary 

wall genes, those that were observed to reach maximum transcript abundance in the Stage 4 

sample included ARFs (HvARF14, HvARF2, HvARF3, HvARF5), a TIR/AFB (HvAFB5), and 

the orthologue of OsPIN1b, HvPIN1b. Transcript abundance for these genes was relatively 

low (none attained abundance over 35TPM). Three genes reached maximum abundance in 

the Stage 5 ovary wall sample; two AUX/IAAs (HvIAA3, HvIAA14) and a single ARF 

(HvARF11). Four additional ARFs were observed to reach maximum transcript abundance in 

the mature-stage ovary wall sample (HvARF25, HvARF6, HvARF17, HvARF12), as well as 

another single TIR/AFB (HvAFB2) and the orthologue of OsPIN2, HvPIN2. Notably, the most 

abundant genes within the ovary wall were HvIAA3 and HvIAA30. This is consistent with the 

results of the pistil timecourse.  

 

Among genes that were expressed in non-germline samples, all showed maximum transcript 

abundance at Stage 4 (in nucellus, integument, and ovary wall tissues), with the exception of 

HvTIR1 and HvARF22, which reached maximum abundance in the Stage 7 ovule chalaza and 

Stage 5 integument, respectively. Notably, HvTIR1 was one of only three genes, including 

HvIAA1 and HvIAA3, that were highly abundant and expressed in the chalaza. Genes that 

reached maximum abundance in the nucellus samples i.e. HvPIN1c, HvARF21, HvARF18, 

HvARF4c, HvARF8, HvAFB3, HvAFB4, tended to only be expressed at low levels in other 

tissues, whereas genes observed to reach maximum abundance in the integument or ovary 

wall (HvARF22, HvIAA19; HvARF4a, HvARF9) tended to be expressed at 50-80% maximum 

abundance in other non-germline tissues. HvARF4c, HvPIN1c and HvTIR1, appeared to be 

particularly abundant in the Stage 4 nucellus. However, it is important to note that this early 

stage “nucellus” sample also contained the Stage 4 germline; thus it is possible that some 

expression is conferred by early germline cells.  
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Figure 5-8: Heatmap showing expression of putative barley genes involved in auxin 

biosynthesis and transporter within specific tissues of the barley ovule at three different stages 

of reproductive development, as determined by RNA sequencing. Transcript abundance 

values (TPM) have been normalised to 1. ANTP, antipodal cell cluster; CHLZ, chalaza; ECC, 

egg apparatus and central cell; ES, embryo sac; INT, integument; NUC, nucellus; NUC_ES, 

nucellus and embryo sac; OW, ovary wall.   
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Among genes predominantly expressed in germline tissues, all bar HvARF16 and HvIAA10 

reached maximum transcript abundance in the sample collected from the egg and central cell 

at Stage 5. Compared to other tissues, there was a greater proportion of Aux/IAA genes 

expressed in germline samples. Two genes had notably high transcript abundance in the 

germline cells; HvIAA1 and HvPIN1a.  

 

Comparing relative abundance of genes between tissue-specific and whole pistil-derived 

samples, it is evident that genes that were found to be abundant in small-tissue-derived 

samples of the tissue-specific data set, such as HvIAA1, HvTIR1, HvPIN1a and HvPIN1c, 

were detected but not observed to be very abundant in the whole-pistil data. Conversely, 

genes determined from the tissue-specific data to be active in the ovary wall, such as 

HvARF4a, HvARF4c, HvIAA3 and HvIAA30, were observed to have high abundance among 

pistil samples relative to other genes analysed. This indicates that while detection of ovule 

expression within whole-pistil data may be possible for some genes, analysis of tissue specific 

data is necessary. Overall, the data suggests that localised auxin biosynthesis and signalling 

is occurring within the ovule, however future work is required to elucidate further, and improve 

the functional characterisation of, barley orthologues.  

 

Genes involved in pectin biosynthesis and modification are expressed in tissues that 

accumulate pectin during ovule development  

 

The analysis of the MADS and auxin families in the pistil and ovule datasets revealed dynamic 

patterns of gene expression that are generally consistent with previous publications and 

models. Therefore, the final set of genes chosen for analysis in this study were those involved 

in pectin biosynthesis and modification, for which far less is known. Specific patterns of pectin 

accumulation and methylesterification have been identified in the developing ovule and ovary 

of both monocots and eudicots (see Chapter 4; Lora et al. 2017). However, whether this 
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relates to specific domains of gene expression or mechanical stimuli that change wall 

composition during growth does not appear to have been addressed at the molecular level 

during ovule development.   

In order to assess which regions of the ovule might be require pectin modification for 

development, barley genes were investigated for functional annotations and carbohydrate-

active enzyme (CAZy; Drula et al. 2013) classification relating to HG biosynthesis and 

remodelling. These genes were then filtered based on expression of TPM>5 in at least one 

sample of the tissue specific RNA-seq data set, resulting in a list of 65 HORVUs encoding 

hexosyltransferases, polygalacturonases (PG), pectin esterases (PE), pectin lyases (PL), 

pectin methylesterases (PME) pectin methylesterase inhibitors (PMEI) and 

galacturonosyltransferases (GAUT) for analysis in this study (Table 5-S11).  

 

Examination of gene expression in the whole pistil time course revealed groups of genes 

predominantly expressed at early or late developmental stages, and a group of genes that 

maintained expression throughout the time course (Figure 5-S5, Table 5-S12). Each group 

included members of all families assessed, meaning that expression of specific groups of 

hexosyltransferases, PEs, PLs, PMEs, PMEIs, and GAUTs was differentially up- or down-

regulated, or maintained throughout the time course. Among the whole-pistil data, the most 

abundant genes included a pectin lyase (HORVU1Hr1G079140), beta-galactosidase 

(HORVU4Hr1G074280), and methylesterase (HORVU5Hr1G065680) abundant at Stages 3 

and 4, and a methylesterase inhibitor (HORVU7Hr1G095080) and methylesterase 

(HORVU6Hr1G003900) abundant at Stages 6 and 7.  

 

Genes involved in pectin biosynthesis and remodelling could be grouped into four clusters 

within the tissue-specific data: general genes, ovary wall genes, non-germline genes, and 

germline genes (Figure 5-9, Table 5-S13). Genes observed to be abundant in all ovule tissues 

and the ovary wall represented all functional categories of pectin biosynthesis and remodelling 
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analysed, reflecting the integral role of pectin within the plant cell wall structure of developing 

tissues. Of the 65 genes involved in pectin biosynthesis and remodelling, only 6 were observed 

to have high abundance specifically in the ovary wall tissues. These genes included two 

pectinesterase “11” genes (HORVU2Hr1G017220, HORVU2Hr1G097380), two genes 

encoding pectin lyase superfamily proteins (HORVU1Hr1G079130, HORVU3Hr1G054810), 

and two GT8 hexosyltransferases (HORVU2Hr1G091280, HORVU4Hr1G003590). This 

suggests that the ovary wall may be simultaneously undergoing pectin biosynthesis, 

modification and de-methylesterification in a manner unlike any ovule tissue. Future work 

involving immunolabelling of cell wall polysaccharides may investigate this hypothesis.  
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Figure 5-9: Heatmap showing expression of genes involved in pectin biosynthesis and 

remodelling within specific tissues of the barley ovule at three different stages of reproductive 

development, as determined by RNA sequencing. Transcript abundance values (TPM) have 

been normalised to 1. ANTP, antipodal cell cluster; CHLZ, chalaza; ECC, egg apparatus and 

central cell; ES, embryo sac; INT, integument; NUC, nucellus; NUC_ES, nucellus and embryo 

sac; OW, ovary wall.   
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Among the group of non-germline genes, two genes were uniquely abundant in Stage 4 tissue-

specific samples, a beta-galactosidase and a pectate lyase (HORVU4Hr1G074280 and 

HORVU2Hr1G013210, respectively). Apart from these genes, the remainder of non-germline 

genes were expressed in multiple tissues at more than one developmental stage, with varying 

abundance. For example, six non-germline genes were observed to have maximum 

abundance in the nucellus. Three of these genes, a general pectinesterase, a pectin 

methyltransferase and a pectin acetylesterase (HORVU2Hr1G123450, HORVU2Hr1G127220 

and HORVU5Hr1G033380, respectively) attained maximum abundance in the Stage 4 

nucellus sample, and were observed to decrease in abundance in each of the two subsequent 

nucellus samples. This pattern of decreasing abundance over time was also observed in the 

integuments and ovary wall. In contrast, the remaining three genes, a hexosyltransferase, a 

polygalacturonase known as QUARTET3 (QRT3), and a PMEI (HORVU2Hr1G097240, 

HORVU2Hr1G099290, and HORVU7Hr1G095080, respectively) were observed to increase 

in abundance in each subsequent nucellus sample. Of the six genes, the PMEI 

(HORVU7Hr1G095080) that peaked in abundance in the nucellus was particularly abundant 

(401.9TPM), while all others peaked with relatively low abundance (~30TPM). Taken together, 

the expression patterns of these six genes suggests that de-esterification (both methyl-ester 

and acetyl-ester) of pectin is prominent in the nucellus, and is possibly regulated via 

simultaneous reduction of PMEs and increase in PMEIs.  

 

The “germline genes” could be further divided into specific egg apparatus plus central cell, 

and antipodal genes, as well as few that are abundant in both. Genes that reached maximum 

abundance in germline samples included two within the top 10% most highly abundant genes 

identified within the entire tissue-specific data set. Moreover, genes that reached maximum 

abundance in the egg apparatus plus central cell samples tended to be expressed at relatively 

low abundance in other germline tissues. Among these genes two general pectinesterase 

genes (HORVU4Hr1G054860, HORVU6Hr1G084030) and four methyltransferase family 
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genes were present (HORVU1Hr1G082380, HORVU1Hr1G051470, HORVU7Hr1G003860 

and HORVU5Hr1G099090), of which the pectinesterase  HORVU6Hr1G084030 was the most 

abundant (473.3TPM). Similarly, enzymes required for de-esterification were represented 

among the genes that attained maximum abundance in antipodal cell samples, specifically, 

two methyltransferase family members (HORVU2Hr1G095070, HORVU1Hr1G054470) and 

an acetylesterase (HORVU1Hr1G005140). However, none of these three genes exhibited 

high transcript abundance. The most abundant pectin-related “germline” gene was a 

pectinesterase “11” gene (HORVU2Hr1G023830, 4447.2TPM), which reached maximum 

abundance in the whole-ES sample. Transcripts of this pectinesterase were barely identified 

within egg apparatus plus central cell samples, but were highly abundant within the antipodal 

tissue samples, particularly at Stage 5. Three additional PMEIs were also highly abundant 

within the whole-ES sample (HORVU5Hr1G019700, 2862.5TPM), and the antipodal cell 

samples at both Stage 5 (HORVU3Hr1G113150, 413TPM) and Stage 7 

(HORVU2Hr1G105200, 4100.2TPM). Finally, there is also evidence for activity of pectin 

biosynthetic and remodelling machinery beyond the modifications performed by esterification, 

as expression of pectin lyase genes was found within egg/central-cell samples, and 

hexosyltransferase genes were found to be abundant in all germline tissue types.  

 

Together these results indicate that pectin is highly modified within the germline cells 

throughout development, in a tightly regulated manner whereby pectin at the distal/micropylar 

end of the embryo sac is subject to the activity of numerous low-abundance PMEs, while 

pectin at the proximal/antipodal end of the embryo sac, close to the antipodal cell cluster, is 

more likely to be methylesterified due to exceptionally high abundance of PMEIs.  

 

Discussion  

The ovule is particularly important for seed development, since it gives rise to the female 

gametophyte and nourishes it before and after fertilisation. Studies in barley have focussed 
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on the role of the ovule around the time or fertilisation and beyond (Radchuk et al. 2006; Thiel 

et al. 2008; Tran et al. 2014), while limited genetic information is available regarding earlier 

stages when the ovule is established. Genes that contribute to ovule growth might be utilised 

to control floret fertility for breeding purposes, to protect against stress or to influence 

downstream aspects of seed development. In this study, four genotypes representing “small” 

(Forum and Gant) and “large” (Salka and Wren) mature ovule phenotypes (Chapter 4) were 

selected for further study, driven by the questions: 1) How early in ovule development does 

the variation in mature phenotype arise?; 2) How does the cellular organisation of each ovule 

tissue contribute to mature phenotype?; and 3) What is occurring with respect to gene 

expression throughout barley ovule development? In order to address these questions, two 

microscopic techniques were employed to assess ovule development in the four genotypes of 

interest, and RNA sequencing was used to investigate gene expression in whole pistil tissue 

and in specific ovule tissues using laser microdissection.  

 

Microscopy of whole mounted pistil tissue reveals distinct reproductive stages  

 

Previous analysis of mature ovule traits identified that the size of the embryo sac and nucellus 

are independently controlled, i.e. it is possible for an ovule to have both a small embryo sac 

and a small nucellus, resulting in a small ovule, while it is similarly possible for an average 

sized ovule to have a large embryo sac and small nucellus, or vice versa (Chapter 4). As the 

nucellus of model dicots only consists of a single layer (Schneitz et al. 1995), little research 

has been undertaken regarding at what developmental stage the nucellus proliferates and 

expands into a substantial component of the ovule, and how this growth might affect 

developmental progression of the female gametophyte. In order to address this, morphology 

of ovule tissue was studied between Waddington Scale 7 and 10 (Waddington et al. 1983), in 

four two-row spring barley genotypes representing varied small (Forum, Gant) and large 

(Salka, Wren) mature ovule phenotypes. Following morphological analysis, nine distinct 
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stages of reproductive development were identified, here called Stages 0 to 8. Of these, 

Stages 0 to 3 describe the initiation of the reproductive lineage of the ovule, in which the 

megaspore mother cell (MMC) has been selected at Stage 1, the MMC undergoes meiosis 

during Stage 2, and the functional megaspore (FM) undergoes mitosis at Stage 3. Stages 4 

to 7 describe the maturation of the female gametophyte (FG), wherein the micropyle is formed 

by the inner integuments and the FG is established at Stage 4, the nucellus begins expanding 

and the antipodal cells undergo rapid proliferation at Stage 5, the nucellus and embryo sac 

cells expand at Stage 6, and the ovule reaches anthesis, or reproductive maturity, at Stage 7. 

Stage 8 was used to describe ovules that had been fertilised. These stages may be regarded 

as an addition to previously established scales used to categorise floral development in cereal 

crops, such as the Waddington Scale, and thus improves the accuracy of these scales in 

staging female reproductive development in barley.  

 

Progression of reproductive development is subject to genotypic variation  

 

Quantification of ovule traits from Stages 2 to 7 revealed genotypic differences in the rate of 

growth of the embryo sac, nucellus, and thus the overall size of the ovule. The genotypes 

selected to represent the “small” ovule phenotype at maturity, Forum and Gant, behaved 

differently with respect to each other. Ovules of Forum overall rapidly developed in size 

between Stages 4 and 6, leading to a plateau in its growth between Stages 6 and 7. In 

comparison, ovules of Gant did not increase in size as rapidly throughout Stages 4 to 6, and 

continued to increase in size toward Stage 7. When specific tissues were assessed, the 

plateau of growth in Forum was found to be due to a minimal increase in nucellus area. This 

supports the hypothesis that the embryo sac and nucellus are able to develop independently. 

This hypothesis was further supported by the difference between the final ovule sizes of Forum 

and Gant, which demonstrated the key contribution of the nucellus in determining mature ovule 

size, and emphasised the question of what genetic signals regulate ovule growth. Of the 
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genotypes selected to represent the “large” mature ovule phenotype, Salka and Wren, the 

small nucellus area of Wren during Stages 2 to 5 meant that in the initial stages of development 

it appeared to have a small-ovule phenotype, until rapid growth of the nucellus from Stages 5 

to 7 led to its mature ovule size being the largest of the four genotypes. The increase in 

nucellus size was matched by increased size of the embryo sac, whereby a relatively small 

embryo sac in Wren at Stage 5 developed into the largest observed at Stage 7. The sudden 

increase of nucellus and embryo sac area in Wren, and the lack of increase in nucellus area 

in Forum, produced mature morphology of ovules in these two genotypes that agreed with 

previously quantified phenotypes, and suggests that both the embryo sac and nucellus may 

be responding to independent stimulatory and inhibitory growth signals at different stages of 

ovule development. Further, the difference in the timing of growth of each tissue in Forum and 

Wren suggests that the diming of these developmental cues may genotypically vary. While 

the development of Forum, Gant and Salka supported the hypothesis that the size of the ovule 

at early developmental stages would determine the size of the ovule at maturity, the data from 

Wren indicates that this is not always true. This data emphasises the question of how tissue 

growth is achieved with respect to regulation of cell proliferation and expansion.  

 

Discrete zones of the nucellus may differentially contribute to cell proliferation and 

expansion 

 

The two major factors contributing to the size of any biological tissue are the number of cells 

and the size of these cells. Therefore, in this study we considered that differences between 

the four genotypes of interest might relate to differences in cell proliferation (cell number) 

and/or cell expansion (cell size). Semi-thin sections of flowers at Stages 3, 5 and 7 were 

labelled with antibodies that bind (1,3;1,4)-ß-glucan (BG) and different forms of pectin 

including de-esterified homogalacturonan (LM19) and methylesterified homogalacturonan 

(LM20). This immunolabelling, combined with observation of autofluorescence of cellular 
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contents, allowed visualisation of the cell walls within the developing ovule, thus facilitating 

study of the cellular arrangement of ovule tissues and measurement of two-dimensional ovule 

area and nucellus cell number.  

 

Sections taken from mature ovules revealed that the nucellus consists of three domains, 

identifiable by cell size, shape and density of cellular contents. These domains included the 

nucellus epidermis, the peripheral nucellus and the inner nucellus. While the epidermal layer 

and peripheral nucellus consisted of small cells with dense cytoplasm, cells of the inner 

nucellus were large, highly vacuolated and often irregularly shaped. These cells were present 

in a region occupying the centre of the ovule and surrounding the embryo sac. The inner 

nucellus domain was visible in sections taken through both the egg apparatus and the 

antipodal cell cluster at Stages 5 and 7, being most prominent around the antipodal cell cluster 

at Stage 7.  

 

Analysis of ovule area, the number of cells within the nucellus, and the average area of cells 

within the nucellus was undertaken using transverse sections taken at the distal tip of the 

ovule, i.e. through the egg apparatus, and at the centre of the ovule, i.e. through the antipodal 

cell cluster. It was found that little proliferation or expansion occurred in the nucellus cells 

surrounding the egg apparatus throughout the later stages of development, which maintained 

a peripheral nucellus phenotype. In contrast, both cell expansion and proliferation was found 

to occur in the nucellus surrounding the antipodal cells from Stage 5 to Stage 7, indicating that 

this region of the nucellus is responsible for driving the growth of nucellus, observed 

throughout these developmental stages from whole-mount microscopy. Further to this, while 

the nucellus cell area measurements presented refer to the average of all nucellus cells, given 

the notable difference in cell sizes between peripheral and inner nucellus, it is suggested that 

cell expansion in the nucellus specifically occurs within the inner nucellus and cell proliferation 

occurs in the peripheral nucellus. In Forum the number of nucellus cells around the antipodal 
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cell cluster increased by 160%,  from 397 ± 29 at Stage 5 to 635 ± 34 at Stage 7. In contrast, 

in Wren the number of nucellus cells in this same region increased by 356%, from 217 ± 4 at 

Stage 5 to 773 ± 14 at Stage 7. When considered with the data obtained from whole-mounted 

tissue, this nucellus cell number data indicates that, regarding the contribution of the nucellus 

to overall ovule area, the relatively little and large increase in ovule area of the genotypes 

Forum and Wren may be attributed to differential regulation of cell proliferation in the nucellus. 

Further study is required to thoroughly characterise the different domains of the nucellus, to 

address speculation of their discrete contribution to ovule growth through proliferation and 

expansion, and to determine the role of discrete ovule tissues in supporting development of 

the embryo sac.  

 

LM19 specifically labels nucellus cells flanking the reproductive lineage throughout 

ovule development  

 

Previous studies have shown that pectin epitopes are present in the cell walls of the nucellus 

of diverse species including Arabidopsis, Hieracium pilosella, avocado (Persea americana) 

and larch (Larix decidua Mill; Juranić et al. 2018; Lora et al. 2017; Rafińska et al. 2014). In the 

present study, LM19 was found to predominate in the cell walls of the nucellus surrounding 

the embryo sac, at Stages 3, 5 and 7. Notably, at Stages 5 and 7 the cells labelled with LM19 

were consistently those of the inner nucellus, and cell layers of intermediate phenotype, i.e. 

regularly shaped but slightly enlarged and more vacuolated as compared to peripheral 

nucellus. As such, LM19 may be used as a marker for the reproductive lineage and the 

nucellus at the distal tip of the ovule during early stages of development, and as a marker of 

the embryo sac and inner nucellus at later stages of development. In the absence of functional 

data, we can only speculate what the role of de-methylesterified pectin within the cell walls of 

the inner nucellus might be. Demethylesterification of pectin in the presence of Ca2+ allows 

increased crosslinking of pectin, increasing the mechanical strength of the plant cell wall, 
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however in the absence of Ca2+ demethylesterification contributes to cell wall flexibility 

(Bidhendi and Geitmann 2015). Although Ca2+ levels were not measured here, previous 

studies in lettuce suggest that there is a concentration of Ca2+ within or near the developing 

female gametophyte (Qiu et al. 2008). If this feature is conserved in barley, the abundance of 

LM19 labelling may indicate that the walls of the embryo sac and surrounding cells are being 

reinforced to enhance rigidity. Conversely, it is not entirely clear how this can be reconciled 

with the massive expansion of the embryo sac and the role of the nucellus as a transfer tissue. 

After fertilisation, the nucellus of cereal crops forms the nucellar projection, facilitating transfer 

of nutrients to the developing endosperm, and undergoing programmed cell death (Tran et al. 

2014; Wang et al. 1994). Ostensibly, due to its positioning around the embryo sac, the inner 

nucellus may contribute a more nutritive role to sustain development of the embryo sac. The 

LM19-labelled walls of the inner nucellus and embryo sac may therefore equally reflect the 

flexibility required for rapid growth of the ovule, or the need for a rigid cell wall structure such 

that the cells can withstand the turgor pressure associated with accumulation of solutes prior 

to death and nutrient transfer (Beauzamy et al. 2014).  

 

 

Intricacies of the relationship between the ovule and the ovary remain to be explored 

 

While previous work (see Chapter 4) does not support a direct relationship between the size 

of the ovule and grain traits, other studies in barley have established links between increased 

cell number along a transverse line spanning the carpel and the dry weight of the spike after 

grain maturation (Guo et al. 2016). Ovary size was not assessed across the whole panel in 

this study, but based upon histological data from four genotypes at three stages, the 

relationship between the width of the carpel and the width of the ovule appears to be subject 

to stage and genotype-specific variation. Future studies might assess this relationship in a 

greater number of genotypes. As it stands, we propose that while any size of ovule provides 



203 

 

the capacity for grain to be produced, variation in carpel traits (Guo et al. 2016) and other 

reproductive features (Fahy et al. 2018) have a greater influence over the downstream events 

of grain development. It is important to note, however, that variations in ovule size may 

contribute to other features of reproductive development not investigated here, such as floret 

fertility or abiotic stress tolerance (Barnabás et al. 2008). In this context, the molecular basis 

for ovule development and variation in ovule morphology are still of considerable interest. In 

order to begin to address this, data was generated to describe the dynamics of gene 

expression during barley ovule development. 

 

Generation of tissue-specific and whole-pistil transcriptional data profiling ovule 

development in different genotypes and at developmental stages  

 

This study presents transcriptional data for discrete ovule cell types and for the whole pistil at 

five stages of reproductive development in barley, complementing data sets relating to the 

developing ovule currently available for Arabidopsis, rice and maize (Chettoor et al. 2014; 

Ohnishi et al. 2011; Wuest et al. 2010). Analysis of the data demonstrated the validity and 

necessity of utilising fine dissection techniques to analyse RNA from small tissues undergoing 

rapid change, such as those within the germline/ovule. This supports previous studies in 

diverse species and developmental models that have used tissue-specific transcriptional data 

to analyse gene expression (Okada et al. 2013; Thiel et al. 2008; Tucker et al. 2012). 

Importantly, the relatively low transcript abundance of ovule cell type-specific genes in the 

whole-pistil data suggests that the level of transcript abundance required for important 

reproductive processes may be too low to be reproducibly detected when these small tissues 

are examined as part of a larger floral organ. This study also demonstrated that isolation of 

tissues as small as the egg apparatus and central cell from a single ovule at a midpoint-stage 

of reproductive development yields sufficient RNA to permit sequencing, but only when RNA 

is prepared with amplification steps. It is difficult to judge whether amplification bias or variation 
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in reproductive developmental stage have a greater influence upon the stage-specific 

accuracy of the sequencing data obtained. To overcome this, we chose to use different 

developmental stages as tissue “replicates”, favouring identification of tissue-specific genes 

over stage-specific genes. In the future, these tissue specific genes could be used as bait to 

identify other “co-expressed” genes within this data set, to provide more ovule tissue specific 

markers for barley and cereal crops.  

 

MADS box gene expression in the barley ovule coincides with a stage of rapid growth 

and development 

 

MADS-box genes are well characterised to be crucial for ovule identity, however their role 

during subsequent stages of ovule development has not been considered in great detail 

(reviewed  by Callens et al. 2018; Theißen et al. 2016). Some evidence from maize, rice and 

wheat suggest that several MADS-box genes influence female reproductive development 

(Favaro et al. 2002; Li et al. 2010; Zhao et al. 2006). Moreover, several studies have 

considered the potential importance of MADS box genes in controlling organ size (reviewed 

in Dornelas et al., 2011). The RNAseq data generated here provided an excellent opportunity 

to investigate MADS box gene expression in the context of barley ovule development, and 

determine stages and tissues where function might be important.  

 

Based on the data presented here, expression of HvMADS genes is most abundant during 

Stage 5 of pistil development, when ovule tissues were shown to undergo a rapid increase in 

size and the differentiation of inner nucellus cells begins to become prominent. Furthermore, 

HvMADS gene expression is predominantly restricted to the maternal tissue, i.e. somatic cells 

outside of the embryo sac. The single exception to this is the gene HvAGL1, the putative 

barley orthologue of wheat AGL1 (Zhao et al. 2006), which is known as SHATTERPROOF1 

(SHP1) in Arabidopsis (Flanagan et al. 1996; Liljegren et al. 2000). In Arabidopsis, SHP1 
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interacts with SHP2 and other developmental regulators such as AINTEGUMENTA and 

CRABS CLAW (ANT, CRC) and MADS13, MADS29 and MADS31 (Class D and two Bsister 

transcription factors, respectively) to redundantly specify ovule identity, and regulate correct 

integument formation and carpel development (Colombo et al. 2010; Ehlers et al. 2016; 

Liljegren et al. 2000). In rice, expression of OsMADS13 is required for ovule development 

(Dreni et al. 2007), and requires interaction with the AGL6 transcription factor MADS6 (Li et 

al. 2011). In the present data, HvAGL1, MADS13, MADS29 and MADS31 were observed to 

be expressed in distinct ovule tissues; HvAGL1 in the embryo sac, MADS13 in the integument, 

and MADS29 and MADS31 in the nucellus. Additionally, MADS6 was found to be 

predominantly expressed in the ovary wall. These results indicate that HvAGL1 may have a 

unique role in development of the egg apparatus or central cell in barley. Additionally, tissue-

specific expression of these MADS-box genes indicates that, should their function be 

conserved between rice and barley, the products of these genes must be mobile in order to 

interact. The relative expression levels of MADS29 and MADS31 suggest that the roles of 

these genes may be reversed with respect to rice, where only MADS29 is considered to be 

functional (Yin and Xue 2012). However, based on their nucellus-specific pattern of 

expression, the functional role of Bsister genes as putative regulators of programmed cell death 

in the nucellus and nucellar projection may be conserved in barley (Nayar et al. 2013; Yang 

et al. 2012; Yin and Xue 2012). This data set provides a basis for future work aimed at 

thoroughly translating the ABC model of floral development to barley.  

 

Auxin-related genes are abundant during multiple stages of ovule and pistil 

development 

 

In rice, mutants in the auxin pathway have pleiotropic effects on reproductive development, 

ranging from decreased fertility and seed abortion to increased seed size and increased grain 

weight (Fujita et al. 2013; Jun et al. 2011; Liu et al. 2015). A number of studies have addressed 
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the critical role of auxin signalling during Arabidopsis ovule development (reviewed in Lora et 

al., 2019; Shirley et al., 2018). Here, the transcript profiles of barley genes potentially involved 

in auxin signalling revealed dynamic patterns across development. Overall, differential 

presence of specific TIR/AFB, ARF, Aux/IAA and PIN family members in specific tissues and 

at each developmental stage points toward specific, developmentally regulated auxin 

responses and multiple discrete roles of auxin in the ovule and ovary wall as development 

progresses. Particularly within the female gametophyte, the egg apparatus and central cell 

were observed to express key auxin machinery in the form of HvPIN1a and HvIAA1, 

complemented by high abundance of HvPIN1c and HvARF4c in the pooled early nucellus and 

embryo sac. Further investigation of these genes using techniques such as in situ hybridisation 

may reveal a similar expression pattern of HvPIN1 and HvIAA in the embryo sac and nucellus 

cells at the micropylar tip of the developing ovule as has been described in maize and 

Arabidopsis (Chettoor and Evans 2015; Panoli et al. 2015). Collectively, the data regarding 

“ovary wall” and “non-germline” genes suggests most of the signalling machinery, ranging 

from TIR/AFB family genes to IAA/ARF complexes that regulate auxin-responsive gene 

expression, is abundant within the nucellus and ovary wall at Stage 4. High and exclusive 

expression of HvTIR1, HvIAA1 and HvIAA3 in the chalaza sample indicates that this tissue, 

positioned at the junction of nucellus, integument and ovary wall, may play an important role 

in coordinating auxin flux and responses between the ovule and the surrounding ovary wall. 

Interestingly, this site coincides with the future location of the nucellar projection, and the 

location of DR5v2:3xnlsYFP expression (Shirley et al. 2018) which acts as a putative reporter 

for auxin accumulation (Ulmasov et al. 1997). None of the putative barley PIN auxin efflux 

transporters were observed to be abundant in the chalaza. This raises general questions 

regarding the role of auxin signalling during the late stages of ovule development in the 

Triticeae. However, much work is required to experimentally determine whether the function 

of orthologues of auxin-related genes are conserved between species.  
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Pectin accumulation reveals a specific domain within the barley nucellus that 

surrounds the germline 

 

Immunohistological assays were used to assess whether differences in cell number or 

expansion might contribute to the differences in ovule size between the four selected barley 

genotypes. These assays revealed remarkable details of the barley ovule, and indicated that 

a combination of cell division and expansion contributes to overall ovule size at maturity.  

Perhaps of greater significance was the identification of specific cell wall epitopes that define 

sub-domains within the barley ovule. Specific LM19 labelling was detected in cells surrounding 

the germline from the earliest stages of development. Since pectin is usually synthesised in a 

methyesterified form (detected by LM20), the presence of de-methylesterified pectin (labelled 

by LM19) suggests that specific genes are induced in the ovule to support and/or potentiate 

cells undergoing germline development. Diverse pectin-related genes were identified in the 

RNAseq datasets, and perhaps the most interesting of these are the pectinmethylesterases 

(PME), the PME inhibitors (PMEI) and the polygalacturonases (PG) that were abundant in 

embryo sac-derived samples. One possibility is that these enzymes are secreted from the 

embryo sac to modify the cell walls of surrounding cells. Oligogalacturonic acids (OGAs) 

released by PG have been shown to antagonise IAA, thus disrupting auxin signalling and 

inhibiting organ elongation in pea stem and developing tobacco roots (Bellincampi et al. 1993; 

Branca et al. 1988). Further, the methylation status of pectin influences cell-cell signalling 

mediated by wall associated kinases (WAK), both by providing an anchor point to WAKs under 

Ca2+ rich conditions (Anderson et al. 2001; Decreux and Messiaen 2005), and direct activation 

of WAK1 signalling by OGAs (Brutus et al. 2010). Additionally, regulation of PME activity has 

been shown to be the molecular basis of auxin-mediated valve elongation in Arabidopsis 

carpels (Anderson et al. 2001). While the present data is insufficient to draw firm conclusions, 

it may be speculated that regulation of pectin methylesterification may play a role in mediating 

signalling among nucellus cells, and potentially between the nucellus and the cells of the 



208 

 

reproductive lineage, through interaction with auxin and receptor signalling pathways. Future 

studies of gene expression in the developing nucellus would benefit from isolating the inner 

and peripheral nucellus, in addition to modifying the activity of pectin-modifying genes in 

mutants or transgenic plants. It also remains unclear whether differential regulation of discrete 

groups of pectin machinery throughout ovule development confers changes in the mechanical 

properties of the cell walls. As discussed previously, further investigation of the abundance of 

Ca2+ in the ovule would be specifically required to determine the likely structural properties of 

pectin, as well as broader investigation of the overall cell wall rigidity and presence of other 

cell wall polysaccharides within the ovule using techniques such as FTIT-microscopy, atomic 

force microscopy (AFM) and high performance liquid chromatography (HPLC). 

 

Conclusion  

In sum, this study presents morphological and transcriptional data that may be used as a 

foundation for future studies of the developing barley ovule. Microscopic analysis revealed 

genotypic variation in the rate at which discrete domains of the ovule grow and contribute to 

overall ovule size, and demonstrated that the size of the ovule at stages early in female 

gametophyte development does not necessarily dictate the size of the mature ovule. Further, 

discrete regions of the nucellus were identified, and labelling of de-methylestereified pectin 

revealed a sub-domain within the nucellus surrounding the reproductive lineage. Following 

investigation of the expression profiles of genes involved in auxin signalling and regulation of 

the pectin content of cell walls, it is clear that groups of genes within these functional 

categories are differentially regulated throughout development, and in different cell types of 

the ovule. However, further study is required to determine whether differential regulation is 

responsible for developmental cues that influence ovule development in a genotype-

dependent manner. Investigation of the barley MADS-box transcription factors revealed 

uniquely high expression of HvAGL1 within the egg apparatus, and suggested a reversal of 
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the roles of the Bsister genes MADS29 and MADS31 within the nucellus with respect to rice 

based on the increased expression of MADS31.  
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Supplementary Data 

 

Figure 5-S1: Negative controls for immunohistochemical staining of barley ovules at (A) Stage 

3, as the functional megaspore begins development of the embryo sac, and (B) Stage 7, at 

reproductive maturity, for presence of demethylesterified (LM19) and methylesterified (LM20) 

pectin. Negative control was performed by exclusion of primary antibody while secondary 

antibody (AlexaFluor 555 anti-rat monoclonal IgG) was applied. Autofluorescence at 461nm 

is shown in blue. Sections were taken in the saggital aspect, 0.8µm thickness. Scale bars = 

100µm. acc, antipodal cell cluster; ccv, central cell vacuole; chlz, chalaza; ec, egg cell; enc, 

epithelial nucellus cells; fm, functional megaspore; inc; inner nucellus cells; int, integument; 

nuc, nucellus; pnc, peripheral nucellus cells; sc, synergid cell.  
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Figure 5-S2: Immunohistochemical microscopic comparison of demethylesterified (LM19) 

and methylesterified (LM20) pectin localisation in barley ovules of four genotypes, at (A) Stage 

3, as the functional megaspore begins development of the embryo sac and (B) Stage 7, as 

the ovule becomes reproductively mature. De-methylesterified pectin was labelled with LM19, 

methylesterified pectin was labelled with LM20, and both are shown in magenta. At Stage 7 

(B) sections labelled with LM19 were additionally labelled with BG1, visualising ß-(1,3;1,4)-

glucan, shown in green. Autofluorescence at 461nm is shown in blue. Sections were taken in 

the transverse aspect, with 0.8µm thickness. aac, archesporial cell; ccv, central cell vacuole; 

chlz, chalaza; dm, degenerating megaspore; enc = epithelial nucellus cells; ii, inner 

integument; inc; inner nucellus cells; nuc, nucellus; oi, outer integument; pnc, peripheral 

nucellus cells. Scale bars = 100µm.  
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Table 5-S1: Total number of unique HORVUs identified, and HORVUs with transcript 

abundance (TPM), following sequencing of RNA extracted from whole pistils of four genotypes 

of barley (Forum, Gant, Salka and Wren) at five stages spanning initiation of the embryo sac 

to reproductive maturity (Stages 3-7), each with two replicates. RNA quality of replicate 

samples of Forum Stage 3, Salka at Stage 3, and Wren at Stages 5 and 7 was too poor to 

allow sequencing.  

Cultivar Stage Rep # HORVUs # HORVUs TPM>5 

Forum 3 1 31616 11379 

Forum 3 n/a n/a n/a 

Forum 4 1 31980 11456 

Forum 4 2 31427 11496 

Forum 5 1 32163 11639 

Forum 5 2 30912 11139 

Forum 6 1 31676 11308 

Forum 6 2 32956 11645 

Forum 7 1 33033 11772 

Forum 7 2 32558 11708 

Gant 3 1 30820 11368 

Gant 3 2 32037 11883 

Gant 4 1 30356 10705 

Gant 4 2 30838 11231 

Gant 5 1 30950 11338 

Gant 5 2 31483 11610 

Gant 6 1 31006 11354 

Gant 6 2 31941 11812 

Gant 7 1 31718 11459 

Gant 7 2 31760 11418 

Salka 3 1 32039 11647 

Salka 3 n/a n/a n/a 

Salka 4 1 32340 11911 

Salka 4 2 30707 11193 

Salka 5 1 31015 11320 

Salka 5 2 32980 12048 

Salka 6 1 32708 11782 

Salka 6 2 32974 11715 

Salka 7 1 30994 11432 

Salka 7 2 32998 11708 

Wren 3 1 30739 10994 

Wren 3 2 31010 10967 
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Wren 4 1 32896 11754 

Wren 4 2 32554 11700 

Wren 5 n/a n/a n/a 

Wren 5 2 32723 11780 

Wren 6 1 30144 11180 

Wren 6 2 29607 11024 

Wren 7 1 26809 10396 

Wren 7 n/a n/a n/a 
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Table 5-S2: Total number of unique HORVUs identified following sequencing of RNA 

extracted from specific ovule tissues isolated using laser capture microdissection from ovules 

of barley genotype Sloop, at three stages of ovule development (Stages 4, 5 and 7).  

Tissue Developmental Stage # HORVUs # HORVUs TPM>5 

Embryo Sac + Nucellus Stage 4 26967 12552 

Embryo Sac Stage 5 16480 7836 

Egg Apparatus + Central Cell Stage 5 18130 8925 

Egg Apparatus + Central Cell Stage 7 11921 5703 

Antipodal Cells  Stage 5 19638 9503 

Antipodal Cells  Stage 7 14226 6885 

Nucellus Stage 5 24789 10725 

Nucellus Stage 7 21234 9872 

Chalaza Stage 7 17112 8677 

Integument Stage 4 25451 10947 

Integument Stage 5 26406 11874 

Integument Stage 7 21301 10101 

Ovary Wall Stage 4 29905 11178 

Ovary Wall Stage 5 27897 12130 

Ovary Wall Stage 7 26294 11661 

All Tissues All Stages 40476 19143 
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Table 5-S3 Total number of unique HORVUs identified following sequencing of RNA extracted 

from whole pistils of four genotypes of barley (Forum, Gant, Salka and Wren) at five stages 

spanning initiation of the embryo sac to reproductive maturity (Stages 3- 7).  

Identity # HORVUs # HORVUS with TPM >5 % Total with TPM >5 

All genotypes 51800 15594 30.1 

Forum 42981 13219 30.8 

Gant 42131 13132 31.2 

Salka 43386 13705 31.6 

Wren 42284 13968 33.0 

Stage 3 40967 13330 32.5 

Stage 4 43036 13499 31.4 

Stage 5 42608 13505 31.7 

Stage 6 43358 13604 31.4 

Stage 7 42494 13481 31.7 
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Table 5-S4 Average number of unique HORVUs identified in each sample following 

sequencing of RNA extracted from whole pistils of four genotypes of barley (Forum, Gant, 

Salka and Wren) at five stages spanning initiation of the embryo sac to reproductive maturity 

(Stages 3- 7). 

Sample # HORVUs # HORVUs with TPM > 5 

Forum 32035.7 ± 672.7 11504.7 ± 194.7 

Gant 31290.9 ± 540.1 11417.8 ± 310.9 

Salka 32083.9 ± 889.1 11639.6 ± 261.6 

Wren 30810.3 ± 1903.8 11224.4 ± 455.9 

Stage 3 31376.8 ± 545.1 11373 ± 327.5 

Stage 4 31637.3 ± 882.2 11430.8 ± 359.8 

Stage 5 31746.6 ± 809.2 11553.4 ± 287.6 

Stage 6 31626.5 ± 1199.8 11477.5 ± 280 

Stage 7 31410 ± 2001.2 11413.3 ± 437.5 

Forum Stage 3 31616 ± 0 11379 ± 0 

Forum Stage 4 31703.5 ± 276.5 11476 ± 20 

Forum Stage 5 31537.5 ± 625.5 11389 ± 250 

Forum Stage 6 32316 ± 640 11476.5 ± 168.5 

Forum Stage 7 32795.5 ± 237.5 11740 ± 32 

Gant Stage 3 31428.5 ± 608.5 11625.5 ± 257.5 

Gant Stage 4 30597 ± 241 10968 ± 263 

Gant Stage 5 31216.5 ± 266.5 11474 ± 136 

Gant Stage 6  31473.5 ± 467.5 11583 ± 229 

Gant Stage 7 31739 ± 21 11438.5 ± 20.5 

Salka Stage 3 32039 ± 0 11647 ± 0 

Salka Stage 4 31523.5 ± 816.5 11552 ± 359 

Salka Stage 5 31997.5 ± 982.5 11684 ± 364 

Salka Stage 6 32841 ± 133 11748.5 ± 33.5 

Salka Stage 7 31996 ± 1002 11570 ± 138 

Wren Stage 3 30874.5 ± 135.5 10980.5 ± 13.5 

Wren Stage 4 32725 ± 171 11727 ± 27 

Wren Stage 5 32723 ± 0 11780 ± 0 

Wren Stage 6 29875.5 ± 268.5 11102 ± 78 
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Wren Stage 7 26809 ± 0 10396 ± 0 
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Figure 5-S3: Heatmap showing average expression of putative barley genes encoding 

MADS-box transcription factors at five stages of ovule development in four barley genotypes, 

as determined by RNA sequencing of whole pistils. Transcript abundance values (TPM) have 

been normalised to 1.  
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Table 5-S5: Locus identifiers for barley genes putatively encoding MADS-box transcription factors found to be expressed within whole-pistil and 

tissue-specific RNA-sequencing data sets, with transcript abundance (TPM) greater than 5. 

Class Name Barley Barley MLOC Rice Arabidopsis 
Tissue-specific 
maximum TPM 

Whole-pistil 
maximum TPM 

A HvBM14 HORVU1Hr1G047560  LOC_Os03g54160 At1g69120 0.7 0.5 

A HvBM15 HORVU2Hr1G063800 MLOC_61901 LOC_Os07g01820 At1g69120 0.2 1.0 

A HvBM18 HORVU2Hr1G069820 MLOC_36644 LOC_Os04g31804 At5g60910 6.5 8.7 

AGL17 HvBM57 HORVU6Hr1G073040  LOC_Os02g49840 At3g57230 24.2 4.2 

B HvBM16 HORVU7Hr1G091210  LOC_Os06g49840 At3g54340 2.7 37.5 

B HvBM2 HORVU3Hr1G091000 MLOC_59262 LOC_Os01g66030 At5g20240 12.9 32.5 

B HvBM4 HORVU4Hr1G077850 MLOC_65665 LOC_Os03g08754 At2g22540 1.1 1.4 

B-like HvBM32 HORVU3Hr1G068900 MLOC_80902 LOC_Os01g52680 At5g60910 134.4 27.0 

Bsis HvBM29 HORVU6Hr1G032220 MLOC_65966 LOC_Os02g07430 At1g26310 61.4 41.1 

Bsis HvBM31 HORVU2Hr1G098930 MLOC_12133 LOC_Os04g52410 At5g23260 327.4 21.6 

C HvBM3 HORVU3Hr1G026650 MLOC_5375 LOC_Os01g10504 At4g18960 135.7 123.4 

C HvBM58 HORVU1Hr1G029220 MLOC_57700 LOC_Os05g11414 At4g18960 170.8 219.3 

D HvBM13 HORVU1Hr1G023620 MLOC_57890 LOC_Os12g10540 At3g58780 432.2 175.1 

D HvBM21 HORVU1Hr1G064150 MLOC_65843 LOC_Os01g66290 At4g09960 339.6 93.3 

E HvBM1 HORVU4Hr1G067680  LOC_Os03g11614 At3g02310 39.3 41.8 

E HvBM34 HORVU5Hr1G095710 MLOC_64157 LOC_Os03g54170 At5g15800 2.0 9.5 

E HvBM5 HORVU7Hr1G025700  LOC_Os06g06750 At3g02310 4.5 6.0 

E HvBM7 HORVU7Hr1G054220 MLOC_56472 LOC_Os08g41950 At1g24260 417.9 400.9 

E HvBM8 HORVU5Hr1G076400 MLOC_37733 LOC_Os09g32948 At1g24260 63.0 196.3 

E/AGL6 HvBM6 HORVU6Hr1G066140 MLOC_52944 LOC_Os02g45770 At2g45650 78.7 117.8 

n/a HvAGL1 HORVU6Hr1G002330 MLOC_54256 LOC_Os02g01355  245.5 15.3 

n/a HvBM22 HORVU6Hr1G077300 MLOC_47708 LOC_Os02g52340 At2g22540 46.9 27.1 

n/a HvBM56 HORVU1Hr1G051660  LOC_Os10g39130 At2g45660 0.3 4.3 
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Table 5-S6. Expression of barley genes putatively encoding MADS-box transcription factors at five stages of ovule development, in four barley 

genotypes (Forum, Gant, Salka and Wren), as determined by RNA-sequencing of whole pistils. Expression values are transcripts per million 

(TPM).  

Class Gene Stage 3 Stage 4 Stage 5 Stage 6 Stage 7 

A HvMADS14 0.4 ± 0.1 0.3 ± 0.1 0.2 ± 0.1 0.3 ± 0 0.5 ± 0.2 

A HvMADS15 1 ± 0.2 0.9 ± 0.1 0.5 ± 0.2 0.4 ± 0.1 0.6 ± 0.2 

A HvMADS18 7.2 ± 1.6 5.3 ± 0.7 4.1 ± 0.6 6.4 ± 1 8.7 ± 3 

AGL17 HvMADS57 2.5 ± 0.3 2.3 ± 0.4 3.6 ± 0.8 2.6 ± 0.5 4.2 ± 1.3 

B HvMADS16 37.5 ± 10.1 34.2 ± 8.4 30.2 ± 8 12.3 ± 1.6 14.1 ± 3.4 

B HvMADS2 25.6 ± 5.7 32.5 ± 7.4 28.2 ± 3.5 21 ± 2.1 30.4 ± 10.7 

B HvMADS4 1.2 ± 0.4 1 ± 0.3 1.4 ± 0.3 0.9 ± 0.2 1.1 ± 0.3 

B-like HvMADS32 24.3 ± 7.9 27 ± 6.8 18.8 ± 4.8 11.5 ± 2.8 6.8 ± 2.1 

Bsis HvMADS29 6 ± 0.4 12.9 ± 2.9 28.4 ± 6.7 41.1 ± 11.8 28.9 ± 10.1 

Bsis HvMADS31 6 ± 0.9 13.1 ± 3.1 20 ± 3.1 21.6 ± 6.3 17.3 ± 6.9 

C HvMADS3 97.5 ± 14.2 84 ± 7.3 84 ± 3.5 115.5 ± 6.9 123.4 ± 8.1 

C HvMADS58 179.9 ± 11.1 176.8 ± 11.1 200.8 ± 7 219.3 ± 28 214.5 ± 27.4 

D HvMADS13 107.2 ± 10.6 101.9 ± 8.3 118.1 ± 6.4 157.7 ± 12.2 175.1 ± 18.5 

D HvMADS21 52.3 ± 7.2 56.6 ± 8.8 62.2 ± 8.5 93.3 ± 8.8 91.3 ± 6.8 

E HvMADS1 38.8 ± 7.5 41.8 ± 8.6 39.8 ± 7.1 36.3 ± 5.4 34 ± 5.5 

E HvMADS34 2.2 ± 0.3 3.6 ± 0.9 3.3 ± 1 4.1 ± 1.3 9.5 ± 3.7 

E HvMADS5 6 ± 1.2 4.8 ± 0.6 3.5 ± 0.4 3 ± 0.6 1.8 ± 0.4 

E HvMADS7 325.4 ± 24.3 363 ± 32.4 384 ± 18 400.9 ± 24 394.1 ± 17.1 

E HvMADS8 179.7 ± 16.6 156.3 ± 8.9 167.7 ± 11.6 196.3 ± 16.1 165.7 ± 8.8 

E/AGL6 HvMADS6 117.8 ± 5.4 109.2 ± 7.4 95.6 ± 12.7 107.6 ± 16.1 84.4 ± 11.1 

n/a HvAGL1 10.5 ± 2 9.9 ± 2.2 11.7 ± 2.9 12.9 ± 2.3 15.3 ± 2.4 

n/a HvMADS22 15.8 ± 0.7 19.4 ± 2.7 21 ± 2.4 21.7 ± 3 27.1 ± 2.8 

n/a HvMADS56 4.3 ± 1.2 2.4 ± 0.4 2.5 ± 0.6 1.7 ± 0.5 1.9 ± 0.5 
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Table 5-S7: Expression of barley genes putatively encoding MADS-box transcription factors within fifteen tissue-specific RNA-sequencing 

samples, collected from the genotype Sloop. Expression values are given as transcripts per million (TPM). ANTP, antipodal cell cluster; CHLZ, 

chalaza; ECC, egg apparatus and central cell; ES, embryo sac; INT, integument; NUC, nucellus; NUCES, nucellus and embryo sac; OW, ovary 

wall.  

Class Gene 

ES ECC ANTP NUC CHLZ INT OW 

Stage 5 Stage 5 Stage 7 Stage 5 Stage 7 
NUCES 
Stage 4 

Stage 5 Stage 7 Stage 7 Stage 4 Stage 5 Stage 7 Stage 4 Stage 5 Stage 7 

A HvMADS14 0.0 0.0 0.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

A HvMADS15 0.0 0.1 0.0 0.0 0.0 0.1 0.0 0.0 0.2 0.0 0.0 0.0 0.1 0.0 0.0 

A HvMADS18 0.7 0.1 0.0 0.2 0.0 2.2 3.1 1.8 0.2 2.6 4.3 1.8 2.5 6.5 4.2 

AGL17 HvMADS57 2.4 8.9 4.6 3.0 0.0 2.2 7.1 0.2 4.4 0.4 24.2 0.8 0.9 10.2 0.8 

B HvMADS16 0.0 0.0 0.0 0.0 0.0 1.3 0.0 0.0 0.0 0.2 0.2 0.0 0.3 1.2 2.7 

B HvMADS2 0.4 3.4 0.0 1.2 0.0 3.5 3.7 11.2 12.9 5.2 6.7 9.7 1.2 2.6 7.9 

B HvMADS4 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 1.1 0.0 0.6 0.0 0.1 0.5 0.3 

B-like HvMADS32 0.0 4.9 0.1 1.1 0.0 0.7 28.7 18.4 1.7 95.6 134.4 47.8 6.7 5.4 2.1 

Bsis HvMADS29 3.1 10.3 0.1 23.3 0.0 61.4 53.9 6.3 1.5 7.7 7.9 0.6 0.0 0.0 0.0 

Bsis HvMADS31 74.1 122.4 83.1 143.0 4.2 327.4 215.3 153.9 3.6 16.1 20.2 7.6 0.7 1.4 1.2 

C HvMADS3 5.5 35.5 32.6 17.7 2.7 99.7 60.1 28.3 83.1 85.5 135.7 58.3 35.8 65.2 55.3 

C HvMADS58 1.0 9.3 16.5 10.4 0.7 62.0 27.8 11.1 56.8 62.4 146.0 61.4 170.8 160.1 152.8 

D HvMADS13 13.4 107.7 151.6 52.4 0.9 171.7 253.3 184.0 204.5 153.2 432.2 355.9 24.4 45.3 31.7 

D HvMADS21 0.5 28.5 8.9 5.6 0.0 9.5 8.0 0.9 56.4 144.9 339.6 334.5 1.8 10.9 4.9 

E HvMADS1 0.0 0.1 0.0 5.2 0.0 0.3 4.2 1.2 32.6 0.0 0.8 1.1 0.9 37.2 39.3 

E HvMADS34 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.0 0.9 1.7 

E HvMADS5 0.0 0.3 0.0 1.7 0.0 4.5 3.2 0.6 0.0 1.1 3.7 2.7 1.4 3.9 2.2 

E HvMADS7 25.6 69.8 69.2 65.3 0.0 178.7 181.8 245.5 297.9 149.0 417.9 399.8 91.0 232.2 294.9 

E HvMADS8 6.7 20.2 0.1 5.5 0.0 38.6 26.9 11.8 7.6 49.2 63.0 14.3 35.7 34.8 14.3 

E/AGL6 HvMADS6 0.2 0.2 0.0 0.4 0.0 32.6 25.0 14.5 69.9 65.2 43.0 37.4 78.7 78.2 65.1 

n/a HvAGL1 79.8 105.2 245.5 34.7 44.6 12.6 18.9 11.9 9.3 16.9 36.2 22.7 4.9 5.5 3.0 

n/a HvMADS22 8.3 25.4 6.3 21.3 25.3 3.5 1.0 0.4 23.2 12.2 27.9 20.4 11.6 21.1 46.9 

n/a HvMADS56 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.2 0.2 0.1 0.3 
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Figure 5-S4. Heatmap showing average expression of putative barley genes involved in auxin 

biosynthesis and transport at five stages of ovule development in four barley genotypes, as 

determined by RNA sequencing of whole pistils. Transcript abundance values (TPM) have 

been normalised to 1.
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Table 5-S8: Locus identifiers for barley genes putatively involved in auxin biosynthesis and trnasport found to be expressed within whole-pistil 

and tissue-specific RNA-sequencing data sets, with transcript abundance (TPM) greater than 5. 

Gene HORVU Barley MLOC Rice Arabidopsis 
Tissue-specific 
maximum TPM 

Whole-pistil 
maximum TPM 

HvAFB2 HORVU2Hr1G070800 MLOC_56088 LOC_Os04g32460 At3g26810 28.9 39.6 

HvAFB3 HORVU5Hr1G075620 MLOC_52024 LOC_Os11g31620 At1g12820 25.9 7.9 

HvAFB4 HORVU6Hr1G077570 MLOC_66474 LOC_Os02g52230 At5g49980 65.3 27.7 

HvAFB5 HORVU4Hr1G078120 MLOC_73542 LOC_Os03g08850 At5g49980 25.5 13.9 

HvARF10a HORVU2Hr1G089670  LOC_Os04g43910 At2g28350 11.0 9.4 

HvARF11 HORVU2Hr1G109650 MLOC_55345 LOC_Os04g56850 At1g19850 9.9 7.5 

HvARF12 HORVU2Hr1G121110 MLOC_51932 LOC_Os04g57610 At1g30330 19.7 37.5 

HvARF14 HORVU1Hr1G076690 MLOC_38232 LOC_Os05g43920 At2g33860 14.2 8.1 

HvARF16 HORVU7Hr1G033820 MLOC_5871 LOC_Os06g09660 At1g19220 14.9 8.8 

HvARF17 HORVU7Hr1G106280 MLOC_58330 LOC_Os06g46410 At1g30330 58.1 55.9 

HvARF18 HORVU7Hr1G101270 MLOC_69988 LOC_Os06g47150 At4g30080 30.8 14.9 

HvARF19 HORVU7Hr1G096460 MLOC_63194 LOC_Os02g04810 At1g19220 33.5 7.5 

HvARF2 HORVU1Hr1G087460 MLOC_17721 LOC_Os05g48870 At2g33860 19.4 16.5 

HvARF21 HORVU7Hr1G051930 MLOC_14584 LOC_Os08g40900 At1g19220 28.8 21.0 

HvARF22 HORVU1Hr1G041770 MLOC_64795 LOC_Os10g33940 At4g30080 91.0 19.1 

HvARF25 HORVU5Hr1G009650 MLOC_63938 LOC_Os12g41950 At1g30330 21.6 48.3 

HvARF3 HORVU3Hr1G072340 MLOC_66439 LOC_Os01g54990 At2g33860 9.7 15.8 

HvARF4a HORVU3Hr1G097200 MLOC_18401 LOC_Os01g70270 At5g62000 88.4 103.9 

HvARF4c HORVU3Hr1G096510  LOC_Os01g70270 At5g62000 103.2 190.7 

HvARF5 HORVU6Hr1G020330 MLOC_73144 LOC_Os02g04810 At1g19220 5.3 5.1 

HvARF6 HORVU6Hr1G026730  LOC_Os02g06910 At1g30330 17.3 28.0 
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HvARF8 HORVU6Hr1G058890 MLOC_77438 LOC_Os02g41800 At4g30080 7.2 7.5 

HvARF9 HORVU2Hr1G076920 MLOC_64596 LOC_Os04g36054 At1g59750 80.9 59.2 

HvIAA1 HORVU3Hr1G022540  LOC_Os01g08320 At1g04250 228.1 30.6 

HvIAA10 HORVU6Hr1G091260 MLOC_65332 LOC_Os02g57250 At2g33310 12.3 5.8 

HvIAA14 HORVU5Hr1G106350 MLOC_57434 LOC_Os03g58350 At4g29080 34.6 51.2 

HvIAA15 HORVU1Hr1G025670  LOC_Os05g08570 At2g22670 32.1 15.4 

HvIAA19 HORVU1Hr1G086070 MLOC_10203 LOC_Os05g48590 At2g22670 46.7 25.2 

HvIAA3 HORVU3Hr1G031460 MLOC_54255 LOC_Os05g14180 At4g29080 222.0 181.6 

HvIAA30 HORVU5Hr1G014300 MLOC_73033 LOC_Os12g40890 At3g04730 342.0 102.8 

HvIAA31 HORVU5Hr1G014290 MLOC_60624 LOC_Os12g40900 At1g04240 86.6 52.7 

HvTIR1 HORVU1Hr1G021550 MLOC_9864 LOC_Os05g05800 At3g62980 242.4 61.6 

HvPIN1a HORVU7Hr1G038700 MLOC_12686 LOC_Os06g12610 At2g01420 99.9 8.5 

HvPIN1b HORVU6Hr1G076110 MLOC_64867 LOC_Os02g50960 At1g23080 32.8 21.9 

HvPIN1c HORVU4Hr1G026680 MLOC_293 LOC_Os11g04190 At2g01420 144.7 12.4 

HvPIN2 HORVU7Hr1G110470  LOC_Os06g44970 At5g57090 76.7 35.4 
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Table 5-S9: Expression of barley genes putatively involved in auxin biosynthesis and transport 

at five stages of ovule development, in four barley genotypes (Forum, Gant, Salka and Wren), 

as determined by RNA-sequencing of whole pistils. With the exception of Forum at Stage 3, 

Salka at Stage 3, and Wren at Stages 5 and 7, all data presented is the average of two 

replicate samples. Expression values are given as transcripts per million (TPM). 

Gene Stage 3 Stage 4 Stage 5 Stage 6 Stage 7 

HvAFB2 31.5 ± 4.7 29.9 ± 5.7 26.6 ± 1.2 23.6 ± 3 20.6 ± 2.6 

HvAFB3 6.9 ± 0.7 7 ± 0.5 6.5 ± 0.5 7 ± 0.2 7 ± 0.4 

HvAFB4 24.3 ± 2.7 22.9 ± 1.8 21.6 ± 1.9 22.9 ± 2.8 20.8 ± 2.6 

HvAFB5 12.3 ± 1.8 10.6 ± 1.3 11.6 ± 1.4 12 ± 0.8 10.6 ± 2 

HvARF10a 2 ± 0.4 2.2 ± 0.2 4.2 ± 0.6 6.4 ± 1.1 6.4 ± 1.9 

HvARF11 5.9 ± 2 5 ± 1.5 3 ± 0.6 1.6 ± 0.5 1 ± 0.2 

HvARF12 19.3 ± 3.3 20 ± 3.3 28.1 ± 5.3 29.3 ± 3.7 28.1 ± 8.2 

HvARF14 6.5 ± 1.8 5.2 ± 1 3.6 ± 0.8 1.9 ± 0.6 1.1 ± 0.4 

HvARF16 5.9 ± 1.8 5.2 ± 1.8 5.4 ± 0.8 5 ± 1.3 4.5 ± 1.1 

HvARF17 34.6 ± 3.4 37.7 ± 3.5 42.6 ± 3.3 49.6 ± 4 50.6 ± 2.2 

HvARF18 10.1 ± 2 10.3 ± 1.4 13 ± 1.8 13.5 ± 1.2 10.5 ± 2.3 

HvARF19 4.4 ± 0.7 4.6 ± 0.4 4.9 ± 0.5 5.2 ± 1.1 6.4 ± 0.6 

HvARF2 15.1 ± 0.9 11.8 ± 1 9.5 ± 1.3 5.9 ± 0.4 4.7 ± 1.4 

HvARF21 13.8 ± 2.9 13.5 ± 2.4 16 ± 1.5 15.7 ± 2.8 16.2 ± 4.6 

HvARF22 9.9 ± 1.1 11.4 ± 2.8 15.9 ± 0.5 15.7 ± 2.4 12.5 ± 3.8 

HvARF25 25 ± 3.8 29.6 ± 4.5 36.1 ± 3.7 40.1 ± 4.3 42 ± 7.7 

HvARF3 12.2 ± 3.7 10.8 ± 2.9 8.3 ± 1.2 5.5 ± 1.3 5 ± 1.4 

HvARF4a 79 ± 14.8 74.8 ± 11.8 53.3 ± 3.7 29.3 ± 4.7 21.3 ± 3.5 

HvARF4c 175.3 ± 12.5 153.4 ± 14 122 ± 4.4 88.7 ± 8.7 66 ± 12.1 

HvARF5 4.3 ± 0.6 3 ± 0.7 1.9 ± 0.4 1.3 ± 0.5 1.2 ± 0.4 

HvARF6 15.5 ± 4.9 21.4 ± 6.2 20.6 ± 3.7 12.9 ± 3.3 12.9 ± 2.7 

HvARF8 3.7 ± 0.7 3.9 ± 1.5 4.8 ± 1 5.9 ± 1 4 ± 0.9 

HvARF9 48.7 ± 3.7 48.7 ± 7.8 47.2 ± 2.9 38.7 ± 8.1 27.8 ± 7.3 

HvIAA1 14.6 ± 1 18.3 ± 0.7 24.3 ± 3 23.8 ± 4 19.6 ± 1.5 

HvIAA10 5.3 ± 0.4 4.7 ± 0.7 5.1 ± 0.5 3.5 ± 0.8 2.8 ± 0.4 

HvIAA14 20.4 ± 10 24.1 ± 10.2 33.6 ± 13.2 13.5 ± 6.9 6.8 ± 4.9 

HvIAA15 10.6 ± 2.8 11.4 ± 2.3 11.8 ± 1 5.8 ± 1.7 2.8 ± 1 

HvIAA19 20.1 ± 3.2 17.3 ± 2.6 11.8 ± 2.4 6.9 ± 1.4 5.3 ± 0.9 

HvIAA3 150.1 ± 29.1 153 ± 20.7 153.6 ± 11.7 113.4 ± 27.2 94.8 ± 2.6 

HvIAA30 47.3 ± 7.4 62.7 ± 9.5 86.5 ± 15.3 81.4 ± 14.4 63.3 ± 32.3 

HvIAA31 24.8 ± 4.9 34.2 ± 6.3 40.7 ± 9.2 34.2 ± 7.5 25 ± 8.9 

HvTIR1 46.6 ± 7.6 41.5 ± 3.2 43.7 ± 7.3 49 ± 6.3 49.1 ± 8.2 

HvPIN1a 5.8 ± 2.3 6.1 ± 1.8 4.6 ± 1.3 2.4 ± 0.9 1.5 ± 0.8 

HvPIN1b 8 ± 0.7 11.6 ± 4.7 14.5 ± 4.4 14 ± 3.9 9.3 ± 1.9 

HvPIN1c 8.3 ± 2.7 7.5 ± 1.7 6.3 ± 0.8 5 ± 1 3.8 ± 1.2 

HvPIN2 8 ± 3.1 10.9 ± 2.6 21.9 ± 5.3 27.9 ± 6.5 20.1 ± 4.3 
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 Table 5-S10: Expression of barley genes putatively involved in auxin biosynthesis and transport within fifteen tissue-specific RNA-sequencing 

samples, collected from the genotype Sloop. Expression values are given as transcripts per million (TPM). ANTP, antipodal cell cluster; CHLZ, 

chalaza; ECC, egg apparatus and central cell; ES, embryo sac; INT, integument; NUC, nucellus; NUCES, nucellus and embryo sac; OW, ovary 

wall. 

Gene 

ES ECC ANTP NUC CHLZ INT OW 

Stage 5 Stage 5 Stage 7 Stage 5 Stage 7 
NUCES 
Stage 4 

Stage 5 Stage 7 Stage 7 Stage 4 Stage 5 Stage 7 Stage 4 Stage 5 Stage 7 

HvAFB2 5.4 2.2 0.0 3.4 20.9 16.5 3.8 4.6 5.7 36.8 32.2 12.1 83.9 77.0 100.0 

HvAFB3 6.4 0.2 0.1 0.6 0.3 100.0 29.5 13.0 2.5 78.8 33.2 15.1 72.6 31.1 14.2 

HvAFB4 5.0 0.4 0.0 5.1 0.0 100.0 15.6 8.5 2.8 60.2 31.6 10.8 42.2 29.6 23.8 

HvAFB5 0.0 0.4 8.7 50.2 0.1 29.5 14.8 37.4 8.1 39.9 15.1 21.6 100.0 48.7 71.8 

HvARF10a 12.9 89.4 44.2 29.2 0.6 9.4 77.4 100.0 0.8 5.7 79.0 87.8 1.2 16.4 34.6 

HvARF11 0.0 0.0 0.0 0.1 0.0 0.0 0.7 0.0 10.2 0.0 2.1 0.0 88.4 100.0 38.4 

HvARF12 0.0 0.7 20.2 10.7 3.4 11.9 46.1 32.5 6.9 10.3 28.0 15.4 20.4 74.4 100.0 

HvARF14 0.1 0.0 0.0 0.0 0.1 23.7 3.4 0.1 20.4 50.4 17.9 5.8 100.0 30.4 38.7 

HvARF16 15.3 16.8 100.0 14.4 0.1 89.0 25.5 33.3 34.8 26.8 29.5 20.5 18.9 19.7 50.5 

HvARF17 0.0 0.0 5.8 2.3 1.3 2.2 11.0 25.2 0.3 3.2 8.5 6.6 26.5 46.3 100.0 

HvARF18 0.0 0.9 2.3 22.9 0.0 100.0 52.4 46.5 5.8 25.5 18.9 12.3 79.3 36.3 28.8 

HvARF19 20.3 100.0 53.1 51.2 0.0 25.3 9.3 25.5 3.6 11.9 2.8 7.3 20.8 7.9 6.3 

HvARF2 0.0 0.0 0.0 24.5 0.0 25.8 8.1 0.7 22.3 83.3 21.9 11.4 100.0 32.1 18.5 

HvARF21 2.1 10.8 2.9 7.6 0.0 100.0 39.3 22.1 29.5 45.2 34.6 14.1 39.9 39.5 24.0 

HvARF22 19.0 17.5 13.3 11.7 0.0 54.2 38.7 23.6 1.4 54.4 100.0 38.6 36.0 44.5 28.6 

HvARF25 1.6 2.8 0.1 16.1 15.4 17.3 13.6 17.3 15.2 7.0 14.3 6.3 73.3 94.6 100.0 

HvARF3 1.4 0.2 0.0 18.4 39.9 43.2 15.3 3.7 10.8 69.1 42.0 6.4 100.0 72.1 59.8 

HvARF4a 15.1 20.3 2.5 20.5 22.0 70.6 46.7 17.1 5.3 72.6 68.3 41.6 100.0 71.5 33.1 

HvARF4c 0.5 8.4 0.0 4.8 0.0 100.0 5.5 0.5 0.0 60.5 7.8 0.2 91.3 9.8 0.9 



 

237 

 

HvARF5 0.0 0.0 0.0 0.4 12.8 34.1 3.1 12.7 0.0 35.1 3.6 0.0 100.0 33.0 4.0 

HvARF6 0.0 0.0 13.5 2.8 0.0 5.7 2.7 6.5 0.0 3.6 9.4 3.8 68.1 58.6 100.0 

HvARF8 0.0 0.0 0.0 0.0 0.0 100.0 25.2 30.2 0.0 38.5 69.8 25.9 50.7 55.3 40.8 

HvARF9 7.5 25.2 0.2 13.0 3.1 77.3 56.2 18.6 8.2 76.8 58.0 25.3 100.0 67.1 40.6 

HvIAA1 38.0 100.0 21.0 59.3 1.0 43.6 60.3 49.2 37.5 15.7 30.0 20.4 17.2 22.4 22.0 

HvIAA10 100.0 39.0 0.0 18.9 0.0 0.2 6.2 0.0 7.1 0.2 2.6 0.0 1.6 3.7 0.0 

HvIAA14 3.6 1.4 28.6 29.8 0.0 1.7 3.9 40.7 16.5 2.2 2.7 1.5 94.8 100.0 67.6 

HvIAA15 31.4 100.0 21.9 40.0 0.0 32.2 12.9 6.7 0.8 35.2 37.7 20.9 33.5 36.8 39.2 

HvIAA19 0.1 1.8 46.7 18.0 0.0 72.3 33.7 37.8 18.4 100.0 65.3 26.3 95.8 50.5 30.4 

HvIAA3 10.3 14.5 0.7 7.3 8.1 2.0 54.2 49.0 94.9 1.9 65.4 46.4 2.8 100.0 83.2 

HvIAA30 0.0 0.1 0.0 0.0 0.0 1.1 1.6 3.7 27.2 7.1 16.7 26.5 24.2 43.8 100.0 

HvIAA31 0.0 0.1 0.1 0.0 0.0 3.3 0.9 15.0 8.8 2.3 14.8 24.8 65.3 88.3 100.0 

HvTIR1 10.0 10.6 0.0 22.7 6.2 80.2 28.1 15.4 100.0 82.7 35.2 36.1 79.4 40.6 52.1 

HvPIN1a 14.3 100.0 74.8 4.4 0.0 12.3 0.2 0.0 16.9 0.0 0.2 0.0 68.4 9.4 3.4 

HvPIN1b 0.1 0.2 0.4 0.0 0.0 22.5 4.3 0.0 0.0 19.3 0.2 0.0 100.0 8.4 7.9 

HvPIN1c 0.0 0.0 0.0 2.4 0.0 100.0 16.9 4.7 10.7 18.2 4.9 1.5 28.1 9.6 1.8 

HvPIN2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.3 0.0 20.1 50.9 100.0 
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Figure 5-S5. Heatmap showing average expression genes involved in pectin biosynthesis and 

remodelling at five stages of ovule development in four barley genotypes, as determined by 

RNA sequencing of whole pistils. Transcript abundance values (TPM) have been normalised 

to 1.  
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Table 5-S11: Locus identifiers for barley genes involved in pectin biosynthesis and remodelling found to be expressed within whole-pistil and 

tissue-specific RNA-sequencing data sets, with transcript abundance (TPM) greater than 5.  

HORVU Rice Arabidopsis Annotation 
Tissue-specific 
maximum TPM 

Whole-pistil 
maximum TPM 

HORVU0Hr1G008780 LOC_Os03g15020 At2g28470 Beta-galactosidase 8 14.3 0.2 

HORVU1Hr1G003210 LOC_Os01g34920 At5g20710 Beta-galactosidase 7 0.1 5.1 

HORVU1Hr1G005140 LOC_Os05g02120 At3g09410 Pectin acetylesterase 5 10.7 5.7 

HORVU1Hr1G040560 LOC_Os02g44510 At1g71220 UDP-glucose:glycoprotein glucosyltransferase 52.5 30.1 

HORVU1Hr1G048280 LOC_Os10g26680 At3g29090 Pectinesterase 31 13.2 20.3 

HORVU1Hr1G051470 LOC_Os02g45310 At4g19120 S-adenosyl-L-methionine-dependent methyltransferase 64.1 21.7 

HORVU1Hr1G054470 LOC_Os10g41970 At1g26850 S-adenosyl-L-methionine-dependent methyltransferase 25.4 6.9 

HORVU1Hr1G057520 LOC_Os05g31480 At5g04060 S-adenosyl-L-methionine-dependent methyltransferase 13.3 17.9 

HORVU1Hr1G079130 LOC_Os05g46520 At1g80170 Pectin lyase-like 7.5 7.8 

HORVU1Hr1G079140 LOC_Os05g46520 At1g80170 Pectin lyase-like 296.2 107.7 

HORVU1Hr1G082380 LOC_Os08g23780 At5g47780 Hexosyltransferase 113.0 49.7 

HORVU2Hr1G013210 LOC_Os01g36620 At3g55140 Pectate lyase family 16.7 12.7 

HORVU2Hr1G017220 LOC_Os01g53990 At5g19730 Pectinesterase 11 10.7 9.4 

HORVU2Hr1G023830 LOC_Os07g46190 At2g47280 Pectinesterase 11 4447.2 11.7 

HORVU2Hr1G027640 LOC_Os07g44070 At1g57590 Pectin acetylesterase 2 17.1 38.2 

HORVU2Hr1G091280 LOC_Os04g44850 At3g28340 Hexosyltransferase 75.5 33.9 

HORVU2Hr1G095070 LOC_Os04g48230 At4g00750 S-adenosyl-L-methionine-dependent methyltransferase 60.0 48.2 

HORVU2Hr1G095160 LOC_Os04g48140 At4g00740 S-adenosyl-L-methionine-dependent methyltransferase 24.9 18.9 

HORVU2Hr1G097240 LOC_Os04g46750 At2g35710 Hexosyltransferase 24.4 12.6 

HORVU2Hr1G097380 LOC_Os04g46740 At5g47500 Pectinesterase 11 9.7 32.6 

HORVU2Hr1G099290 LOC_Os04g52320 At4g20050 Polygalacturonase QRT3 16.8 7.3 

HORVU2Hr1G101640 LOC_Os04g51340 At4g19410 Pectin acetylesterase 7 8.8 15.1 

HORVU2Hr1G105200 LOC_Os04g49730 At5g46960 Plant invertase/pectin methylesterase inhibitor 4100.2 30.4 



 

240 

 

HORVU2Hr1G123450 LOC_Os11g08750 At3g10720 Pectinesterase family 20.2 14.3 

HORVU2Hr1G127220 LOC_Os04g59590 At5g64030 S-adenosyl-L-methionine-dependent methyltransferase 34.8 26.1 

HORVU3Hr1G050450 LOC_Os01g39830 At3g13750 Beta galactosidase 1 6.0 8.5 

HORVU3Hr1G054810 LOC_Os01g43160 At4g23820 Pectin lyase-like 42.2 23.8 

HORVU3Hr1G056270 LOC_Os01g44970 At1g60590 Pectin lyase-like 10.1 13.5 

HORVU3Hr1G081960 LOC_Os01g65460 At5g63810 Beta-galactosidase 10 12.3 26.0 

HORVU3Hr1G081980 LOC_Os05g35360 At1g77410 Beta-galactosidase 16 98.3 0.0 

HORVU3Hr1G082640 LOC_Os08g01670 At5g64620 Cell wall / vacuolar inhibitor of fructosidase 2 8.6 8.1 

HORVU3Hr1G090970 LOC_Os01g66110 At5g64030 S-adenosyl-L-methionine-dependent methyltransferase 34.8 47.2 

HORVU3Hr1G091360 LOC_Os01g65790 At5g09760 Pectinesterase family 98.8 20.0 

HORVU3Hr1G113150 LOC_Os08g25070 n/a Plant invertase/pectin methylesterase inhibitor 413.9 5.2 

HORVU4Hr1G003590 LOC_Os03g47530 At3g50760 Hexosyltransferase 7.7 10.7 

HORVU4Hr1G004440 LOC_Os06g49810 At3g61130 Hexosyltransferase 143.8 9.2 

HORVU4Hr1G052450 LOC_Os03g20120 At2g47180 Hexosyltransferase 36.3 5.8 

HORVU4Hr1G054780 LOC_Os03g18890 At4g02130 Undescribed protein 10.0 5.8 

HORVU4Hr1G054860 LOC_Os03g18860 At5g27870 Pectinesterase family 24.6 9.2 

HORVU4Hr1G068760 LOC_Os03g11330 At5g15470 Hexosyltransferase 79.3 25.9 

HORVU4Hr1G074280 LOC_Os03g06940 At4g36360 Beta-galactosidase 3 229.7 101.1 

HORVU5Hr1G010860 LOC_Os01g21034 At3g14310 Pectinesterase family 11.4 5.9 

HORVU5Hr1G014500 LOC_Os12g40750 n/a Pectinesterase inhibitor domain containing protein 76.9 14.5 

HORVU5Hr1G014510 LOC_Os12g40760 n/a Ch3B genomic scaffold cv. Chinese Spring 138.7 8.2 

HORVU5Hr1G019640 LOC_Os12g38930 At3g01040 Hexosyltransferase 21.0 16.2 

HORVU5Hr1G019700 LOC_Os04g49730 At5g46940 Plant invertase/pectin methylesterase inhibitor 2862.5 11.0 

HORVU5Hr1G023800 LOC_Os12g36810 At3g16850 Pectin lyase-like 28.7 26.7 

HORVU5Hr1G033380 LOC_Os01g74330 At3g05910 Pectin acetylesterase 12 10.8 9.1 

HORVU5Hr1G045800 LOC_Os12g24170 At2g32810 Beta galactosidase 9 14.5 17.6 

HORVU5Hr1G045820 LOC_Os12g24170 At2g32810 Beta galactosidase 9 2.1 16.6 

HORVU5Hr1G062220 LOC_Os09g26800 At3g42950 Pectin lyase-like 14.2 8.2 
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HORVU5Hr1G065680 LOC_Os09g24900 At1g26850 S-adenosyl-L-methionine-dependent methyltransferase 59.5 60.2 

HORVU5Hr1G073070 LOC_Os09g31270 At3g57790 Gycoside hydrolase 5.4 6.3 

HORVU5Hr1G099090 LOC_Os03g56380 At1g19430 S-adenosyl-L-methionine-dependent methyltransferase 65.9 14.7 

HORVU5Hr1G102720 LOC_Os03g26200 At1g26850 S-adenosyl-L-methionine-dependent methyltransferase 8.6 10.7 

HORVU5Hr1G117470 LOC_Os03g61800 At3g62110 Pectin lyase-like 17.4 21.1 

HORVU6Hr1G003900 LOC_Os10g36690 At4g10440 S-adenosyl-L-methionine-dependent methyltransferase 66.3 56.6 

HORVU6Hr1G029180 LOC_Os01g62800 At2g39750 S-adenosyl-L-methionine-dependent methyltransferase 39.1 7.6 

HORVU6Hr1G076820 LOC_Os02g50600 At1g70090 Hexosyltransferase 129.8 26.4 

HORVU6Hr1G078130 LOC_Os02g51860 At1g78240 S-adenosyl-L-methionine-dependent methyltransferase 51.2 35.5 

HORVU6Hr1G084030 LOC_Os08g34900 At3g43270 Pectinesterase family 473.3 19.3 

HORVU7Hr1G002110 LOC_Os06g01760 At3g61490 Pectin lyase-like 91.5 23.7 

HORVU7Hr1G003860 LOC_Os06g01450 At4g10440 S-adenosyl-L-methionine-dependent methyltransferase 37.4 12.5 

HORVU7Hr1G078960 LOC_Os05g20020 At1g48100 Pectin lyase-like 33.0 31.6 

HORVU7Hr1G086690 LOC_Os06g37560 At3g13750 Beta galactosidase 1 88.4 8.4 

HORVU7Hr1G095080 LOC_Os06g49760 At1g62770 Plant invertase/pectin methylesterase inhibitor 401.9 98.4 
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Table 5-S12. Expression of barley genes involved in pectin biosynthesis and remodelling at 

five stages of ovule development, in four barley genotypes (Forum, Gant, Salka and Wren), 

as determined by RNA-sequencing of whole pistils. With the exception of Forum at Stage 3, 

Salka at Stage 3, and Wren at Stages 5 and 7, all data presented is the average of two 

replicate samples. Expression values are given as transcripts per million (TPM).  

HORVU Stage 3 Stage 4 Stage 5 Stage 6 Stage 7 

HORVU0Hr1G008780 0 ± 0 0.1 ± 0.1 0 ± 0 0 ± 0 0.1 ± 0.1 

HORVU1Hr1G003210 1.4 ± 2.2 0.1 ± 0.1 0 ± 0 0 ± 0 0 ± 0 

HORVU1Hr1G005140 4.4 ± 0.8 4.7 ± 0.8 4.9 ± 0.5 4.2 ± 0.5 4.6 ± 0.4 

HORVU1Hr1G040560 23.8 ± 1.7 24.8 ± 3.4 24.7 ± 1.4 25.6 ± 2.7 24.5 ± 1.7 

HORVU1Hr1G048280 13.8 ± 1.4 15 ± 3.6 11.6 ± 2 9.8 ± 0.7 8.7 ± 0.7 

HORVU1Hr1G051470 3.2 ± 1.2 4.2 ± 1.3 8.2 ± 1.5 13.3 ± 5.2 10 ± 1.9 

HORVU1Hr1G054470 5.1 ± 1.1 4.8 ± 0.9 4.6 ± 0.3 5 ± 1 4.6 ± 0.8 

HORVU1Hr1G057520 14.7 ± 2 15.7 ± 1.8 15.6 ± 1.3 15.2 ± 1.6 15 ± 1.2 

HORVU1Hr1G079130 5.1 ± 1.5 4.3 ± 0.9 5.1 ± 1.3 6.4 ± 0.6 6.5 ± 1 

HORVU1Hr1G079140 67.4 ± 31 72 ± 21.5 54.4 ± 20.7 25.7 ± 14.6 15.3 ± 5.7 

HORVU1Hr1G082380 37.3 ± 14.3 36.6 ± 12 35 ± 11.2 33.6 ± 10.4 30.4 ± 7.5 

HORVU2Hr1G013210 9.1 ± 1 10.2 ± 1.7 10.6 ± 0.4 10 ± 0.4 9.5 ± 1.2 

HORVU2Hr1G017220 6 ± 2.3 5.1 ± 0.8 5.4 ± 0.9 3.6 ± 1.2 2.5 ± 0.5 

HORVU2Hr1G023830 0 ± 0 0.7 ± 0.7 4.3 ± 2.4 3.8 ± 4.6 1.3 ± 0.9 

HORVU2Hr1G027640 16.5 ± 4.7 17.9 ± 4.7 20.2 ± 4.6 23.6 ± 9.3 17.9 ± 4.4 

HORVU2Hr1G091280 25.5 ± 5 22.6 ± 3.9 21.5 ± 4.2 12.4 ± 3.5 9.1 ± 0.5 

HORVU2Hr1G095070 17.1 ± 4.6 16.7 ± 5 22.3 ± 3.4 29.6 ± 11 26.3 ± 4.3 

HORVU2Hr1G095160 13.6 ± 3.4 12.1 ± 1 11.7 ± 0.9 9.3 ± 0.5 8.3 ± 0.5 

HORVU2Hr1G097240 9.2 ± 1.2 8 ± 0.6 8.8 ± 1.6 10.1 ± 0.4 11.5 ± 0.6 

HORVU2Hr1G097380 20 ± 8.5 16.1 ± 4.8 11.6 ± 2.6 8.2 ± 6 2.6 ± 0.4 

HORVU2Hr1G099290 4.9 ± 0.7 4.4 ± 1.9 4.3 ± 1.7 4 ± 2 3.4 ± 1.4 

HORVU2Hr1G101640 5.9 ± 2.5 7.7 ± 4.4 9.1 ± 2.5 5.9 ± 1.1 2.6 ± 0.6 

HORVU2Hr1G105200 0.7 ± 0.3 1.6 ± 1 7.5 ± 3.8 11.6 ± 9.8 15.6 ± 11.7 

HORVU2Hr1G123450 4.6 ± 2.3 7 ± 3.6 9.4 ± 3.1 9.2 ± 3.8 10.4 ± 2.1 

HORVU2Hr1G127220 14.6 ± 0.3 16.6 ± 5.6 17.6 ± 5 15.3 ± 3.1 11.5 ± 1.3 

HORVU3Hr1G050450 7.6 ± 0.6 7.9 ± 0.3 6.2 ± 0.7 5.3 ± 0.4 4.8 ± 0.4 

HORVU3Hr1G054810 20.6 ± 2.3 19.7 ± 2.2 17.7 ± 1.9 14.9 ± 1.2 12.7 ± 0.3 

HORVU3Hr1G056270 8 ± 0.6 9.9 ± 0.2 10.6 ± 2 8.4 ± 2.1 4.2 ± 1.4 

HORVU3Hr1G081960 18.3 ± 4.7 18.2 ± 4 15.3 ± 2.9 11.7 ± 4.4 11.7 ± 4.7 

HORVU3Hr1G081980 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 

HORVU3Hr1G082640 4.3 ± 1.5 5.7 ± 0.7 5.6 ± 0.8 4.1 ± 2.4 2.4 ± 0.6 

HORVU3Hr1G090970 35.6 ± 3.4 38.8 ± 4.4 40.5 ± 4.7 35.1 ± 6 25.9 ± 4.3 

HORVU3Hr1G091360 12.1 ± 4.8 12.3 ± 2.9 10.4 ± 3.7 7.9 ± 3.7 6 ± 0.3 

HORVU3Hr1G113150 0.3 ± 0.2 0.9 ± 0.5 2.2 ± 1.9 1 ± 0.8 0.7 ± 0.5 
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HORVU4Hr1G003590 6 ± 2.9 4.2 ± 2.2 1.5 ± 0.7 0.4 ± 0.2 0.6 ± 0.3 

HORVU4Hr1G004440 5.6 ± 1.4 6.5 ± 2.3 6.5 ± 1.7 4.6 ± 2.6 2.4 ± 1.3 

HORVU4Hr1G052450 2.1 ± 2.1 1 ± 0.4 0.6 ± 0.2 0.7 ± 0.4 1.2 ± 0.6 

HORVU4Hr1G054780 0.6 ± 0.1 1.1 ± 0.8 2.2 ± 2.1 1.4 ± 0.8 1 ± 0.5 

HORVU4Hr1G054860 0 ± 0 0 ± 0 0 ± 0 0.4 ± 0.6 4.5 ± 3.6 

HORVU4Hr1G068760 17.7 ± 2.2 19.3 ± 2.1 20.7 ± 4.5 13.4 ± 1.8 9.8 ± 0.8 

HORVU4Hr1G074280 76.4 ± 22.4 76.7 ± 22.7 59.6 ± 5 50.5 ± 7.7 36.5 ± 2.8 

HORVU5Hr1G010860 1.8 ± 0.8 2.4 ± 0.7 4.3 ± 1.6 4.2 ± 1.4 2.3 ± 0.9 

HORVU5Hr1G014500 5 ± 1.7 7.2 ± 2.1 9.8 ± 3.1 7.6 ± 1.3 7 ± 2.3 

HORVU5Hr1G014510 2.7 ± 0.8 4.1 ± 0.8 5.1 ± 1.5 5.8 ± 1.2 6.1 ± 1.5 

HORVU5Hr1G019640 13 ± 1.6 13.6 ± 0.9 14.4 ± 1.3 11.4 ± 2.5 8.8 ± 2.9 

HORVU5Hr1G019700 0.1 ± 0.1 0.9 ± 0.8 5.4 ± 2.9 4.7 ± 4.4 4.9 ± 3.1 

HORVU5Hr1G023800 11.9 ± 2.1 14 ± 1.3 18.7 ± 2 19.1 ± 6.7 11.5 ± 5 

HORVU5Hr1G033380 7.6 ± 0.7 7.5 ± 0.9 8.4 ± 0.9 7.6 ± 0.9 7.6 ± 1.2 

HORVU5Hr1G045800 8.5 ± 1.4 9.4 ± 2.4 11.5 ± 3.9 12.8 ± 3.1 13.6 ± 1.7 

HORVU5Hr1G045820 6.1 ± 2 7.7 ± 4.3 7.1 ± 3.6 7.6 ± 5.6 4.8 ± 2.3 

HORVU5Hr1G062220 6 ± 1.2 6 ± 0.4 6.6 ± 0.7 6.4 ± 1.1 6.4 ± 1.6 

HORVU5Hr1G065680 53.3 ± 4.5 54.4 ± 4.9 45.4 ± 6 33.8 ± 4 27.3 ± 3.3 

HORVU5Hr1G073070 4.5 ± 0.6 4.8 ± 0.6 5.6 ± 0.5 5.7 ± 0.5 5 ± 0.9 

HORVU5Hr1G099090 11.9 ± 1.6 11.4 ± 1.1 11.1 ± 1.3 11.8 ± 2.2 11.9 ± 1.4 

HORVU5Hr1G102720 9.8 ± 1 8.9 ± 0.6 8.5 ± 0.4 8.6 ± 0.8 8.4 ± 0.7 

HORVU5Hr1G117470 15.5 ± 3.4 16.9 ± 2.5 15.4 ± 0.3 12.8 ± 2.8 8.7 ± 2.7 

HORVU6Hr1G003900 39.7 ± 4 43.1 ± 1.3 43.4 ± 1 43.5 ± 8 38.7 ± 3.3 

HORVU6Hr1G029180 1.8 ± 2 2.1 ± 2.4 2.2 ± 2.8 2.4 ± 3 2.1 ± 2.4 

HORVU6Hr1G076820 17.4 ± 5.4 15.6 ± 4.5 13.8 ± 5.1 7 ± 1.7 5.4 ± 1.2 

HORVU6Hr1G078130 28.9 ± 4.4 28.1 ± 1.4 28.7 ± 1.8 23.1 ± 2.7 19.1 ± 2.7 

HORVU6Hr1G084030 3.4 ± 0.8 4.2 ± 1.6 8.1 ± 2.2 10.5 ± 5.2 10.1 ± 4 

HORVU7Hr1G002110 15.5 ± 2.5 20.3 ± 2.7 18.2 ± 3.1 11.9 ± 2.1 6.9 ± 2.2 

HORVU7Hr1G003860 5.8 ± 2.8 5.8 ± 2.3 6.3 ± 2.1 7.1 ± 3.7 5.6 ± 2.7 

HORVU7Hr1G078960 7 ± 3 6.7 ± 2.5 6.6 ± 1.3 10.2 ± 5.3 15.5 ± 9.9 

HORVU7Hr1G086690 0.5 ± 0.1 1.7 ± 1.2 4.7 ± 2.4 5.4 ± 0.9 3.6 ± 0.8 

HORVU7Hr1G095080 39.3 ± 1.9 52.7 ± 7.8 66.7 ± 17.3 68.3 ± 16.1 63.2 ± 25.8 
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Table 5-S13. Expression of barley genes involved in pectin biosynthesis and remodelling within fifteen tissue-specific RNA-sequencing 

samples, collected from the genotype Sloop. Expression values are given as transcripts per million (TPM). ANTP, antipodal cell cluster; CHLZ, 

chalaza; ECC, egg apparatus and central cell; ES, embryo sac; INT, integument; NUC, nucellus; NUC_ES, nucellus and embryo sac; OW, 

ovary wall.  

HORVU 

ES ECC ANTP NUC CHLZ INT OW 

Stage 5 Stage 5 Stage 7 Stage 5 Stage 7 
NUCES 
Stage 4 

Stage 5 Stage 7 Stage 7 Stage 4 Stage 5 Stage 7 Stage 4 Stage 5 Stage 7 

HORVU0Hr1G008780 3.3 0.0 0.0 14.1 13.3 0.0 1.4 14.3 0.0 0.0 0.2 0.1 0.0 3.1 0.9 

HORVU1Hr1G003210 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0 

HORVU1Hr1G005140 3.4 2.7 0.2 10.7 1.1 1.0 2.0 0.4 0.2 0.3 1.5 0.1 0.3 1.5 0.7 

HORVU1Hr1G040560 17.3 18.4 52.5 13.3 26.8 8.6 12.0 8.7 20.1 3.7 14.3 10.0 4.2 10.8 6.7 

HORVU1Hr1G048280 1.1 0.7 0.0 7.4 0.9 11.9 6.0 5.8 0.3 5.3 8.4 9.3 10.6 8.2 13.2 

HORVU1Hr1G051470 8.8 26.2 64.1 7.1 15.2 0.9 6.9 8.3 1.9 8.3 10.1 6.9 3.5 8.2 8.4 

HORVU1Hr1G054470 1.1 0.9 0.0 2.1 25.4 13.5 8.9 1.7 7.5 8.6 5.5 1.8 10.9 7.4 3.4 

HORVU1Hr1G057520 0.7 0.0 0.0 0.8 3.5 9.9 8.2 4.7 11.0 12.6 13.3 5.7 8.8 11.8 8.3 

HORVU1Hr1G079130 1.2 0.2 0.2 0.0 0.0 1.4 1.1 2.6 0.0 5.8 1.7 1.3 6.6 4.9 7.5 

HORVU1Hr1G079140 0.0 0.0 0.0 0.2 0.0 0.1 1.8 0.0 7.3 0.4 4.7 4.8 296.2 193.7 180.5 

HORVU1Hr1G082380 59.5 113.0 27.1 48.0 4.9 32.8 43.4 24.9 2.6 33.5 64.9 30.9 46.6 64.4 40.2 

HORVU2Hr1G013210 1.2 2.1 1.7 1.1 0.0 9.4 0.5 0.6 0.0 10.3 1.8 1.9 16.7 2.1 1.2 

HORVU2Hr1G017220 0.0 0.0 0.0 0.0 0.0 3.3 0.5 0.5 5.5 0.0 0.9 0.3 6.3 4.3 10.7 

HORVU2Hr1G023830 4447.2 193.2 110.8 3600.7 1838.0 0.0 0.2 0.2 0.0 0.0 0.1 0.4 0.0 0.1 0.0 

HORVU2Hr1G027640 0.1 0.9 0.0 0.6 0.0 4.5 0.4 0.2 3.1 5.2 5.2 3.9 7.1 7.1 17.1 

HORVU2Hr1G091280 1.2 1.6 0.0 0.6 0.0 4.8 2.8 19.2 39.0 8.1 6.3 36.8 3.5 5.8 75.5 

HORVU2Hr1G095070 46.1 56.3 16.9 16.4 60.0 11.6 13.1 53.1 11.5 17.4 31.6 29.3 2.8 3.2 7.3 

HORVU2Hr1G095160 24.9 5.0 0.0 0.1 0.0 22.6 1.5 0.0 0.2 21.6 1.3 0.1 22.4 1.5 0.0 

HORVU2Hr1G097240 1.9 1.1 0.0 9.3 6.4 20.8 18.0 24.4 10.4 20.3 12.3 19.0 20.2 11.2 11.7 
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HORVU2Hr1G097380 1.0 1.4 0.0 0.4 0.1 1.6 0.4 0.0 0.1 0.4 3.3 0.8 5.0 9.7 9.4 

HORVU2Hr1G099290 2.2 0.0 0.1 1.0 0.0 2.3 4.7 16.8 2.2 2.2 2.9 4.7 6.6 5.1 10.7 

HORVU2Hr1G101640 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.9 8.8 4.1 

HORVU2Hr1G105200 1652.5 647.2 839.1 1305.6 4100.2 31.6 0.8 0.6 0.0 0.0 0.0 0.1 0.0 0.0 0.0 

HORVU2Hr1G123450 0.0 1.0 0.0 0.0 0.0 20.2 7.3 2.4 0.0 1.5 14.2 4.4 6.6 3.4 1.2 

HORVU2Hr1G127220 4.6 11.3 0.0 6.9 0.0 34.8 18.8 10.2 2.1 19.1 25.9 10.8 18.5 17.9 5.9 

HORVU3Hr1G050450 0.0 0.0 0.0 0.0 0.0 3.0 1.7 0.0 2.3 3.4 4.4 0.8 3.9 6.0 1.9 

HORVU3Hr1G054810 14.2 11.6 8.4 2.1 5.5 14.9 9.2 4.8 8.6 13.9 9.5 12.9 26.4 22.0 42.2 

HORVU3Hr1G056270 0.6 0.0 0.0 4.4 0.0 3.5 6.0 1.3 1.4 0.0 0.8 0.2 7.7 10.1 5.6 

HORVU3Hr1G081960 0.7 10.2 12.3 3.7 3.1 11.9 3.6 2.6 1.0 9.0 9.9 3.4 6.4 5.9 3.3 

HORVU3Hr1G081980 0.0 0.0 98.3 0.0 0.0 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0 

HORVU3Hr1G082640 0.0 0.0 0.0 0.0 0.0 2.2 2.0 0.1 1.6 0.4 0.1 0.0 8.6 6.0 4.6 

HORVU3Hr1G090970 5.1 11.5 2.6 6.8 0.5 29.7 14.9 12.9 6.6 22.7 17.8 11.0 34.8 26.4 34.2 

HORVU3Hr1G091360 98.8 50.8 16.7 28.8 25.9 2.4 5.9 3.1 4.5 0.1 1.5 3.9 15.0 19.7 27.8 

HORVU3Hr1G113150 377.5 366.2 119.1 413.9 149.1 14.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

HORVU4Hr1G003590 0.0 0.0 0.0 0.0 0.0 0.5 0.1 0.0 2.4 0.1 0.2 0.2 0.3 0.4 7.7 

HORVU4Hr1G004440 67.0 82.1 143.8 32.9 44.7 0.2 33.6 30.4 4.9 0.2 25.4 23.8 0.4 28.2 30.0 

HORVU4Hr1G052450 19.9 0.0 0.5 36.3 1.9 2.5 0.6 1.0 2.0 1.5 6.6 3.1 0.3 0.6 0.6 

HORVU4Hr1G054780 0.0 5.8 0.0 0.0 0.0 3.5 3.5 3.7 0.0 1.3 2.8 10.0 0.5 1.9 4.5 

HORVU4Hr1G054860 0.0 24.6 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

HORVU4Hr1G068760 21.8 46.2 79.3 33.7 9.2 18.6 22.6 16.4 5.1 12.0 18.2 6.3 11.0 28.1 18.4 

HORVU4Hr1G074280 0.0 0.0 0.0 0.4 0.0 196.9 1.0 0.7 0.0 229.7 1.7 2.2 219.7 3.3 3.3 

HORVU5Hr1G010860 0.0 0.1 0.0 0.0 0.0 0.1 0.7 9.1 0.0 2.4 5.0 11.4 0.1 0.2 0.2 

HORVU5Hr1G014500 3.7 9.7 29.6 1.8 0.1 33.1 14.9 31.2 6.6 69.5 53.4 76.9 6.0 3.3 4.6 

HORVU5Hr1G014510 0.1 3.0 132.2 0.0 0.1 25.4 23.3 63.4 2.0 102.7 87.0 138.7 5.7 3.4 3.6 

HORVU5Hr1G019640 1.7 15.6 0.7 21.0 9.6 13.5 8.0 5.5 2.0 5.4 7.2 3.4 6.9 7.1 7.2 

HORVU5Hr1G019700 2862.5 1088.0 859.6 1591.9 2641.1 5.2 0.4 0.1 0.0 0.0 0.2 0.1 0.0 0.1 0.0 

HORVU5Hr1G023800 9.1 14.9 0.1 9.8 8.4 16.0 18.6 17.5 28.7 11.3 14.2 16.3 6.5 11.8 21.3 
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HORVU5Hr1G033380 2.4 3.4 0.0 0.8 0.6 10.8 5.7 1.7 0.7 8.4 6.9 3.5 7.8 6.4 2.0 

HORVU5Hr1G045800 13.3 5.6 0.0 14.5 4.5 0.7 10.0 5.9 4.7 0.4 13.6 12.0 0.5 12.1 9.7 

HORVU5Hr1G045820 0.0 1.0 0.0 0.1 2.1 0.0 0.1 0.0 0.0 0.0 0.1 0.4 0.0 0.1 0.0 

HORVU5Hr1G062220 2.9 4.4 0.0 5.0 9.3 13.5 6.8 3.8 0.8 14.2 8.3 6.1 8.7 7.8 10.0 

HORVU5Hr1G065680 0.1 9.9 0.0 14.3 7.7 36.2 18.3 4.9 9.8 59.5 45.3 18.8 58.8 49.4 35.4 

HORVU5Hr1G073070 2.8 5.4 0.0 3.3 0.0 3.7 3.0 5.2 0.1 2.2 3.5 2.8 2.5 3.6 3.6 

HORVU5Hr1G099090 0.1 5.4 65.9 3.2 5.6 6.4 4.0 1.4 5.0 4.3 4.0 1.4 5.7 6.5 3.9 

HORVU5Hr1G102720 1.3 8.6 1.7 2.2 2.8 6.4 4.3 3.6 0.7 5.6 5.5 2.3 5.2 6.6 6.0 

HORVU5Hr1G117470 5.2 10.1 0.0 8.9 16.1 17.4 4.8 4.3 1.6 10.8 5.7 3.6 13.6 9.6 9.5 

HORVU6Hr1G003900 28.3 36.4 0.2 64.9 3.8 33.3 56.5 37.6 23.9 28.4 65.1 29.2 35.7 66.3 59.4 

HORVU6Hr1G029180 0.0 26.5 0.0 4.9 0.0 20.9 18.7 14.5 0.0 19.0 39.1 11.7 6.1 17.5 5.9 

HORVU6Hr1G076820 67.9 13.3 0.0 82.0 0.2 112.8 29.5 63.9 12.1 62.6 21.8 56.8 21.1 22.9 129.8 

HORVU6Hr1G078130 18.0 46.6 12.6 43.4 22.3 6.9 46.0 24.0 17.0 4.7 41.7 19.2 4.7 51.2 48.0 

HORVU6Hr1G084030 12.2 5.6 473.3 2.2 10.0 17.5 49.6 322.3 3.9 13.0 11.0 42.8 7.1 2.4 11.9 

HORVU7Hr1G002110 35.6 91.5 14.1 17.8 17.6 20.0 14.8 38.0 20.8 1.9 2.3 2.7 38.8 30.2 32.6 

HORVU7Hr1G003860 7.8 4.7 37.4 0.4 0.3 3.2 1.9 2.9 7.5 8.0 8.8 7.6 9.5 9.8 7.7 

HORVU7Hr1G078960 33.0 5.2 1.6 8.2 0.0 13.8 10.3 17.0 12.4 18.8 21.8 26.7 17.5 15.5 29.7 

HORVU7Hr1G086690 47.8 88.4 4.8 34.7 0.0 2.5 2.8 0.5 6.7 0.5 1.6 6.6 0.1 0.1 0.4 

HORVU7Hr1G095080 8.5 21.2 89.7 9.1 0.0 49.3 112.2 401.9 57.2 41.1 93.2 104.4 107.0 196.0 216.7 
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Abstract 

 

Ovule formation is a critical process for grain production. Genetic and molecular 

characterisation of the processes required for initiation and successful development of the 

ovule in agriculturally important cereal crops is far from complete. This study aimed to identify 

candidate genes contributing to natural variation in Horduem vulgare (barley) ovule 

development in a population of 127 2-row spring genotypes. Global transcriptional profiles of 

developing pistils from four divergent barley genotypes (Chapter 5) were interrogated to 

identify 6,656 differentially expressed genes (DEGs) at comparable stages in four genotypes, 

or between sequential stages within individual genotypes. This list of DEGs was filtered further 

for expression within a second transcriptional data set, consisting of 15 samples isolated from 

specific ovule cell types by laser microdissection (LCM) in a reference cultivar. This identified 

2377 differentially expressed genes for which tissue-specific expression data was available. 

Of these genes, 82 were located within four putative QTL regions previously identified to be 

associated with mature ovule morphology (Chapter 4). Annotations were identified for 

approximately half of these genes. Interesting candidates include a pentatricopeptide protein 

involved in cytoplasmic male sterility, a trio of genes encoding putative H/ACA small nucleolar 

ribonucleoprotein (snoRNP) complex subunit 4 proteins, and His-rich arabinogalactan protein 

(AGP), HISTIDINE-RICH ARABINOGALACTAN PROTEIN (HvHRA1). Although these genes 

were not analysed in further detail in this study, their putative functions are discussed in the 

context of barley ovule development and their possible roles in organ size.  

 

Introduction  

 

Barley ovules consist of discrete tissues that each play a distinct role in grain development; 

the integuments give rise to the seed coat, the chalaza connects the seed to the pistil, the 

nucellus acts as a nutrient transfer tissue and the embryo sac gives rise to the embryo and 
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endosperm (Engell 1988; Linnestad et al. 1998). The embryo sac, also called the female 

gametophyte (FG), contains several specific cell types that arise by mitosis of a single haploid 

cell, the functional megaspore (Willemse and De Boer-de 1981). The cells within the embryo 

sac are similar in eudicot and monocotyledonous species, and include two synergid cells, an 

egg cell, two polar nuclei within a central cell, and a cluster of antipodal cells (Schneitz et al 

1995). The process of double fertilisation occurs within the FG and involves the fusion of two 

male sperm nuclei, one with the egg cell, which thus forms the zygotic embryo, and one with 

the polar nuclei of the central cell, which goes on to form the endosperm (Engell 1994). 

Following fertilisation, the nucellus acts as a nutrient transfer tissue, to support embryonic 

development and nutrient storage in the endosperm (Thiel et al. 2008).  

 

Evidence suggests that developmental events occurring within the ovule tissues prior to 

fertilisation have an impact on downstream seed development. Many maternal factors that are 

expressed in the Arabidopsis ovule, such as AINTEGUMENTA (ANT; Mizukami and Fischer 

2000)), APETALA2 (AP2; Ohto et al. 2005)) and KLUH (Zhao et al. 2018) have an effect on 

seed size (reviewed in Li and Li, 2015; JXB). In wheat (Triticum aestivum) it has also been 

suggested that signals that accumulate in the ovule may play an important a role in grain fill, 

if not more important that the activity of nutrient storage genes expressed after fertilisation has 

occurred (Fahy et al. 2018). This hypothesis is supported by evidence in maize (Zea mays), 

where expression of EMBRYO-SAC BASAL-ENDOSPERM LAYER EMBRYO-

SURROUNDING-REGION (ZmEBE) within the central cell prior to fertilisation is critical to 

enable correct formation of the basal endosperm transfer cells upon fertilisation, thus playing 

a major role in grain fill (Magnard et al. 2003). Similarly, it has been found that DNA 

hypomethylation characteristic of maternal imprinting in the endosperm is initiated by 

demethylation in the central cell of both the model eudicot Arabidopsis thaliana and the 

monocot cereal rice (Oryza sativa), the level of which can impact seed weight and size (Park 

et al. 2016). Another component of the developing embryo sac, the antipodal cell cluster, has 
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been hypothesised for several decades to function as a conduit for developmental cues and 

nutrition required for maintenance of embryo sac development prior to fertilisation, and to 

support endosperm and embryonic development after fertilisation, however conclusive 

evidence is lacking (Chaban et al. 2011; Lloyd 1899).  

 

Surrounding the embryo sac, the nucellus of wheat and barley has also been considered for 

its role in seed development (Wilkinson et al., 2018). The nucellus is reported to undergo 

programmed cell death after fertilisation in a manner mediated by vacuolar processing 

enzymes (Dominguez et al. 2001; Linnestad et al. 1998; Tran et al. 2014). Prior to fertilisation, 

the nucellus of model dicots including Arabidopsis and Hieracium pilosella is involved in auxin 

signalling, gives rise to a germline precursor (Pinto et al., 2019) and is suggested to mediate 

cross-talk between the somatic maternal tissue and the developing embryo sac (Juranić et al. 

2018; Pagnussat et al. 2009; Panoli et al. 2015). However, in Triticeae monocot species such 

as barley, the role of the nucellus from FG initiation to ovule maturity remains unclear, as does 

the reason for its enlarged size relative to many modern angiosperms (Lora et al. 2017; 

Wilkinson and Tucker 2017). One way to investigate this is via compositional and 

transcriptional profiling, which can reveal structural and molecular details of tissue identity 

(Chapter 5). However, determining whether these genes or structural components play a 

functional role in ovule development via reverse genetic approaches, such as CRISPR or 

transgenic knock down, is particularly time consuming in the cereal monocots. Moreover, 

ovule development is a highly multigenic process, requiring coordinated input from many 

different regulatory pathways (Endress 2011; Jack 2001; Larsson et al. 2013; Yoshida and 

Nagato 2011). Modification of many ovule pathways often results in female sterility, which 

reveals little regarding specific functions in the ovule or during downstream seed development 

(Chettoor et al. 2016; Cui et al. 2010; Dreni et al. 2011). These limitations are one possible 

reason why, to date, few genes have been identified that function specifically within the 
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developing ovule of cereal crops such as wheat and barley, compromising our ability to 

investigate the influence that different ovule tissues have over grain developmental processes.  

 

One way to overcome these limitations is to make use of natural diversity present within a 

large panel of related genotypes. Due to its long history of human cultivation, there is great 

diversity among barley and the combined number of known barley genotypes, including 

agriculturally utilised cultivars, breeding lines and wild relatives, exceeds 460,000 (Sato et al. 

2014). A number of these genotypes have been genetically characterised (Comadran et al. 

2012), providing suitable material for genome wide association studies (GWAS), a common 

method of identifying quantitative trait loci (QTL) that contribute to phenotypic diversity. 

Although the identification of causative genes underlying QTL is not trivial, studies show that 

it is possible to find them when combined with parallel approaches such as transcriptional 

profiling or variant mapping (Hassan et al. 2017; Houston et al. 2014; Garcia et al. 2019). 

Moreover, alleles contributing to features of ovule development are not expected to be overly 

deleterious, since the source material reflects elite European germplasm that has been 

selected for predictable yield and quality. 

 

In a previous study, features of ovule development were shown to vary among a population of 

127 two-row spring barleys (Chapter 4). This variation was used to perform GWAS, which 

confirmed ovule development in barley is a multigenic trait, likely influenced by a large number 

of small effect QTL. Despite this, four QTL that appear to influence morphology of the overall 

ovule, the embryo sac, the nucellus, and the integument in mature barley ovules, were 

identified. These QTL are known as QTL1H_ES, QTL2H_NUC, QTL2H_OV, and QTL4H_INT. 

Rather than initiating traditional bi-parental mapping to narrow down candidate genes, an 

alternative RNA sequencing (RNAseq) based approach was used to identify candidate 

causative genes. Gene expression data was generated from whole pistils at five discrete 

stages of reproductive development, and from four barley genotypes from the panel with “big” 
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(Salka, Wren) or “small” (Forum, Gant) mature ovule morphological traits (Chapter 5). 

Additionally, tissue-specific gene expression data was obtained for specific cell types within 

the ovule, including the egg apparatus and central cell, the antipodal cell cluster, the nucellus, 

the integuments, the chalaza and the ovary wall (Chapter 5). These RNAseq datasets form a 

powerful resource to identify possible candidate genes underlying natural variation in barley 

ovule development.  

 

With the aim of identifying candidate genes, this study investigated differential expression of 

genes located within the four QTL identified in Chapter 4. Analysis revealed significant 

temporally and genotypically differential expression of 82 unique genes among the four QTL, 

of which 11 were within QTL1H_ES, 8 were within QTL2H_NUC, 8 were within QTL2H_OV, 

and 55 were within QTL4H_INT.  

 

Methods  

 

Genome wide association study and HORVU list identification  

A population of 127 genotypes of European two-row spring barleys was grown and screened 

for ovule morphological traits at reproductive maturity, including ovule area, ovule 

width/transverse, ovule height/longitude, embryo sac area, embryo sac width/transverse, 

embryo sac height/longitude, nucellus area, nucellus proportion, and integument width. As 

described in Chapter 4, these data were used to perform a genome wide association study 

(GWAS). Quantitative trait loci (QTL) were identified on the basis of markers showing higher 

association with ovule traits as indicated by logarithm of the odds (LOD) scores. Genes within 

these QTL were identified using Barleymap (Cantalapiedra et al. 2015), and are referred to 

using HORVU identities. Three of the QTL identified have been investigated in this study, 

QTL1H_ES, QTL2H_NUC, and QTL2H_OV.  
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Generation of gene expression data  

Whole pistil  

Whole pistils were collected from four genotypes, Forum, Gant, Salka and Wren, as described 

in Chapter 5. For all four genotypes, samples were collected at five developmental stages, 

known as Stages 3 to 7. With respect to pistil development, these stages correspond to 

between Waddington Stages 7.5 and 9.5 (Waddington et al. 1983), and cover, with respect to 

ovule development, a timepoint shortly after selection of the functional megaspore until 

anthesis. For each stage, in each genotype, RNA was extracted from two replicate samples, 

yielding a total of forty RNA samples, of which poor RNA quality excluded four from being 

sequenced. The samples excluded were: Forum at Stage 3, Salka at Stage 3, and Wren at 

Stages 5 and 7.  

 

Laser capture microdissection (LCM)  

Discrete cell types were isolated using laser capture microdissection from ovules from cv. 

Sloop at three stages of development, and prepared for RNA sequencing as described in 

Chapter 5. The developmental stages included: (1) early female gametophyte development, 

equal to Stage 4 of the whole-pistil data, (2) a stage at which the nucellus and embryo sac are 

about to begin rapid expansion, equal to Stage 5 of the whole-pistil data, and (3) a stage at 

reproductive maturity, known as anthesis and equivalent to Stage 7 of the whole-pistil data. 

The specific tissues isolated varied between each developmental stage, with emphasis being 

placed on collecting replicates of each tissue at different developmental timepoints. The 

tissues collected included, from Stage 4: pooled nucellus and embryo sac (Stage 4_NUC_ES), 

integument (Stage 4_INT) and ovary wall (Stage 4_OW); from Stage 5: whole embryo sac 

(Stage 5_ES), the egg apparatus and central cell (Stage 5_ECC), the antipodal cell cluster 

(Stage 5_ANTP), nucellus (Stage 5_NUC), integument (Stage 5_INT), and ovary wall (Stage 

5_OW); from anthesis: the egg apparatus and central cell (Stage 7_ECC), the antipodal cell 
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cluster (Stage 7_ANTP), nucellus (Stage 7_NUC), chalaza (Stage 7_CHL), integuments 

(Stage 7_INT) and ovary wall (Stage 7_OW).  

 

Differential gene expression (DEG) analysis  

Whole-pistil gene expression data were used to assess differential gene expression. 

Transcripts per million (TPM) values for the two replicates at each developmental stage, in 

each genotype, were averaged in order to yield a single expression value for all five 

developmental stages, in the four genotypes. Differential analysis was performed with respect 

to genotype and developmental stage, also referred to as temporal expression. Differentially 

expressed genes (between genotypes) were required to have a log2 fold change of magnitude 

equal or greater than 2 and a p-value below 0.05 for at least one comparison at equivalent 

developmental stages. Temporal DEGs were required to fulfil the same log2 fold change and 

p-value criteria for comparisons of samples at sequential developmental stages (e.g. 3 vs. 4 

or 4 vs. 5, but not 3 vs. 5) within at least one genotype. Samples at the same developmental 

stage, within each genotype, were considered as replicates to perform two-tailed t-tests. Due 

to the single replicate of sequencing data for four samples, differential expression could not 

be assessed between several genotypes due to inability to calculate a p-value. Differential 

expression analysis was performed in CLC Genomics Workbench (Qiagen, Germany) and 

Microsoft Excel (Microsoft Corporation, USA). Venn diagrams used to visualise data were 

generated in Venn Painter (Lin et al. 2016).  

 

Annotation and identification of candidate genes  

Candidate genes were shortlisted by identifying those that were predicted to be located within 

each QTL regions (Chapter 4), exhibited a transcript abundance of TPM>5 in at least one of 

the fifteen samples of tissue-specific expression data and exhibited for differential expression, 

as described above. Annotations were assigned to each shortlisted gene as given in the Barlex 

Genome Explorer (Colmsee et al. 2015) when available, or by using the nucleotide and protein 
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sequences provided in the Barlex Genome Explorer to perform basic local alignment searches 

(BLASTs) with the NCBI BLAST portal (https://blast.ncbi.nlm.nih.gov/Blast.cgi), followed by a 

reciprocal BLAST of the best matching sequence identified back in the Barlex Genome 

Explorer.  

 

 

Results  

 

Comparison of temporal and genotypic differentially expressed genes (DEGs) 

 

Comparison of whole pistil samples at sequential timepoints revealed differential expression 

of 2004 unique HORVUs, of which 1770 were differentially expressed only within one 

genotype, and 234 were differentially expressed throughout development in multiple 

genotypes (Table 6-1). Of these, 341 genes were identified to be differentially expressed over 

time in Forum, 503 in Gant, 779 in Salka and 612 in Wren. Comparison of developmentally 

equivalent samples revealed genotypic differential expression of 5958 unique HORVUs, of 

which 1306 were also differentially expressed over time. Therefore, the initial list of 

differentially expressed genes identified from genotypic and temporal comparisons of whole-

pistil RNA-seq data included 6656 unique HORVUs. This initial list of 6656 HORVUs was 

filtered such that all HORVUs must have expression of TPM>5 in at least one sample of the 

ovule tissue-specific RNAseq data set, in order to eliminate genes predominantly expressed 

outside of the ovule (Figure 6-1). Filtering in this manner reduced the total number of 

differentially expressed HORVUs to 2377, of which 238 were only differentially expressed with 

respect to developmental stage, 1763 were only differentially expressed with respect to 

genotype, and 376 were differentially expressed both over time and between genotypes.  

  

https://blast.ncbi.nlm.nih.gov/Blast.cgi
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Table 6-1: Comparison of temporally and genotypically differentially expressed genes 

(DEGs). Genes were considered to be differentially expressed on the basis of greater than ±2 

log2 fold change and p < 0.05. Genotypic DEGs were determined by comparison of samples 

at equivalent developmental stages from four different genotypes: Forum, Gant, Salka and 

Wren. Temporal DEGs were determined by comparison of samples at sequential 

developmental stages within individual genotypes.  

DEG category Number of DEGs 

Genotypic 5958 

Temporal: Forum 341 

Temporal: Gant 503 

Temporal: Salka 779 

Temporal: Wren 612 

Temporal: All genotypes  2004 
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Figure 6-1: Venn diagram visualising the alignment of the genes identified in whole-pistil RNA-

seq data to be differentially expressed among genotypes, among different developmental 

timepoints, and the genes identified to have TPM>5 among tissue-specific RNA-seq data. 

Genes were considered to be differentially expressed on the basis of greater than ±2 log2 fold 

change and p < 0.05. Genotypic DEGs were determined by comparison of samples at 

equivalent developmental stages from four different genotypes: Forum, Gant, Salka and Wren. 

Temporal DEGs were determined by comparison of samples at sequential developmental 

stages within individual genotypes. 
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Alignment of transcriptional data with quantitative trait loci  

 

In order to identify genes potentially involved in natural phenotypic differences in ovule 

development, DEGs were cross-checked against the genes predicted to be present within four 

QTL associated with mature ovule morphological traits, as described in Chapter 4. Previously, 

a total of 4211 HORVUs were found to be located within the four QTL. Of these, 399 were 

located in the region associated with embryo sac traits, QTL1H_ES; 187 were located the 

region associated with nucellus area, QTL2H_NUC; 152 were located the region associated 

with ovule traits, QTL2H_OV; and 3473 were located the region associated with integument 

width, QTL4H_INT (Chapter 4).  

 

Of the 4211 HORVUs within QTL regions, 82 were found to be differentially expressed (Table 

6-2; Figure 6-2A). An additional 777 HORVUs within these QTL were abundant at a level of 

TPM>5 among the tissue specific data, but were not differentially expressed. Eleven 

differentially expressed genes (DEGs) were identified within QTL1H_ES, of which nine were 

genotypic DEGs and two were both genotypic and temporal DEGs (Figure 6-2B). Within 

QTL2H_NUC eight DEGs were identified, all of which were genotypic DEGs. Eight DEGs were 

identified within QTL2H_OV, of which five were genotypic DEGs and three were both 

genotypic and temporal DEGs. Fifty five DEGs were identified within QTL4H_INT, of which 

forty were genotypic DEGs, ten were temporal DEGs, and five were both temporal and 

genotypical DEGs. Thus, the majority of the 82 differentially expressed genes (DEGs) within 

the QTL regions were differentially expressed with respect to genotype only. HORVUs that 

were only differentially expressed with respect to developmental timepoint were exclusively 

located within QTL4H_INT. Data for identification of temporal and genotypic DEGs within the 

QTLs is presented in Tables 6-S1 and 6-S2, respectively.  
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Table 6-2. Summary of differentially expressed genes (DEGs) within four quantitative trait loci (QTLs) associated with morphological traits of 

mature barley ovules. Genes were considered to be differentially expressed on the basis of greater than ±2 log2 fold change and p < 0.05. 

Genotypic DEGs were determined by comparison of samples at equivalent developmental stages from four different genotypes: Forum, Gant, 

Salka and Wren. Temporal DEGs were determined by comparison of samples at sequential developmental stages within individual genotypes. 

All DEGs considered were expressed in the tissue-specific data generated from the genotype Sloop with a transcript per million (TPM) abundance 

of greater than 5.  

 
Number of genes within QTLs 

Total All QTLs QTL1H_ES QTL2H_NUC QTL2H_OV QTL4H_INT 

Genes within QTLs 4211 4211 399 187 152 3473 

Genotypic DEGs 1763 62 9 8 5 40 

Temporal DEGs 238 10 0 0 0 10 

Genotypic and temporal DEGs 376 10 2 0 3 5 

All DEGs 2377 82 11 8 8 55 

Genes with TPM>5 in tissue specific data 19,143 777 40 37 36 664 
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A. 

 
B. 
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Figure 6-2. Venn diagram visualising the identification of candidate differentially expressed 

genes (DEGs) within four quantitative trait loci (QTL) associated with variation in mature ovule 

morphology. Genes meeting the DEG criteria under (A) all four QTLs, and (B) each specific 

QTL are presented. Genotypic DEGs were determined by comparison of samples at 

equivalent developmental stages from four different genotypes: Forum, Gant, Salka and Wren. 

Temporal DEGs were determined by comparison of samples at sequential developmental 

stages within individual genotypes. Genes were considered to be differentially expressed on 

the basis of greater than ±2 log2 fold change and p < 0.05. Expression within tissue-specific 

RNAseq data of greater than 5 transcripts per million (TPM) was used to filter the candidate 

genes further. 
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Functional annotation of differentially expressed genes underlying QTLs  

 

To annotate HORVUs of interest, the FASTA sequence for each HORVU was extracted from 

the Barlex Genome Browser (Colmsee et al. 2015). The sequence was used to perform a 

BLASTn within the cv. Morex genes database hosted by the James Hutton Institute (JHI, 

Scotland; (Bayer et al. 2017)), yielding Morex loci (MLOC) identifiers and predicted coding and 

protein sequences for some HORVUs. Coding sequences obtained from the Barlex Genome 

Explorer and the JHI database were used to perform BLASTn and BLASTp searches within 

both the MSU rice database and the NBCI database (Kawahara et al. 2013); 

https://blast.ncbi.nlm.nih.gov/Blast) in order to assess similarity with genes from other species. 

The MLOCs, LOCs, and annotations were cross-checked by performing a reciprocal BLAST 

of the MLOC and/or LOC coding sequences against the Barlex Genome Browser in order to 

reach a consensus gene identity and function where possible. This data is presented in Table 

6-S3. Localisation of gene expression within the ovule was assessed using tissue-specific 

transcript data (Chapter 5).  

 

Eleven differentially expressed HORVUs were identified within QTL1H_ES (Table 6-2). 

Specifically, nine were differentially expressed between genotypes and two were differentially 

expressed between both genotypes and developmental timepoints. The average expression 

abundance of these HORVUs among all tissue specific samples was 46.0 TPM, and among 

whole-pistil samples was 8.9TPM. The maximum expression among tissue specific samples 

was 209.9TPM, and among the whole pistil samples the maximum expression observed was 

29.5TPM (Table 6-S3).  

 

Functional annotations were determined for four of the eleven genes (Table 6-S3). In brief, 

these included a beta-glucosidase (HORVU1Hr1G010010), an alcohol dehydrogenase 

(HORVU1Hr1G010130), a putative transmembrane protein (HORVU1Hr1G010940), and 

https://blast.ncbi.nlm.nih.gov/Blast
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pentatricopeptide repeat protein 336 (PRR; HORVU1Hr1G011240). While 

HORVU1Hr1G011270 was found to be a low-confidence gene in the Barley genome explorer, 

using BLAST it was found to align to the same rice gene as PPR 336, LOC_Os04g28300.1, 

annotated as the precursor to RESTORATION OF FERTILITY 1 (RF1; Akagi et al. 2004).  

 

Of the eleven genes identified within QTL1H_ES, three were specifically expressed within a 

single ovule tissue (Figure 6-3A). HORVU1HrG008900 was present within ES-derived 

samples, HORVU1Hr1G012660 was present in the nucellus, HORVU1Hr1G009760 was 

present in the chalaza. Of these, HORVU1HrG008900 was found to specifically be expressed 

in samples dissected at the Stage 5, corresponding the developmental point at which the 

embryo sac and nucellus rapidly begins to expand in two-dimensional area (Chapter 5). 

Whole-pistil expression data revealed that, on average among the four genotypes, expression 

of these eleven genes was not biased toward a particular developmental stage (Figure 6-3B). 

Three genes, HORVU1Hr1G110240, HORVU1Hr1G010240 and HORVU1Hr1G010010, were 

found to be consistently genotypically differentially expressed throughout all developmental 

stages such that expression was greater in Forum and Gant, the genotypes representing small 

mature ovule phenotypes.  

 

Eight differentially expressed HORVUs were identified within QTL2H_NUC, on the basis of 

genotypically differential expression (Table 6-2). None of the eight genes were differentially 

expressed with respect to developmental stage. The maximum expression abundance of 

these eight genes was attained by HORVU2Hr1G027360, found to be 1578.4TPM in the 

tissue-specific data and 96.9TPM within the whole-pistil developmental series data (Table 6-

S3). The average expression abundance of these HORVUs among all tissue specific samples 

was 272.5TPM, or 85.9TPM when HORVU2Hr1G027360 was excluded.  
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Figure 6-3: Heatmap visualisation of the expression of differentially expressed located within QTL1H_ES within (A) specific ovule tissues, and 

(B) at five stages of ovule development within the whole pistil in four barley genotypes.  
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Functional annotations were determined for six genes (Table 6-S3). In brief, these included 

three ribosomal L7Ae/L30e/S12e/Gadd45 family proteins (HORVU2Hr1G027230, 

HORVU2Hr1G027360, HORVU2Hr1G027410), a haloacid dehalogenase-like hydrolase 

(HAD) superfamily protein (HORVU2Hr1G027680), and CWC15-like protein A 

(HORVU2Hr1G026610).  

 

Four of these eight HORVUs attained maximum expression in the Stage 4_NUC_ES sample 

(Figure 6-4A). Two HORVUs reach their maximum expression in ECC samples, one at the 

Stage 5 and one at anthesis, and the final two HORVUs attained maximum expression in the 

whole-ES sample and the integument sample, both at Stage 5. Only two of the eight HORVUs 

were found to reach more than 50% of their maximum abundance within the tissue-specific 

ovary wall samples. Within the whole-pistil data, these eight genes tended to reach maximum 

expression at later stages of development (Figure 6-4B).  

 

Eight differentially expressed HORVUs were identified within QTL2H_OV, of which five were 

genotypic DEGs and three were both genotypic and temporal DEGs (Table 6-2). The 

maximum expression abundance of these eight genes was 8547.7TPM among the tissue 

specific samples and 74.9TPM among the whole-pistil samples, attained by 

HORVU2Hr1G085020 and HORVU2Hr1G085270, respectively (Table 6-S3). Among the laser 

dissected samples the average transcript abundance value was 1822.7TPM when all eight 

samples were considered, or 39.7TPM when the two samples with TPM values over 5000 

were excluded. Among the whole-pistil samples the average transcript abundance of all eight 

HORVUs was 23.3TPM.   
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Figure 6-4: Heatmap visualisation of the expression of differentially expressed located within QTL2H_NUC within (A) specific ovule tissues, and 

(B) at five stages of ovule development within the whole pistil in four barley genotypes.  
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Functional annotations were determined for six genes (Table 6-S3). In brief, these included 

cyclin-dependent kinase G2 (HORVU2Hr1G084400), a B-box zinc finger family protein 

(HORVU2Hr1G085000), a chitinase (HORVU2Hr1G085270), and the most abundantly 

expressed gene within the QTL was identified as HvHRA1, a cereal-specific histidine-rich 

arabinogalactan protein 1 (HORVU2Hr1G085020). Notably, expression of this HvHRA1 gene 

as well as the second most abundant gene, HORVU2Hr1G085050, was found to be specific 

to embryo sac-derived samples, with a heavy bias toward the antipodal cells at anthesis 

(Figure 6-5A). Among the eight genes identified within QTL2H_OV, whole-pistil gene 

expression data revealed that maximum transcript abundance tended to occur at later 

developmental stages, and that few genes maintained greater than 50% maximum transcript 

abundance over multiple developmental stages (Figure 6-5B).  

 

Fifty five differentially expressed HORVUs were identified within QTL4H_INT, of which forty 

were genotypic DEGs, ten were temporal DEGs, and five were differentially expressed with 

respect to both genotype and developmental timepoint (Table 6-2). Among the tissue-specific 

data, the maximum and average transcript abundance attained by these genes was 824TPM 

and 60.1TPM, respectively (Table 6-S3). Among whole-pistil data, the maximum and average 

transcript abundance attained by these genes was 303.9TPM and 20.9TPM, respectively. Due 

to the relatively large number of genes identified within this QTL, tissue-specific transcription 

data revealed groups of genes for which expression was biased towards embryo sac-derived 

cell types, the nucellus, the ovary wall, or specifically toward each of the three developmental 

stages from which RNA was extracted. None of the 55 genes were found to be specifically 

expressed in the integuments (Figure 6-6A). Analysis of whole-pistil expression data revealed 

that expression of the genes shortlisted within QTL4H_INT was not biased towards any 

developmental stage (Figure 6-6B). Only a single gene, HORVU4Hr1G037050, was found to 

be consistently genotypically differentially expressed throughout all five developmental stages 

in a manner reflecting the different phenotypes of Forum and Gant, and Salka and Wren. 
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Functional annotations were determined for twenty five of the fifty five HORVUs within 

QTL4H_INT, as presented in Table 6-S3.   
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Figure 6-5: Heatmap visualisation of the expression of differentially expressed located within QTL2H_OV within (A) specific ovule tissues, and 

(B) at five stages of ovule development within the whole pistil in four barley genotypes. 
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Figure 6-6. Heatmap visualisation of the expression of differentially expressed located within 

QTL4H_INT within (A) specific ovule tissues, and (B) at five stages of ovule development 

within the whole pistil in four barley genotypes.  
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Discussion 

 

Differential gene expression analysis as a tool for GWAS QTL candidate discovery 

  

This study used transcriptional data to investigate genes located near four quantitative trait 

loci (QTL), which are associated with variation in morphological traits of mature barley ovules. 

The four QTLs were previously identified by performing a genome wide association study 

(GWAS) on a population of 127 two-row spring barley genotypes, presented in Chapter 4. 

Variation in embryo sac morphology was associated with QTL1H_ES, variation in nucellus 

area was associated with QTL2H_NUC, variation in ovule morphology was associated with 

QTL2H_OV, and variation in integument width was associated with QTL4H_INT. Two sets of 

transcriptional data were utilised for downstream analysis, presented in Chapter 5. The first 

transcriptional data set included twenty samples, representing ovule development at five 

specific stages between mitosis of the functional megaspore to anthesis (Stages 3 to 7) in four 

genotypes that were identified to have large (Salka and Wren) or small (Forum and Gant) 

mature ovule phenotypes. Each of the twenty samples presented the average expression (as 

transcripts per million, TPM) of two combined individual replicates, with the exception of four 

samples, thus allowing calculation of the significance of differential expression between any 

two developmental stages or genotypes. The second transcriptional data set included fifteen 

samples isolated from specific ovule cell types, using laser capture microdissection. This data 

was collected from a fifth genotype, cv. Sloop, a representative Australian established as a 

system for gene expression analysis (Burton et al. 2011). 

  

Differential expression analysis is a standard technique that has been used in many studies 

of wild-type and mutant ovule development to identify candidate genes involved in 

gametogenesis (Schmidt et al. 2014; Wu et al. 2015; Yu et al. 2005). For example, a recent 

differential screen in Arabidopsis led to the identification of the cytochrome P450 gene KLUH 
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(Zhao et al. 2014), which was shown to be involved in integument growth and female germline 

development. In barley, differential expression analysis of vrs3 mutants, which regulate floret 

fertility, showed that VRS3 likely acts upstream of VRS1 and VRS5 (van Esse et al. 2017). 

Despite this, global gene expression profiling to find candidate genes underlying GWAS QTL 

is a relatively new approach and one that carries many caveats. It relies on the assumption 

that the causative polymorphism(s) underlying QTL have an effect on transcript abundance, 

rather than a change in function that do not impact mRNA levels. Also, when multiple cultivars 

are compared to find DEGs, care must be taken to ensure that similar phenotypes equate to 

similar haplotypes, particularly at the QTL of interest. Finally, population screens for genes 

that influence ovule development, and hence fertility, might be expected to show bias towards 

“weak” alleles, since “strong” alleles that severely compromise fertility are unlikely to be 

present in in elite genotypes. Data in the preceding Chapters confirmed that ovule 

development in barley is under the control of multiple genes, is influenced by multiple 

component tissues and varies between genotypes in terms of when differences appear. 

Hence, the multi-faceted gene expression approach reported here was essentially used as a 

test-case to: 1) document general gene expression profiles during barely ovule development, 

2) speed up QTL characterisation without additional genetic studies and 3) provide target 

genes for further “knock-out” analysis.  

 

In order to be considered to be differentially expressed, each gene had to pass the threshold 

of showing at least 2 log2-fold change in expression between two samples assessed, with a 

p-value of <0.05. Comparisons were made between samples of different genotypes at 

equivalent developmental stages, and samples at subsequent developmental stages of a 

single genotype, thus yielding “genotypic” and “temporal” differentially expressed genes. In 

this manner, among all expressed genes identified within the whole-pistil transcript data, 5958 

genes were found to be genotypically differentially expressed, and 2004 genes were found to 

be temporally differentially expressed (Table 6-1; Figure 6-1). From these differentially 
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expressed genes, shortlists of candidate genes that might be causative of the phenotypes 

associated with each QTL were selected using the following criteria: 1) located within the QTL 

region as per the most recent annotation of the Morex genome (Mascher et al. 2017); 2) 

transcript abundance of greater than 5TPM in at least one sample of the tissue-specific 

transcript data set. A total of 82 differentially expressed genes were found to pass these 

criteria (Table 6-2; Figure 6-2), of which 11 were located within QTL1H_ES, 8 were located 

within QTL2H_NUC, 8 were located within QTL2H_OV, and 55 were located within 

QTL4H_INT. Functional annotations were identified for each of these genes where possible 

using the Barlex genome explorer (Colmsee et al. 2015), and by performing basic local 

alignment searches (BLASTs) of the nucleotide and protein sequences using the NCBI BLAST 

portal (https://blast.ncbi.nlm.nih.gov/Blast.cgi). Functional annotations were identified for 

approximately half of the shortlisted candidate genes (Figure 6-S3), and the annotations were 

utilized to prioritize candidate genes located within three QTLs. The large number of shortlisted 

candidate genes within QTL4H_INT constrained further selection of specific candidate genes. 

Identification of candidate genes in this manner demonstrates the application of novel 

transcriptional data sets describing ovule development in cereal crops, and may guide the 

direction of future studies that improve our genetic and molecular understanding of the cues 

influencing ovule development in barley.  

 

Differential expression analysis reveals genes involved in mRNA processing within a 

QTL associated with embryo sac morphology  

 

Eleven genes were found to be differentially expressed within the QTL1H_ES region 

associated with variation in mature embryo sac morphology. Of these eleven genes, 

HORVU1Hr1G010940 was abundant in all ES-derived RNA-seq samples, and showed 

differential expression between genotypes at Stage 6. The rice homologue, 

LOC_Os05g02990, encodes a transmembrane protein that is highly expressed in the 

https://blast.ncbi.nlm.nih.gov/Blast.cgi


 

279 

 

inflorescence, pistil and anther, although no function has been reported. Perhaps of greater 

interest were the HORVU1Hr1G011240 and HORVU1Hr1G011270 genes, both of which were 

found to align to the same rice sequence, LOC_Os04g28300, which is annotated as a PPR 

336 protein, specifically, RESTORATION OF FERTILITY 1 (RF1, Akagi et al. 2004). Based 

on tissue-specific RNA-seq in barley, the HORVU1Hr1G011240 and HORVU1Hr1G011270 

transcripts reached maximum abundance in the nucellus during an early reproductive 

developmental stage and in the ovary wall at reproductive maturity, respectively, thus 

supporting independent identities. In rice, RF1 processes mRNA of the cytotoxic factor ORF79 

that causes cytoplasmic male sterility (CMS) in Bacillus thuringiensis (BT) rice, preventing its 

accumulation and thus permitting production of fertile pollen (Itabashi et al. 2009; Wang et al. 

2006). As CMS is a useful tool for hybrid production, RF1 plays an important role in rice 

breeding programs (reviewed by Fan et al. 2017). Similar roles for other members of the PPR 

family in restoring CMS have been identified in sorghum (Sorghum bicolor) and canola 

(Brassica napus; Klein et al. 2005; Liu et al. 2017). At the cellular level in rice, rf1 mutants 

show defects during male gametophyte development (Kazama and Toriyama 2003), but there 

is no effect reported on female fertility. In general, the 35-amino acid repeat sequence that 

forms the PPR motif confers capacity for binding and modification of mRNAs (Small and 

Peeters 2000). Other members of the PPR family have been found to be involved in regulating 

mitochondrial function required for embryonic and endosperm development in maize and rice 

(Cui et al. 2010; Qi et al. 2017; Sun et al. 2018). From these studies, it is not abundantly clear 

what the function of PPR protein might be during female gametophyte development in barley. 

A decrease in transcript abundance during pistil development indicates that the gene product 

may have a regulatory role during early stages of embryo sac growth. Interestingly, expression 

of both genes was found to be lower in Salka and Wren, the genotypes with large mature 

ovule phenotypes, compared to the two genotypes with smaller ovules, Forum and Gant, 

suggesting a possible general association between higher expression of these genes and a 

small embryo sac phenotype. Although the overall transcript abundance of both 
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HORVU1Hr1G011240 and HORVU1Hr1G011270 was relatively low, with either gene 

reaching a maximum of only 5.8 TPM within the tissue-specific RNAseq data and 1.0 TPM 

within the whole-pistil data, this may indicate a restricted expression location within the ovule 

or ovary wall. While lower expression within the whole-pistil data was expected, relative to that 

of the tissue-specific data, this raises the question of how abundant transcripts, and the gene 

product, of a gene must be in order to have an appreciable effect on phenotype. In the case 

of small tissues that are rapidly undergoing change, such as within the developing ovule, it 

may be that very little gene product is required. Future work will be required to verify the 

expression of these sequences and determine a novel function for PPR 336 and its precursor 

within or around the developing female gametophyte of barley.  

 

Genes involved in mRNA splicing and non-coding RNA function are potentially 

involved in the nucellus development 

 

Eight genes were found to be differentially expressed within the QTL associated with variation 

in nucellus area, QTL2H_NUC, all of which were found to vary genotypically but not with 

respect to developmental timepoint. Among the six genes for which functional annotations 

were determined, four were notable. First, genes encoding CWF15/CWC15 cell cycle control 

family (CWC15)-like protein A, HORVU2Hr1G026610, and then three sequences that were 

found to encode H/ACA ribonucleoprotein complex subunit 4-like proteins (H/ACA snoRNPs), 

HORVU2Hr1G027360, HORVU2Hr1G027410 and HORVU2Hr1G027420. Of the latter three, 

HORVU2Hr1G027410 and HORVU2Hr1G027420 occupy consecutive positions on the 

genome scaffold and thus may be part of the same sequence.  

 

In Arabidopsis, CWC15-like protein A is annotated as EMBRYO DEFECTIVE 2769 

(EMB2769, AT3G13200; Patton et al. 1998), a factor involved in biotin metabolism required 

for embryogenesis. Additionally, there is evidence that suggests that locus AT3G13200 may 
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act downstream of SPOROCYTELESS/NOZZLE (SPL/NZZ), a key transcription factor in both 

male and female reproductive development (Xing and Zachgo 2008; Yang et al. 1999). 

Protein-protein BLAST search through NCBI (https://blast.ncbi.nlm.nih.gov/Blast.cgi) indicate 

that the CWC15-like protein A shares homology with sequences in wheat (Triticum urartu), 

rice, sorghum, millet (Panicum miliaceum) and Aegilops tauschii. In rice, the gene 

LOC_Os06g01700.1 encodes an orthologous protein that is expressed in multiple tissues, 

including the pistil. Based on annotation, the rice CWC15-like protein A may be involved in 

pre-mRNA splicing (Ouyang et al. 2006). In principal, a gene involved in splicing and cell cycle 

regulation that is expressed in a range of ovule tissues might be an exciting candidate for 

further research. One puzzle is that HORVU2Hr1G026610 expression is specifically in the 

whole-pistil sequence data for the genotype Gant. Thus, although the gene exhibits differential 

expression between genotypes, it is not a promising candidate that fits the broader big/small 

genotype profile for a causative gene within this QTL.  

 

The trio of genes that were functionally annotated as H/ACA snoRNPs, 

HORVU2Hr1G027360, HORVU2Hr1G027410 and HORVU2Hr1G027420, were designated 

low confidence, unannotated genes within the Barlex Genome Browser. However, nucleotide 

BLAST search through the NCBI portal identified matches to genes predicted to encode 

H/ACA ribonucleoprotein complex subunit 4 in several other grasses, including rice, wheat 

(Triticum aestivum), maize, sorghum, setaria (Setaria italica), Panicum hallii, and 

Brachypodium distachyon. Generally, in both plants and animals snoRNPs are known to be 

involved in mRNA processing (as reviewed by Brant and Budak 2018; Filipowicz and Pogačić 

2002; Scott and Ono 2011). As in-vitro confirmation of these in silico annotations is yet to be 

achieved, it is not possible to verify the function of these sequences in barley or determine 

their role in ovule development. However, due to the relatively high transcript abundance of 

HORVU2Hr1G027360, which reaches a maximum of 1578.4 TPM in the tissue-specific data 

and 96.4TPM in the whole-pistil data, and the demonstrated roles of other small non-coding 

https://blast.ncbi.nlm.nih.gov/Blast.cgi
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RNA in plant development (Ohtani et al. 2008; Tucker et al. 2012), these sequences may be 

considered as candidates for future investigation.  

 

A role for the antipodal cells in micronutrient accumulation and ovule size? 

 

Eight genes were found to be differentially expressed within the QTL2H_OV region associated 

with variation in ovule area. Of these, functional annotations were found for four genes, 

including a cyclin-dependent kinase G2 (CDK G2; HORVU2Hr1G084400), a B-box zinc finger 

family protein (HORVU2Hr1G085000), a histidine rich arabinogalactan protein (His-rich AGP; 

HORVU2Hr1G085020), and a chitinase (HORVU2Hr1G085270). While the functional 

annotation of the genes encoding a CDK G2 protein, a B-box zinc finger protein, and a 

chitinase are promising with respect to a potential role in regulating ovule development, no 

specific functions could be predicted based on a lack of characterised homologues in other 

species. As such, these genes present candidates for future investigation.  

 

The transcript abundance of two of the QTL2H_OV genes, HORVU2Hr1G085020 and 

HORVU2Hr1G085050, was particularly notable due to relatively high and specific expression 

within the embryo sac, particularly in the antipodal cell cluster at anthesis.  

HORVU2Hr1G085020 was found to have a transcript abundance of 8547.7TPM in the 

antipodals, while HORVU2Hr1G085050 was also abundant at 5795.9TPM. Despite being 

specifically expressed in a very small tissue, transcript of these two HORVUs was also 

observed in the whole-pistil data, whereby transcript abundance of HORVU2Hr1G085020 and 

HORVU2Hr1G085050 reached 50.1TPM and 28.7TPM, respectively. This may indicate that 

high transcript abundance of these genes uniquely within the embryo sac was sufficient for 

detection within the whole-pistil data. While these genes were described as low-confidence 

unannotated sequences in the Barlex genome browser, nucleotide BLAST search through the 

NCBI portal identified that HORVU2Hr1G085020 matched the sequence of a specific barley 
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His-rich AGP (HvHRA1, accession no. TC147437; match: 99% query cover, E value: 0.0, 

identity: 96.4%). Alignment searches with the coding sequence of HORVU2Hr1G085050 were 

not successful in identifying any annotated genes, thus it cannot be determined whether this 

gene is of similar function to HvHRA1 or is simply co-expressed. HvHRA1 has been found to 

be involved in micronutrient storage, and its expression has previously been identified in the 

developing pistil and within the grain from 3 to 10 days after fertilisation (Aizat et al. 2011). 

The function of the antipodal cells in ovule development has been debated for many years, 

whereby some studies dismiss them as having no role, and others propose that the antipodal 

cells fulfil a key role in maintaining the supply of nutrition and cues required for embryo sac 

formation, embryogenesis and endosperm development (Chaban et al. 2011; Lloyd 1899; 

Maeda and Miyake 1996, 1997). The existence of a large cluster of antipodal cells that persists 

until after fertilisation has long been documented in cereal crops (Brink and Cooper 1944; 

Diboll 1968; Engell 1994), while the notion that the three antipodal cells of Arabidopsis 

degenerate prior to fertilisation has only recently been disproved (Song et al. 2014). AGPs 

have been widely characterised to be involved in both male and female sexual reproduction 

processes in plants (reviewed by Leszczuk et al. 2019), however within the ovule their role 

has thus far been predominantly characterised as a required marker of the functional 

megaspore (Acosta-García and Vielle-Calzada 2004; Juranić et al. 2018). Transcript 

abundance of HvHRA1 and HORVU2Hr1G085050 was found to increase on average 

throughout the whole-pistil developmental series data until Stage 6, which was described in 

Chapter 5 as the developmental point at which the nucellus and embryo sac, presumably 

driven by the central cell and antipodal cell cluster, rapidly expand in two-dimensional area. 

Given the putative role of HvHRA1 in micronutrient accumulation, we speculate that this data 

agrees with previous reports suggesting the antipodal cells are required for accumulation of 

nutrients within the embryo sac prior to fertilisation in order to support the initial stages of 

endosperm development (Chaban et al. 2011; Lloyd 1899). Investigation of the metabolic 

activity and nutrient accumulation within discrete tissues of the developing ovule and grain is 
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required to address this hypothesis. Additionally, future work in barley may benefit from 

verification and detailed characterisation of HvHRA1 expression within the developing ovule 

such that it might be used as a marker of germline or antipodal cell identity.  

 

Model of cause and effect: do we have enough information to predict the expression 

pattern of candidate effector genes?  

 

Tissue-specific data profiling of gene expression within discrete ovule cell types is a powerful 

tool to test the relevance of candidate genes identified from more generalized data. This is 

particularly important before progressing to generation of transgenic plants with altered 

expression of candidate genes. In species such as Arabidopsis and rice, tissue-specific data 

is available for the developing ovule in the form of microarrays and RNA sequencing (Ohnishi 

et al. 2011; Steffen et al. 2007; Tucker et al. 2012; Wuest et al. 2010), while in barley, only 

early stages of seed development have been analyzed in detail (Thiel et al. 2008). Hence, the 

resource generated here appears to be unique for the Triticeae cereals. Not only does data of 

this kind allow exclusion of shortlisted candidate genes that are not expressed within the 

tissues of interest, but, as with other techniques such as in situ hybridization, observation of 

the precise pattern of expression may yield further clues about the role of the gene of interest. 

For example, based upon the association of QTL1H_ES with embryo sac morphology, it could 

be hypothesized that a candidate gene influencing this trait might encode a stimulatory factor 

expressed within the embryo sac tissues, or encode an inhibitory factor expressed within the 

nucellus. In this context, expression of HORVU1Hr1G008900 specifically within tissues 

derived from the embryo sac at “FG” stages of development indicates that it may be a good 

candidate for future analysis. One limitation in barley remains the lack of suitable annotation. 

For example, HORVU1Hr1G008900 is annotated as “Chromosome 3B scaffold cv. Chinese 

Spring”, i.e. it is a sequence used to mark a region of chromosome 3B within the wheat 

genotype Chinese Spring. As such, full utility of the transcript data presented here will require 
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support from new genomic scaffold releases, annotations and gene models. Equally, based 

on the data available it is not possible to assess the relationship between transcript abundance 

and protein level, making it difficult to establish a transcript cutoff that indicates whether or not 

an expressed gene product will induce a measurable effect. Although linear amplification was 

used to generate the RNA libraries for sequencing, and patterns of known marker genes look 

promising, novel low-abundance candidate genes will need to be tested using other means, 

such as q-PCR and in situ hybridization, in order to verify that the expression observed is not 

an artefact of amplification.  

 

Conclusion  

 

This study identified 82 HORVUs that fulfil strict criteria as differentially expressed genes, and 

underlie four QTL associated with variation in mature ovule traits. Of these genes, several 

promising candidates were highlighted based on their functional annotation in barley and other 

species. Future work may consider using additional criteria to investigate genes underlying 

QTL regions. This might include analysis of RNA sequence variation between the four 

genotypes, identification of ovule “tissue-enriched” genes that are not necessarily differentially 

expressed, and generation of co-expression networks to identify genes that may function 

together during pistil development. 
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Supplementary Data  

 

Table 6-S1: Data for identification of temporally differentially expressed genes (DEGs) within four quantitative trait loci (QTL) using an RNA-

sequencing data set from whole pistils collected at five stages of ovule development (Stages 3-7) in four barley genotypes: Forum, Gant, Salka 

and Wren. Temporal DEGs (T) were determined by comparison of samples at sequential developmental stages within individual genotypes. 

Genotypic DEGs (G) were determined by comparison of samples at equivalent developmental stages from the four genotypes. Genes were 

considered to be differentially expressed on the basis of greater than ±2 log2 fold change and p < 0.05. Expression data is presented in transcripts 

per million (TPM), barley gene identifiers are given as HORVUs. 
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QTL DEG Horvul 3v4 p 4v5 p 5v6 p 6v7 p 3v4 p 4v5 p 5v6 p 6v7 p 3v4 p 4v5 p 5v6 p 6v7 p 3v4 p 4v5 p 5v6 p 6v7 p

QTL01 T&G HORVU1Hr1G011270 1.8 nd -1.0 0.293 0.0 1.000 0.7 0.543 -1.3 0.027 2.0 0.022 0.0 1.000 -1.1 0.486 1.0 nd -1.8 0.238 2.8 0.198 0.0 1.000 0.0 1.000 _ nd _ nd _ nd

QTL01 T&G HORVU1Hr1G012660 _ nd -4.3 0.199 -2.4 0.109 -0.9 0.100 _ _ _ _ _ 0.364 0.3 0.831 2.0 nd -0.9 0.720 -3.2 0.015 1.9 0.005 3.5 0.461 -3.0 nd 1.4 nd _ nd

QTL03 T&G HORVU2Hr1G085270 3.6 nd 3.8 0.319 0.0 1.000 _ 0.423 1.9 0.353 0.3 0.729 0.5 0.516 0.7 0.082 -2.1 nd 1.9 0.432 -1.4 0.049 2.9 0.011 -2.9 0.448 3.6 nd 0.1 nd 1.4 nd

QTL03 T&G HORVU2Hr1G084970 1.1 nd -0.6 0.051 0.2 0.733 0.4 0.629 -0.2 0.860 -1.0 0.296 1.5 0.161 0.0 1.000 1.0 nd -1.1 0.245 0.3 0.642 2.3 0.014 1.8 0.090 0.2 nd -1.5 nd 1.5 nd

QTL03 T&G HORVU2Hr1G085050 -3.5 nd -2.7 0.033 -0.1 0.785 0.1 0.925 _ _ _ 0.027 -1.3 0.533 1.3 0.560 0.0 nd -6.6 0.423 -1.6 0.178 1.3 0.257 _ 0.423 -2.2 nd 2.4 nd -1.2 nd

QTL04 T&G HORVU4Hr1G052450 0.4 nd -0.2 0.423 -0.3 0.633 -1.1 0.192 2.2 0.160 2.3 0.042 -0.7 0.609 -1.4 0.179 0.7 nd -0.2 0.423 -0.9 0.115 -0.1 0.890 -0.8 0.232 1.2 nd 1.6 nd -0.6 nd

QTL04 T&G HORVU4Hr1G040520 _ nd -2.9 0.054 -0.1 0.872 -0.3 0.786 -0.8 0.333 -1.5 0.054 -1.1 0.537 2.8 0.351 -1.8 nd -5.4 0.427 -0.4 0.757 2.2 0.015 -2.8 0.482 -1.9 nd 2.6 nd _ nd

QTL04 T&G HORVU4Hr1G054780 -0.3 nd 0.0 1.000 -0.4 0.698 0.8 0.477 0.8 0.296 -1.5 0.260 0.6 0.457 0.4 0.553 -0.5 nd -0.7 0.403 0.1 0.918 -0.2 0.846 -2.2 0.045 -1.2 nd 1.1 nd 0.6 nd

QTL04 T&G HORVU4Hr1G055110 -0.6 nd -0.7 0.293 0.3 0.698 1.0 0.423 -1.2 0.038 2.2 0.020 -1.3 0.423 -1.0 0.238 -1.0 nd -1.2 0.038 2.2 0.089 -0.6 0.698 2.0 0.543 -1.0 nd -1.0 nd -2.6 nd

QTL04 T&G HORVU4Hr1G021590 0.0 nd -0.6 0.423 1.0 0.423 0.6 0.771 -2.5 0.012 0.9 0.349 _ 0.272 _ 0.423 1.0 nd 0.0 1.000 -1.0 0.423 _ _ 0.3 0.860 0.0 nd 0.4 nd _ nd

QTL04 T HORVU4Hr1G035100 0.8 nd -0.8 0.441 0.8 0.402 0.3 0.775 -0.9 0.174 0.4 0.341 0.3 0.598 0.1 0.818 -0.8 nd 0.4 0.751 1.9 0.189 -1.4 0.233 2.6 0.019 -1.1 nd -0.6 nd -0.7 nd

QTL04 T HORVU4Hr1G021320 0.4 nd 1.2 0.080 1.0 0.102 -1.3 0.160 -0.2 0.610 1.1 0.136 -0.3 0.620 -3.0 0.006 -0.3 nd 1.0 0.227 0.1 0.911 -1.0 0.522 -1.2 0.096 0.0 nd 1.1 nd -0.8 nd

QTL04 T HORVU4Hr1G035540 -0.3 nd -4.2 0.391 3.0 0.426 2.0 0.480 -1.1 0.467 1.3 0.498 -1.1 0.530 0.0 1.000 -2.2 nd 0.5 0.788 2.7 0.423 -4.4 0.403 3.8 0.028 -1.0 nd -3.6 nd -0.8 nd

QTL04 T HORVU4Hr1G026150 -1.4 nd -1.2 0.233 -1.7 0.187 -0.3 0.646 -0.5 0.423 -1.2 0.057 -2.5 0.009 -1.0 0.315 -0.4 nd -2.7 0.368 -2.6 0.026 -0.1 0.854 -2.2 0.392 -1.1 nd 0.3 nd -1.5 nd

QTL04 T HORVU4Hr1G042040 1.0 nd _ _ _ 0.423 -0.6 0.698 -1.6 0.423 0.6 0.698 -0.3 0.698 1.3 0.095 _ nd 0.7 0.592 _ 0.095 _ 0.423 3.6 0.008 _ nd _ nd _ nd

QTL04 T HORVU4Hr1G054770 0.6 nd 2.1 0.048 0.5 0.459 -0.1 0.655 0.6 0.597 -0.3 0.651 1.4 0.016 0.9 0.164 0.3 nd 0.7 0.345 0.0 0.988 1.6 0.002 0.2 0.716 0.4 nd 2.2 nd 1.1 nd

QTL04 T HORVU4Hr1G054470 0.5 nd 0.3 0.648 1.3 0.255 -0.2 0.719 -0.6 0.521 -0.2 0.741 2.0 0.014 -0.7 0.258 0.0 nd 0.7 0.287 -1.0 0.110 1.1 0.124 0.3 0.396 -0.8 nd 1.9 nd 1.1 nd

QTL04 T HORVU4Hr1G052660 2.2 nd -0.6 0.192 0.4 0.642 -0.7 0.609 -2.2 0.039 -0.8 0.491 -0.3 0.843 -0.1 0.905 0.0 nd -1.1 0.006 0.3 0.515 -1.3 0.045 0.0 _ -1.3 nd 0.3 nd _ nd

QTL04 T HORVU4Hr1G030730 1.3 nd -0.5 0.184 0.0 1.000 -0.4 0.676 0.2 0.764 -0.7 0.228 0.4 0.767 -0.4 0.761 0.4 nd -0.4 0.642 0.1 0.924 -0.1 0.860 -2.4 0.028 0.3 nd 0.8 nd 1.9 nd

QTL04 T HORVU4Hr1G040350 0.0 nd -0.6 0.238 0.9 0.145 0.4 _ -0.8 0.145 0.2 0.423 0.2 0.863 -0.1 0.932 0.7 nd -0.1 0.934 2.3 0.232 -2.1 0.019 0.3 0.844 0.0 nd -0.9 nd -1.0 nd

QTL01 G HORVU1Hr1G011240 -0.3 nd -0.3 0.423 0.3 0.771 2.3 0.333 1.0 0.184 -1.0 0.592 1.4 0.497 -1.0 0.095 _ nd 0.6 0.423 0.0 _ 1.0 0.423 0.7 0.592 0.6 nd -0.6 nd _ nd

QTL01 G HORVU1Hr1G010240 -0.1 nd 0.4 0.477 0.0 1.000 -0.5 0.039 0.7 0.246 -0.1 0.757 0.1 0.686 -0.5 0.294 _ nd _ _ _ _ _ 0.423 _ _ _ nd _ nd _ nd

QTL01 G HORVU1Hr1G011310 0.5 nd -0.5 0.358 0.2 0.382 0.0 1.000 -0.2 0.303 0.3 0.030 0.1 0.493 0.3 0.457 -0.7 nd 0.6 0.511 1.4 0.172 -1.0 0.290 1.8 0.109 -0.8 nd -0.4 nd 0.9 nd

QTL01 G HORVU1Hr1G010940 0.6 nd 0.2 0.527 0.1 0.522 0.0 0.968 0.2 0.463 -0.1 0.513 0.1 0.687 0.1 0.911 -0.2 nd 0.2 0.310 -0.3 0.214 0.6 0.202 -0.5 0.371 0.2 nd 1.9 nd -1.0 nd

QTL01 G HORVU1Hr1G008900 0.0 nd 0.0 0.625 0.1 0.790 -0.2 0.292 _ 0.423 _ 0.423 _ _ _ _ -0.2 nd -0.6 0.232 0.0 0.885 0.2 0.760 -0.8 0.004 -0.1 nd 1.2 nd -0.4 nd

QTL01 G HORVU1Hr1G010010 -0.2 nd -1.3 0.363 0.5 0.610 0.0 0.889 -0.1 0.906 0.4 0.424 -0.7 0.002 -0.2 0.636 0.5 nd -1.4 0.306 -0.1 0.918 0.8 0.200 1.3 0.296 -0.3 nd -1.8 nd -1.4 nd

QTL01 G HORVU1Hr1G010000 -0.5 nd -1.0 0.375 0.2 0.787 0.2 0.798 -1.2 0.075 0.0 1.000 -0.4 0.729 0.5 0.693 -0.6 nd -0.5 0.788 2.0 0.466 -1.4 0.412 1.8 0.143 -1.5 nd -2.0 nd -1.0 nd

QTL01 G HORVU1Hr1G009760 0.0 nd -1.3 0.095 2.3 0.106 -1.0 0.423 -2.0 0.312 0.7 0.609 2.3 0.333 -1.6 0.293 -1.2 nd 0.2 0.698 3.0 0.089 0.0 1.000 0.5 0.312 -0.2 nd -0.8 nd 1.8 nd

QTL01 G HORVU1Hr1G010130 -1.3 nd -1.0 0.203 0.5 0.072 0.4 0.572 -0.4 0.493 -1.1 0.053 -0.6 0.216 0.5 0.270 -1.2 nd -1.7 0.194 -1.0 0.120 1.5 0.062 -2.2 0.328 -0.9 nd 0.7 nd 1.0 nd

QTL02 G HORVU2Hr1G027550 0.4 nd -0.3 0.435 0.5 0.293 -0.5 0.283 -0.4 0.097 0.2 0.146 0.4 0.050 -0.2 0.417 -0.4 nd 0.2 0.599 1.1 0.070 -0.8 0.444 0.7 0.041 -0.2 nd -0.9 nd -0.9 nd

QTL02 G HORVU2Hr1G027230 0.6 nd -0.2 0.764 0.4 0.333 -0.5 0.051 0.4 0.014 0.4 0.207 0.4 0.380 0.2 0.553 -0.2 nd 0.2 0.558 -0.2 0.296 -0.2 0.145 0.4 0.069 0.3 nd -0.3 nd -0.3 nd

QTL02 G HORVU2Hr1G027680 -3.6 nd 0.6 0.659 -1.6 0.394 -0.8 0.370 2.2 0.306 0.0 1.000 -1.6 0.051 -1.6 0.030 1.7 nd -4.6 0.428 1.2 0.618 -1.5 0.526 -2.3 0.434 -2.2 nd 3.2 nd -1.3 nd

QTL02 G HORVU2Hr1G027360 1.1 nd -1.2 0.331 0.4 0.650 0.2 0.716 -0.3 0.327 0.6 0.161 0.5 0.229 -0.3 0.618 -1.6 nd 0.3 0.800 1.9 0.417 -2.2 0.313 1.9 0.094 0.2 nd -2.7 nd -0.3 nd

QTL02 G HORVU2Hr1G027020 -0.2 nd -0.5 0.553 -0.1 0.961 0.6 0.727 -0.5 0.321 -0.3 0.563 -0.1 0.905 0.2 0.274 1.0 nd -2.0 0.051 -0.3 0.592 2.3 0.157 -0.6 0.513 3.1 nd -1.6 nd -3.2 nd

QTL02 G HORVU2Hr1G026610 1.0 nd -1.0 0.698 0.0 1.000 -0.6 0.423 0.3 0.452 -0.3 0.427 -0.2 0.619 0.0 0.932 -0.6 nd 0.0 1.000 0.6 0.423 -0.6 0.423 0.0 1.000 _ nd _ nd _ nd

QTL02 G HORVU2Hr1G027420 _ nd _ 0.359 -0.5 0.694 0.0 _ 0.2 0.771 2.8 _ -2.2 0.296 -1.1 0.434 _ nd 0.0 1.000 -2.0 0.312 -0.7 0.349 -1.0 0.698 0.0 nd -2.9 nd _ nd

QTL02 G HORVU2Hr1G027410 0.4 nd -1.1 0.361 1.0 0.443 0.3 0.746 -0.7 0.035 0.4 0.207 0.4 0.507 -0.5 0.701 -1.5 nd 0.5 0.721 2.5 0.316 -1.9 0.372 2.8 0.130 -1.3 nd -2.4 nd 0.7 nd

QTL03 G HORVU2Hr1G085400 _ nd _ _ 1.0 0.423 0.0 1.000 -0.5 0.095 0.7 0.106 -0.4 0.293 -0.2 0.698 _ nd _ 0.423 _ _ _ _ _ _ _ nd _ nd _ nd

QTL03 G HORVU2Hr1G084400 -0.8 nd 1.0 0.295 -0.4 0.633 -0.8 0.057 1.7 0.137 -0.6 0.633 -0.9 0.257 -0.4 0.598 0.9 nd -0.1 0.918 -1.4 0.035 1.0 0.198 -2.5 0.095 -0.5 nd 3.3 nd _ nd

QTL03 G HORVU2Hr1G084580 -0.2 nd -2.1 0.443 2.3 0.424 0.6 0.553 -0.6 0.493 1.2 0.238 -1.7 0.214 0.1 0.860 _ nd -1.5 0.277 3.8 0.166 -1.6 0.293 0.6 0.423 1.0 nd -2.7 nd -1.9 nd

QTL03 G HORVU2Hr1G085020 -0.9 nd -1.6 0.127 -1.1 0.308 0.1 0.935 -0.5 0.534 -0.1 0.846 0.5 0.426 1.4 0.314 1.2 nd -3.8 0.421 -1.6 0.162 0.6 0.631 -2.1 0.340 -1.8 nd 2.8 nd -1.2 nd

QTL03 G HORVU2Hr1G085000 0.1 nd 0.3 0.553 -1.2 0.119 -1.0 0.045 -0.3 0.404 0.3 0.085 -0.7 0.500 -1.6 0.055 0.1 nd -0.5 0.525 -0.3 0.620 -1.6 0.054 1.4 0.172 -0.1 nd -1.1 nd -1.1 nd

QTL04 G HORVU4Hr1G034730 -0.6 nd -0.3 0.576 -0.2 0.702 0.9 0.003 -0.6 0.564 -0.4 0.684 0.4 0.574 0.0 0.885 -0.4 nd 0.9 0.568 -0.9 0.432 0.4 0.642 -0.5 0.497 -0.2 nd 1.5 nd -2.0 nd

QTL04 G HORVU4Hr1G021390 0.0 nd -1.6 0.184 0.6 0.423 -0.6 0.423 -1.0 0.423 1.0 0.553 -0.6 0.698 0.0 1.000 _ nd -0.3 0.698 1.3 0.095 -1.8 0.423 -2.0 0.312 -0.6 nd -0.6 nd 1.2 nd

QTL04 G HORVU4Hr1G054200 -0.3 nd -1.2 0.237 0.8 0.375 0.7 0.404 1.5 0.085 0.8 0.360 0.1 0.950 0.3 0.866 1.6 nd -1.7 0.303 -0.6 0.430 0.0 1.000 -0.3 0.811 -0.7 nd 2.1 nd -2.7 nd

QTL04 G HORVU4Hr1G022780 0.9 nd -0.1 0.781 0.4 0.434 -0.2 0.086 1.0 0.047 0.4 0.500 0.7 0.482 -0.5 0.614 -0.2 nd 0.9 0.170 -0.2 0.260 0.1 0.794 -0.4 0.014 0.2 nd 0.7 nd -0.9 nd

QTL04 G HORVU4Hr1G040730 0.3 nd -0.6 0.204 0.3 0.576 -0.1 0.882 -0.1 0.827 -0.3 0.283 1.3 0.015 -0.3 0.400 -0.8 nd 0.5 0.711 1.5 0.518 -0.3 0.423 1.5 0.122 1.8 nd -3.8 nd 0.3 nd

QTL04 G HORVU4Hr1G044040 -1.6 nd -0.9 0.433 0.3 0.747 -0.2 0.702 -1.4 0.204 -2.1 0.072 -1.3 0.129 -0.2 0.679 -1.1 nd -2.7 0.058 0.6 0.248 -0.6 0.124 -2.2 0.378 -1.8 nd 0.1 nd 0.2 nd

QTL04 G HORVU4Hr1G054970 0.3 nd -0.5 0.299 -0.4 0.058 -0.1 0.880 0.2 0.589 0.0 0.930 -0.5 0.503 0.5 0.531 0.0 nd 0.0 0.946 -1.5 0.068 1.5 0.097 -1.0 0.210 -0.3 nd 2.3 nd -0.1 nd

QTL04 G HORVU4Hr1G039160 0.0 nd 0.6 0.184 -1.4 0.294 -1.1 0.126 0.4 0.293 0.8 0.296 -0.4 0.789 -0.9 0.527 0.9 nd -0.6 0.465 0.2 0.836 1.6 0.198 -0.9 0.451 2.5 nd -1.0 nd -2.1 nd

QTL04 G HORVU4Hr1G043630 -0.8 nd 0.1 0.890 -0.6 0.248 0.6 0.256 -1.0 0.155 -0.2 0.776 -0.6 0.639 -0.6 0.647 -3.5 nd 0.1 0.959 1.9 0.030 -0.9 0.563 2.5 0.277 -1.8 nd -1.2 nd 0.0 nd

QTL04 G HORVU4Hr1G029240 0.4 nd -1.7 0.020 1.0 0.038 2.3 0.106 _ _ _ _ _ _ _ _ _ nd _ 0.423 _ 0.423 _ _ _ _ _ nd _ nd _ nd

QTL04 G HORVU4Hr1G027180 -1.4 nd -1.2 0.368 -0.9 0.367 -0.1 0.819 -0.1 0.918 -1.3 0.026 -0.4 0.176 -0.7 0.104 -0.1 nd -3.1 0.313 -1.7 0.125 0.2 0.746 -3.2 0.372 -1.0 nd 2.0 nd -1.4 nd

QTL04 G HORVU4Hr1G037050 _ nd _ _ 0.0 _ 1.0 0.423 -1.0 0.423 1.0 0.423 _ 0.423 _ _ 0.1 nd -0.3 0.584 0.1 0.846 0.0 0.698 -1.3 0.247 0.3 nd 0.4 nd 2.0 nd

QTL04 G HORVU4Hr1G052290 0.5 nd -0.8 0.181 0.3 0.689 -1.0 0.128 -0.7 0.318 1.0 0.164 -0.4 0.678 0.3 0.704 -0.7 nd -0.4 0.630 0.9 0.332 -0.1 0.914 0.2 0.808 -1.3 nd 0.3 nd -0.6 nd

QTL04 G HORVU4Hr1G030980 0.0 nd -0.7 0.444 0.2 0.654 0.7 0.096 0.4 0.439 0.3 0.400 -0.5 0.283 -0.1 0.295 -0.7 nd 0.5 0.629 3.6 0.091 -2.2 0.300 -0.1 0.966 1.8 nd -2.0 nd 2.5 nd

QTL04 G HORVU4Hr1G052260 0.2 nd -0.9 0.166 0.3 0.440 -0.3 0.493 -0.5 0.592 -0.8 0.423 -1.8 0.088 -0.3 0.826 -1.0 nd _ 0.423 _ 0.423 -0.3 0.860 0.0 1.000 _ nd _ nd -2.6 nd

QTL04 G HORVU4Hr1G031060 0.0 nd -0.5 0.234 0.1 0.746 0.2 0.349 -0.2 0.448 0.1 0.538 0.2 0.463 -0.2 0.511 -0.3 nd 0.2 0.409 0.1 0.499 -0.4 0.326 0.4 0.406 0.7 nd -1.3 nd -0.5 nd

QTL04 G HORVU4Hr1G035670 -0.3 nd -0.5 0.498 0.1 0.913 0.0 0.929 -1.0 0.262 0.2 0.686 -0.3 0.349 -0.1 0.941 -0.9 nd 0.0 1.000 1.8 0.222 -2.5 0.256 2.2 0.304 0.8 nd -2.1 nd -1.8 nd

QTL04 G HORVU4Hr1G046970 -1.6 nd -0.8 0.383 0.5 0.632 0.7 0.515 0.0 1.000 -0.1 0.827 0.1 0.846 -0.6 0.740 -1.5 nd -0.2 0.831 2.1 0.276 -1.6 0.362 1.3 0.463 0.5 nd -2.4 nd -1.1 nd

QTL04 G HORVU4Hr1G051590 -0.6 nd -1.2 0.333 0.5 0.592 -0.8 0.515 1.0 0.423 _ 0.423 _ _ 0.0 _ 1.0 nd -2.0 0.312 0.4 0.698 0.6 0.698 0.4 0.667 0.6 nd 1.0 nd _ nd

QTL04 G HORVU4Hr1G040510 -2.7 nd -2.3 0.059 -0.3 0.122 -0.9 0.378 _ 0.272 -1.6 0.443 -1.9 0.474 1.5 0.513 _ nd _ 0.417 -1.7 0.165 1.9 0.072 _ 0.423 -1.0 nd 1.2 nd 1.1 nd

QTL04 G HORVU4Hr1G023980 0.5 nd -0.2 0.860 0.0 1.000 1.4 0.497 0.6 0.423 -2.0 0.095 -0.2 0.698 -0.9 0.127 0.0 nd -0.3 0.771 -0.3 0.808 -2.0 0.465 _ 0.423 _ nd _ nd _ nd

QTL04 G HORVU4Hr1G025470 -1.1 nd 0.1 0.952 0.0 0.971 0.8 0.398 -0.9 0.047 0.0 0.950 -0.7 0.482 -0.3 0.590 -0.6 nd -0.4 0.728 0.4 0.710 -2.0 0.247 1.4 0.006 -0.6 nd -1.7 nd -2.0 nd

QTL04 G HORVU4Hr1G035330 -0.6 nd -0.4 0.423 -0.6 _ 1.0 0.095 0.0 1.000 -1.7 0.036 -0.2 0.349 0.7 0.028 _ nd _ 0.423 _ _ _ _ _ _ _ nd _ nd _ nd

QTL04 G HORVU4Hr1G041600 0.2 nd -1.3 0.276 0.5 0.545 0.0 0.936 -0.8 0.045 0.2 0.333 0.4 0.148 -0.2 0.626 -0.5 nd -0.2 0.805 2.6 0.205 -2.3 0.316 1.1 0.293 1.2 nd -3.0 nd -0.5 nd

QTL04 G HORVU4Hr1G046350 0.7 nd 2.1 0.184 1.6 0.293 -3.9 0.417 2.2 0.435 1.4 0.255 -1.1 0.657 -1.0 0.432 0.5 nd -1.2 0.609 0.7 0.746 0.9 0.584 0.8 0.416 0.3 nd 0.3 nd 1.6 nd

QTL04 G HORVU4Hr1G034670 -1.0 nd 1.3 0.232 -0.7 0.543 0.2 0.831 0.4 0.698 -0.7 0.592 0.5 0.671 1.2 0.106 0.2 nd -0.5 0.493 0.0 1.000 -0.4 0.095 -0.1 0.423 0.5 nd -1.7 nd 1.1 nd

QTL04 G HORVU4Hr1G049550 0.5 nd 1.6 0.036 1.3 0.214 -0.9 0.349 -0.5 0.294 1.7 0.015 -0.3 0.493 1.0 0.057 -0.1 nd 1.7 0.145 1.8 0.448 -1.0 0.192 2.2 0.066 1.7 nd 0.1 nd 0.5 nd

QTL04 G HORVU4Hr1G050560 -1.0 nd 1.6 0.106 -1.5 0.192 2.5 0.130 0.3 0.808 0.3 0.782 -0.7 0.155 -0.2 0.733 _ nd _ _ _ _ _ 0.423 1.0 0.192 1.1 nd 1.6 nd -2.0 nd

QTL04 G HORVU4Hr1G055560 0.1 nd 0.1 0.360 0.1 0.333 0.2 0.601 -0.4 0.698 -0.8 0.312 1.2 0.106 _ 0.095 0.2 nd 0.1 0.720 -0.1 0.697 0.7 0.128 -1.0 0.184 0.0 nd 2.0 nd _ nd

QTL04 G HORVU4Hr1G030780 0.7 nd -0.2 0.658 0.1 0.746 0.1 0.865 -0.9 0.190 1.3 0.048 -0.8 0.121 0.8 0.014 -0.6 nd 0.4 0.684 3.0 0.192 -3.0 0.307 1.4 0.360 0.8 nd -1.2 nd _ nd

QTL04 G HORVU4Hr1G027940 -0.2 nd -0.5 0.684 0.5 0.573 -0.2 0.863 -0.9 0.124 -0.2 0.598 -0.2 0.593 0.1 0.779 -1.2 nd -0.1 0.912 2.8 0.306 -2.3 0.319 2.9 0.102 -0.3 nd -2.7 nd -0.5 nd

QTL04 G HORVU4Hr1G024480 -0.3 nd 0.7 0.293 0.0 1.000 -1.2 0.106 1.0 0.312 0.6 0.423 -0.6 0.423 -0.7 0.293 -1.0 nd 1.0 0.553 -1.6 0.184 0.3 0.771 -1.6 0.293 -1.4 nd 3.0 nd _ nd

QTL04 G HORVU4Hr1G046000 1.7 nd -2.1 0.461 -0.4 0.752 0.1 0.698 0.1 0.808 0.2 0.684 -0.3 0.493 -0.2 0.633 _ nd _ _ _ _ _ 0.423 1.4 0.349 0.6 nd -3.3 nd -1.8 nd

QTL04 G HORVU4Hr1G034030 0.6 nd -1.6 0.320 0.5 0.594 0.2 0.385 _ 0.423 _ 0.095 0.3 0.808 0.3 0.771 -1.2 nd 0.4 0.681 1.3 0.245 -1.4 0.244 2.8 0.198 -2.0 nd -0.3 nd -1.3 nd

QTL04 G HORVU4Hr1G054850 0.7 nd -0.2 0.658 0.0 0.945 -0.9 0.324 0.0 0.982 1.2 0.363 -0.5 0.637 -0.6 0.400 0.4 nd -0.2 0.783 0.3 0.371 0.2 0.416 -1.8 0.015 0.0 nd 0.8 nd 1.3 nd

QTL04 G HORVU4Hr1G037240 0.7 nd -0.9 0.391 0.7 0.456 -0.1 0.633 -0.6 0.221 -0.1 0.804 0.1 0.746 0.6 0.258 -1.1 nd 0.2 0.831 1.8 0.251 -1.2 0.095 1.8 0.192 -0.7 nd -2.4 nd 1.4 nd

QTL04 G HORVU4Hr1G025580 -0.8 nd -0.2 0.872 0.1 0.934 1.0 0.458 -0.8 0.063 -0.2 0.423 -0.9 0.203 -0.1 0.914 -0.4 nd -0.3 0.679 0.7 0.423 -2.1 0.194 1.9 0.012 -0.4 nd -1.5 nd -3.5 nd

QTL04 G HORVU4Hr1G048540 -0.2 nd -1.3 0.320 0.9 0.375 0.0 1.000 -0.7 0.168 1.0 0.333 -0.8 0.443 0.5 0.184 -2.1 nd 1.3 0.451 1.3 0.423 -2.3 0.423 0.8 0.095 -0.6 nd -3.0 nd 0.6 nd

QTL04 G HORVU4Hr1G030420 -0.6 nd -0.1 0.870 0.4 0.609 0.2 0.423 0.1 0.698 0.6 0.293 -1.5 0.369 0.8 0.533 -0.7 nd -0.5 0.293 0.9 0.130 -0.5 0.293 2.3 0.057 -2.3 nd -0.6 nd -1.0 nd

QTL04 G HORVU4Hr1G028720 0.6 nd 0.0 0.928 -0.3 0.490 -0.2 0.586 0.3 0.109 0.4 0.155 0.0 0.952 0.2 0.688 -0.1 nd 0.4 0.430 -1.7 0.021 1.8 0.028 -0.3 0.557 -0.2 nd 1.6 nd 0.8 nd

Forum Gant Salka Wren
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Table 6-S2: Data for identification of genotypically differentially expressed genes within four quantitative trait loci (QTL) using an RNA-sequencing 

data set from whole pistils collected at five stages of ovule development (Stages 3-7) in four barley genotypes: Forum, Gant, Salka and Wren. 

Genotypic DEGs (G) were determined by comparison of samples at equivalent developmental stages from the four genotypes. Temporal DEGs 

(T) were determined by comparison of samples at sequential developmental stages within individual genotypes. Genes were considered to be 

differentially expressed on the basis of greater than ±2 log2 fold change and p < 0.05. Expression data is presented in transcripts per million 

(TPM), barley gene identifiers are given as HORVUs. 
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QTL DEG Horvul 3v3 p 4v4 p 5v5 p 6v6 p 7v7 p 3v3 p 4v4 p 5v5 p 6v6 p 7v7 p 3v3 p 4v4 p 5v5 p 6v6 p 7v7 p 3v3 p 4v4 p 5v5 p 6v6 p 7v7 p 3v3 p 4v4 p 5v5 p 6v6 p 7v7 p 3v3 p 4v4 p 5v5 p 6v6 p 7v7 p

QTL01 T&G HORVU1Hr1G011270 0.8 nd -2.3 0.030 0.7 0.312 0.7 0.543 -1.1 0.486 1.8 nd 1.0 0.423 0.2 0.808 3.0 0.232 2.3 0.106 2.8 nd 1.0 0.553 _ _ 1.0 0.465 _ _ 1.0 nd 3.3 0.012 -0.5 0.592 2.3 0.106 3.5 0.293 2.0 _ 3.3 0.024 _ nd 0.3 0.698 _ nd 1.0 nd 0.0 1.000 _ _ -2.0 0.312 _ nd

QTL01 T&G HORVU1Hr1G012660 _ nd _ 0.423 _ 0.184 2.9 0.101 4.2 0.001 _ nd -3.0 0.477 0.4 0.808 -0.3 0.438 2.4 0.002 _ nd 0.0 1.000 1.3 _ 5.2 0.073 _ _ _ nd _ 0.423 _ 0.423 -3.3 0.010 -1.8 0.057 _ 0.423 _ 0.423 _ nd 2.2 0.468 _ nd 1.5 nd 3.0 0.477 0.9 _ 5.5 0.001 _ nd

QTL03 T&G HORVU2Hr1G085270 -2.2 nd -3.9 0.164 -7.3 0.124 -6.8 0.009 _ 0.007 3.3 nd -2.4 0.397 -4.2 0.095 -5.7 0.008 _ 0.020 1.9 nd -4.6 0.411 -4.7 _ -4.6 0.040 _ _ 5.5 nd 1.5 0.332 3.0 0.152 1.1 0.038 3.3 0.009 4.2 0.257 -0.7 0.727 2.6 nd 2.2 0.018 2.9 nd -1.3 nd -2.2 0.495 -0.5 _ 1.1 0.048 -0.4 nd

QTL03 T&G HORVU2Hr1G084970 2.0 nd 0.7 0.333 0.3 0.543 1.6 0.189 1.1 0.486 -0.2 nd -0.3 0.312 -0.8 0.316 -0.7 0.237 1.1 0.360 -0.4 nd 0.3 0.293 1.1 _ -0.6 0.304 0.5 _ -2.2 nd -1.0 0.192 -1.1 0.267 -2.3 0.014 0.0 1.000 -2.4 0.090 -0.4 0.592 0.8 nd -2.2 0.030 -0.7 nd -0.1 nd 0.6 0.155 1.9 _ 0.1 0.808 -0.7 nd

QTL03 T&G HORVU2Hr1G085050 _ nd _ 0.423 3.6 0.001 2.4 0.143 3.6 0.147 0.0 nd 3.5 0.459 -0.4 0.821 -1.9 0.015 -0.6 0.764 _ nd -0.9 0.731 -0.4 _ 2.2 0.137 1.0 _ _ nd _ _ -4.0 0.444 -4.3 0.003 -4.2 0.434 _ _ _ 0.423 -3.9 nd -0.1 0.928 -2.6 nd _ nd -4.3 0.442 0.1 _ 4.1 0.002 1.6 nd

QTL04 T&G HORVU4Hr1G052450 -2.8 nd -1.1 0.049 1.5 0.130 1.1 0.295 0.8 0.260 -0.3 nd 0.0 _ 0.0 1.000 -0.6 0.295 0.5 0.434 0.1 nd -1.2 0.004 0.2 _ 2.1 0.122 2.6 _ 2.5 nd 1.1 0.049 -1.5 0.130 -1.7 0.086 -0.4 0.486 2.9 0.138 -0.1 0.592 -1.3 nd 1.0 0.423 1.8 nd 0.4 nd -1.2 0.004 0.2 _ 2.7 0.032 2.2 nd

QTL04 T&G HORVU4Hr1G040520 _ nd 0.9 0.602 2.3 0.051 1.4 0.374 4.5 0.235 _ nd 1.3 0.523 -1.2 0.625 -1.5 0.061 1.0 0.489 _ nd -1.3 0.621 -0.3 _ 2.4 0.227 _ _ 1.3 nd 0.4 0.293 -3.5 0.452 -2.9 0.013 -3.5 0.160 -0.3 0.860 -2.3 0.512 -2.7 nd 1.0 0.553 _ nd -1.6 nd -2.6 0.491 0.9 _ 3.9 0.001 _ nd

QTL04 T&G HORVU4Hr1G054780 -0.7 nd 0.4 0.686 -1.1 0.318 0.0 1.000 -0.4 0.543 0.0 nd -0.2 0.844 -0.9 0.159 -0.5 0.649 -1.5 0.284 -0.1 nd -2.1 0.051 -3.3 _ -1.7 0.451 -1.9 _ 0.7 nd -0.6 0.649 0.1 0.853 -0.5 0.571 -1.1 0.382 0.5 0.238 -2.5 0.049 -2.2 nd -1.7 0.445 -1.5 nd -0.1 nd -1.8 0.086 -2.3 _ -1.3 0.518 -0.4 nd

QTL04 T&G HORVU4Hr1G055110 -1.0 nd -1.6 0.051 1.3 0.095 -0.3 0.808 -2.3 _ 0.0 nd -0.4 0.423 -0.8 0.106 1.0 0.553 -0.6 0.423 -1.0 nd 1.6 0.293 1.3 _ 0.0 1.000 -3.6 _ 1.0 nd 1.2 0.038 -2.2 0.020 1.3 0.493 1.7 0.020 0.0 1.000 3.2 0.030 0.0 nd 0.3 0.771 -1.3 nd -1.0 nd 2.0 0.095 2.2 _ -1.0 0.423 -3.0 nd

QTL04 T&G HORVU4Hr1G021590 1.0 nd -1.5 0.089 0.0 1.000 _ 0.423 1.0 0.423 1.0 nd 2.0 0.312 2.6 0.038 0.6 0.771 _ _ -0.3 nd 0.0 1.000 0.6 _ 0.0 1.000 _ _ 0.0 nd 3.5 0.019 2.6 0.349 _ _ _ 0.423 -1.3 0.423 1.5 0.232 0.6 nd _ 0.423 _ nd -1.3 nd -2.0 0.543 -2.0 _ -0.6 0.771 _ nd

QTL04 T HORVU4Hr1G035100 1.3 nd -0.4 0.454 0.8 0.417 0.2 0.640 0.0 0.961 1.5 nd -0.1 0.928 1.0 0.345 2.1 0.116 0.5 0.672 -0.1 nd 1.7 0.203 1.3 _ -0.1 0.936 -1.0 _ 0.1 nd 0.3 0.753 0.3 0.684 1.9 0.123 0.4 0.240 -1.5 0.048 2.1 0.058 0.5 nd -0.3 0.769 -1.1 nd -1.6 nd 1.8 0.369 0.3 _ -2.2 0.315 -1.5 nd

QTL04 T HORVU4Hr1G021320 1.6 nd 1.0 0.109 0.9 0.160 -0.3 0.470 -2.0 0.015 1.2 nd 0.5 0.204 0.3 0.754 -0.5 0.395 -0.3 0.827 2.7 nd 1.2 0.089 0.0 _ 0.1 0.592 0.6 _ -0.4 nd -0.5 0.148 -0.6 0.629 -0.2 0.741 1.7 0.079 1.1 0.022 0.1 0.758 -1.0 nd 0.4 0.402 2.6 nd 1.5 nd 0.7 0.083 -0.3 _ 0.6 0.353 0.8 nd

QTL04 T HORVU4Hr1G035540 -1.8 nd -2.6 0.309 2.8 0.431 -1.2 0.493 -3.2 0.375 0.0 nd -1.8 0.404 2.8 0.431 2.6 0.423 -3.8 0.414 -1.8 nd 2.3 0.333 5.5 _ -1.0 0.523 -3.8 _ 1.8 nd 0.8 0.621 0.0 1.000 3.8 0.238 -0.6 0.763 0.0 1.000 5.0 0.256 2.7 nd 0.2 0.890 -0.6 nd -1.8 nd 4.2 0.294 2.7 _ -3.6 0.208 0.0 nd

QTL04 T HORVU4Hr1G026150 0.3 nd 1.2 0.237 1.2 0.209 0.5 0.496 -0.2 0.788 1.0 nd 2.0 0.138 0.5 0.665 -0.3 0.533 -0.1 0.875 0.1 nd -0.6 0.686 -0.5 _ 1.6 0.195 0.4 _ 0.7 nd 0.8 0.272 -0.7 0.645 -0.8 0.030 0.1 0.938 -0.1 0.771 -1.8 0.425 -1.7 nd 1.1 0.032 0.6 nd -0.9 nd -2.6 0.362 -1.0 _ 1.9 0.009 0.6 nd

QTL04 T HORVU4Hr1G042040 1.0 nd -1.6 0.423 _ 0.184 -1.3 0.312 0.6 0.423 _ nd -1.3 0.423 _ 0.095 _ 0.423 1.6 0.293 -1.6 nd 1.0 0.423 _ _ -0.6 0.808 _ _ _ nd 0.3 0.860 0.4 0.698 _ 0.038 1.0 0.423 -2.6 _ 2.6 0.349 _ nd 0.7 0.592 _ nd _ nd 2.3 0.333 _ _ _ 0.423 _ nd

QTL04 T HORVU4Hr1G054770 0.6 nd 0.5 0.480 -1.9 0.016 -1.0 0.136 -0.1 0.684 0.5 nd 0.3 0.369 -1.1 0.402 -1.7 0.002 0.0 0.941 -0.1 nd -0.5 0.517 -2.2 _ -0.6 0.550 0.6 _ 0.0 nd -0.3 0.735 0.8 0.292 -0.6 0.113 0.1 0.620 -0.6 0.316 -1.0 0.344 -0.3 nd 0.4 0.587 0.7 nd -0.6 nd -0.8 0.342 -1.1 _ 1.1 0.143 0.6 nd

QTL04 T HORVU4Hr1G054470 0.1 nd -1.1 0.317 -1.5 0.040 -0.8 0.328 -1.2 0.091 0.5 nd -0.1 0.836 0.3 0.691 -1.9 0.014 -0.6 0.521 -0.4 nd -0.7 0.144 -1.7 _ -1.1 0.308 0.2 _ 0.4 nd 1.0 0.339 1.9 0.016 -1.1 0.089 0.6 0.346 -0.5 0.308 0.3 0.659 -0.2 nd -0.3 0.718 1.4 nd -0.9 nd -0.7 0.202 -2.1 _ 0.8 0.216 0.8 nd

QTL04 T HORVU4Hr1G052660 4.3 nd -0.1 0.808 -0.3 0.740 -1.0 0.534 -0.5 0.662 2.3 nd 0.1 0.771 -0.3 0.155 -0.5 0.619 -1.1 0.176 3.9 nd 1.7 0.095 1.0 _ 0.9 0.551 _ _ -2.0 nd 0.2 0.423 0.0 1.000 0.5 0.678 -0.6 0.338 -0.4 0.423 1.8 0.038 1.3 nd 1.9 0.355 _ nd 1.6 nd 1.6 _ 1.3 _ 1.4 0.179 _ nd

QTL04 T HORVU4Hr1G030730 0.3 nd -0.8 0.145 -0.9 0.137 -0.6 0.722 -0.6 0.403 0.0 nd -0.8 0.314 -0.7 0.342 -0.7 0.333 -0.4 0.649 2.0 nd -1.7 0.032 -0.9 _ -0.1 0.808 2.2 _ -0.3 nd -0.1 0.895 0.2 0.688 -0.1 0.961 0.2 0.759 1.7 0.137 -0.9 0.095 0.1 nd 0.5 0.761 2.8 nd 2.0 nd -0.8 0.192 -0.2 _ 0.6 0.406 2.6 nd

QTL04 T HORVU4Hr1G040350 0.2 nd -0.7 _ 0.1 0.808 -0.6 0.728 -1.1 0.145 -1.1 nd -0.5 0.667 0.0 1.000 1.4 0.038 -1.1 0.020 -0.3 nd 0.0 1.000 0.6 _ -1.2 0.423 -2.7 _ -1.3 nd 0.2 0.826 -0.1 0.903 2.0 0.465 0.0 1.000 -0.4 0.759 0.7 0.272 0.5 nd -0.7 0.684 -1.5 nd 0.9 nd 0.5 0.698 0.6 _ -2.7 0.284 -1.5 nd

QTL01 G HORVU1Hr1G011240 -1.0 nd 0.3 0.698 -0.4 0.771 0.7 0.592 -2.6 0.038 _ nd 0.7 0.293 1.6 _ 1.3 0.423 0.0 1.000 -0.3 nd 0.7 0.293 1.6 _ 0.7 0.684 _ _ _ nd 0.4 0.698 2.0 0.423 0.6 0.423 2.6 0.038 0.7 0.423 0.4 0.698 2.0 nd 0.0 1.000 _ nd _ nd 0.0 1.000 0.0 _ -0.6 0.771 _ nd

QTL01 G HORVU1Hr1G010240 -0.8 nd 0.0 0.913 -0.4 0.293 -0.3 0.451 -0.2 0.497 _ nd _ 0.047 _ 0.027 _ 0.007 5.1 0.002 _ nd _ 0.047 _ _ _ 0.007 _ _ _ nd _ 0.017 _ 0.015 _ 0.028 5.3 0.023 _ 0.047 _ 0.017 _ nd _ 0.028 _ nd _ nd _ _ _ _ _ _ _ nd

QTL01 G HORVU1Hr1G011310 0.1 nd -0.6 0.226 0.2 0.505 0.0 0.860 0.3 0.481 0.4 nd -0.8 0.401 0.3 0.579 1.4 0.020 0.4 0.467 0.3 nd 1.6 0.187 1.4 _ 0.8 0.017 1.7 _ 0.3 nd -0.2 0.782 0.1 0.793 1.4 0.016 0.1 0.884 0.3 0.546 2.3 0.010 1.2 nd 0.8 0.009 1.4 nd 0.0 nd 2.5 0.159 1.1 _ -0.6 0.095 1.3 nd

QTL01 G HORVU1Hr1G010940 0.8 nd 0.3 0.335 0.0 0.746 0.0 0.900 0.1 0.924 0.6 nd -0.2 0.369 -0.2 0.338 -0.6 0.048 0.0 0.958 0.8 nd -0.3 0.482 -0.3 _ 1.4 0.072 0.5 _ -0.2 nd -0.5 0.009 -0.3 0.308 -0.7 0.101 -0.1 0.856 0.0 0.923 -0.6 0.221 -0.3 nd 1.4 0.124 0.4 nd 0.2 nd -0.1 0.793 -0.1 _ 2.1 0.014 0.5 nd

QTL01 G HORVU1Hr1G008900 _ nd 8.6 0.000 _ 0.001 _ 0.012 _ 0.001 4.4 nd 4.1 0.000 3.5 0.001 3.5 0.015 4.0 0.002 0.8 nd -0.1 0.136 -0.2 _ 1.0 0.051 0.8 _ _ nd -4.5 0.090 _ 0.001 _ 0.030 _ 0.155 _ 0.001 -8.7 0.000 _ nd _ 0.003 _ nd -3.6 nd -4.2 0.001 -3.7 _ -2.5 0.005 -3.1 nd

QTL01 G HORVU1Hr1G010010 -0.4 nd -0.2 0.832 1.5 0.287 0.4 0.011 0.1 0.727 3.0 nd 3.7 0.261 3.7 0.178 3.2 0.001 3.9 0.006 1.7 nd 3.2 0.276 4.3 _ 2.1 0.001 0.6 _ 3.4 nd 4.0 0.064 2.2 0.016 2.8 0.001 3.8 0.066 2.1 0.030 3.4 0.072 2.8 nd 1.7 0.001 0.5 nd -1.3 nd -0.5 0.746 0.6 _ -1.1 0.035 -3.3 nd

QTL01 G HORVU1Hr1G010000 -0.7 nd -1.4 0.040 -0.4 0.647 -1.0 0.489 -0.6 0.580 -0.8 nd -0.9 0.456 -0.4 0.803 1.4 0.097 -0.2 0.880 0.2 nd 2.5 0.118 2.1 _ -0.1 0.838 -1.3 _ -0.2 nd 0.4 0.587 -0.1 0.959 2.4 0.292 0.4 0.721 0.9 0.368 3.9 0.001 2.4 nd 0.8 0.545 -0.7 nd 1.1 nd 3.5 0.210 2.5 _ -1.5 0.202 -1.1 nd

QTL01 G HORVU1Hr1G009760 0.0 nd -2.0 0.272 0.0 1.000 0.0 1.000 -0.6 0.423 -1.0 nd -2.2 0.020 -0.7 0.312 0.0 1.000 1.0 0.423 -2.3 nd -1.8 0.038 -0.7 _ -3.8 0.028 -1.0 _ -1.0 nd -0.2 0.831 -0.7 0.493 0.0 1.000 1.6 0.293 -2.3 0.106 0.2 0.831 -0.7 nd -3.8 0.028 -0.4 nd -1.3 nd 0.4 0.293 0.0 _ -3.8 0.028 -2.0 nd

QTL01 G HORVU1Hr1G010130 2.1 nd 3.0 0.219 2.9 0.005 1.9 0.014 2.0 0.215 0.1 nd 0.3 0.805 -0.5 0.480 -2.0 0.015 -0.9 0.426 -0.3 nd -1.2 0.470 -1.2 _ -0.9 0.016 -0.3 _ -1.9 nd -2.8 0.217 -3.4 0.114 -3.8 0.010 -2.8 0.161 -2.4 0.253 -4.2 0.255 -4.1 nd -2.8 0.003 -2.2 nd -0.5 nd -1.5 0.412 -0.7 _ 1.1 0.030 0.6 nd

QTL02 G HORVU2Hr1G027550 -0.5 nd -1.3 0.021 -0.8 0.034 -0.8 0.081 -0.5 0.233 0.4 nd -0.4 0.349 0.1 0.752 0.8 0.160 0.5 0.519 0.5 nd 0.8 0.131 0.9 _ -0.5 0.435 -0.8 _ 1.0 nd 1.0 0.038 0.9 0.026 1.6 0.017 1.0 0.195 1.1 0.010 2.1 0.008 1.7 nd 0.4 0.421 -0.3 nd 0.1 nd 1.2 0.070 0.8 _ -1.3 0.155 -1.3 nd

QTL02 G HORVU2Hr1G027230 -2.0 nd -2.2 0.010 -1.6 0.070 -1.6 0.023 -0.9 0.054 -0.8 nd -1.5 0.083 -1.1 0.075 -1.8 0.001 -1.4 0.010 -1.3 nd -1.5 0.041 -1.1 _ -1.8 0.010 -1.5 _ 1.2 nd 0.7 0.075 0.5 0.307 -0.1 0.423 -0.5 0.095 0.6 0.005 0.7 0.020 0.5 nd -0.2 0.423 -0.6 nd -0.6 nd 0.0 1.000 0.0 _ 0.0 0.771 -0.1 nd

QTL02 G HORVU2Hr1G027680 -2.8 nd 3.0 0.223 2.4 0.325 2.4 0.295 1.6 0.037 -3.3 nd 2.0 0.291 -3.2 0.457 -0.4 0.607 -1.2 0.579 0.0 nd 1.3 0.434 -1.5 _ 3.2 0.260 2.7 _ -0.5 nd -1.0 0.543 -5.6 0.420 -2.8 0.021 -2.7 0.420 2.8 0.283 -1.7 0.477 -3.9 nd 0.8 0.106 1.2 nd 3.3 nd -0.7 0.698 1.7 _ 3.7 0.018 3.9 nd

QTL02 G HORVU2Hr1G027360 -0.2 nd -1.6 0.061 0.2 0.800 0.3 0.622 -0.3 0.697 1.7 nd -1.1 0.419 0.5 0.683 2.0 0.109 -0.4 0.745 0.0 nd 0.7 0.393 2.2 _ -0.9 0.224 -1.5 _ 1.9 nd 0.6 0.434 0.3 0.755 1.7 0.054 -0.1 0.925 0.2 0.609 2.4 0.029 2.0 nd -1.2 0.146 -1.2 nd -1.7 nd 1.8 0.281 1.7 _ -2.9 0.065 -1.1 nd

QTL02 G HORVU2Hr1G027020 -3.1 nd -3.4 0.017 -3.2 0.077 -3.2 0.022 -3.5 0.001 0.6 nd 1.8 0.255 0.3 0.592 0.1 0.961 1.8 0.219 0.1 nd -0.3 0.776 3.3 _ 1.8 0.473 -1.9 _ 3.7 nd 5.2 0.014 3.5 0.073 3.3 0.013 5.3 0.001 3.3 0.084 3.1 0.019 6.5 nd 5.0 0.010 1.6 nd -0.5 nd -2.1 0.216 3.0 _ 1.7 0.157 -3.8 nd

QTL02 G HORVU2Hr1G026610 -6.0 nd -6.7 0.039 -6.0 0.006 -6.2 0.043 -5.6 0.000 0.0 nd -1.6 0.293 -0.6 0.698 0.0 _ 0.0 1.000 1.0 nd 0.0 1.000 _ _ -1.0 0.423 _ _ 6.0 nd 5.1 0.040 5.4 0.006 6.2 0.043 5.6 0.000 7.0 0.002 6.7 0.039 _ nd 5.2 0.044 _ nd 1.0 nd 1.6 0.293 _ _ -1.0 0.423 _ nd

QTL02 G HORVU2Hr1G027420 -1.4 nd _ _ 2.7 0.423 1.0 0.214 -0.1 0.922 _ nd _ _ 2.7 0.429 1.2 0.130 0.5 0.038 2.6 nd _ 0.423 2.7 _ 0.3 0.771 _ _ _ nd 2.8 _ 0.0 1.000 0.2 0.890 0.5 0.576 4.0 0.133 2.8 0.027 0.0 nd -0.7 0.619 _ nd _ nd 0.0 1.000 0.0 _ -0.9 0.551 _ nd

QTL02 G HORVU2Hr1G027410 0.3 nd -0.9 0.023 0.7 0.518 0.2 0.874 -0.6 0.625 1.0 nd -0.9 0.545 0.8 0.539 2.4 0.191 0.2 0.853 0.4 nd 2.7 0.002 2.6 _ -0.8 0.254 -0.4 _ 0.7 nd 0.0 0.992 0.1 0.882 2.2 0.192 0.8 0.583 0.0 0.931 3.6 0.006 1.9 nd -1.0 0.189 0.3 nd -0.7 nd 3.6 0.281 1.8 _ -3.2 0.023 -0.6 nd

QTL03 G HORVU2Hr1G085400 -2.0 nd _ 0.008 -1.8 0.038 -3.2 0.030 -3.3 0.057 _ nd _ 0.423 _ _ _ 0.423 _ 0.423 _ nd _ _ _ _ _ 0.423 _ _ _ nd 3.5 0.019 _ 0.020 _ 0.012 _ 0.038 _ _ _ 0.008 _ nd _ 0.012 _ nd _ nd _ 0.423 _ _ _ _ _ nd

QTL03 G HORVU2Hr1G084400 -0.9 nd 1.6 0.115 0.0 1.000 -0.5 0.155 -0.1 0.913 -1.1 nd 0.6 0.571 -0.5 0.564 -1.5 0.024 0.3 0.702 0.7 nd -0.9 0.267 -2.4 _ 1.3 0.089 _ _ -0.2 nd -1.0 0.543 -0.5 0.564 -1.0 0.030 0.4 0.718 1.7 0.122 -2.5 0.099 -2.4 nd 1.8 0.014 _ nd 1.9 nd -1.5 0.223 -1.9 _ 2.8 0.011 _ nd

QTL03 G HORVU2Hr1G084580 0.0 nd -0.4 0.684 2.9 0.391 -1.1 0.323 -1.6 0.057 _ nd 0.5 0.592 1.1 0.593 2.6 0.155 0.4 0.698 0.0 nd 0.8 0.493 3.9 _ -1.1 0.089 -3.6 _ _ nd 0.8 0.333 -1.8 0.238 3.7 0.143 2.0 0.012 0.0 1.000 1.2 0.300 1.0 nd 0.0 1.000 -2.1 nd _ nd 0.3 0.698 2.8 _ -3.7 0.014 -4.1 nd

QTL03 G HORVU2Hr1G085020 0.0 nd 0.3 0.794 1.8 0.061 3.4 0.136 4.7 0.164 -0.7 nd 1.4 0.419 -0.8 0.691 -1.4 0.062 -0.8 0.687 0.1 nd -1.1 0.523 -1.2 _ 2.6 0.160 1.3 _ -0.7 nd 1.1 0.325 -2.7 0.460 -4.8 0.005 -5.6 0.397 0.2 0.714 -1.4 0.433 -3.1 nd -0.9 0.493 -3.4 nd 0.8 nd -2.5 0.319 -0.4 _ 3.9 0.006 2.1 nd

QTL03 G HORVU2Hr1G085000 -1.7 nd -2.1 0.007 -2.1 0.010 -1.6 0.305 -2.2 0.002 -0.9 nd -0.9 0.085 -1.7 0.224 -0.8 0.069 -1.4 0.064 -2.4 nd -1.1 0.108 -1.5 _ -1.4 0.040 -1.5 _ 0.8 nd 1.2 0.011 0.4 0.525 0.8 0.467 0.8 0.055 -0.7 0.344 1.0 0.037 0.6 nd 0.2 0.809 0.7 nd -1.5 nd -0.2 0.495 0.2 _ -0.6 0.080 -0.1 nd

QTL04 G HORVU4Hr1G034730 -0.4 nd -0.4 0.648 -0.4 0.564 0.1 0.293 -0.8 0.117 0.2 nd 0.4 0.691 1.6 0.193 0.9 0.108 0.4 0.549 0.6 nd 0.7 0.019 0.7 _ 2.4 0.002 -0.5 _ 0.5 nd 0.7 0.554 2.0 0.176 0.8 0.133 1.3 0.150 0.9 0.416 1.0 0.354 1.2 nd 2.3 0.003 0.4 nd 0.4 nd 0.3 0.788 -0.9 _ 1.5 0.166 -0.9 nd

QTL04 G HORVU4Hr1G021390 0.0 nd -1.0 0.423 1.6 0.293 0.4 0.423 1.0 0.312 _ nd -1.0 0.423 0.3 0.698 1.0 _ -0.2 0.870 1.0 nd -1.0 0.423 0.0 _ -1.2 0.038 0.6 _ _ nd 0.0 1.000 -1.3 0.312 0.6 0.423 -1.2 0.515 1.0 0.423 0.0 1.000 -1.6 nd -1.6 0.051 -0.4 nd _ nd 0.0 1.000 -0.3 _ -2.2 0.020 0.8 nd

QTL04 G HORVU4Hr1G054200 -3.1 nd -1.4 0.074 0.7 0.522 0.0 0.982 -0.5 0.404 0.3 nd 2.2 0.060 1.7 0.206 0.2 0.740 -0.5 0.480 -0.1 nd -0.1 0.958 0.5 _ 1.7 0.207 -1.7 _ 3.4 nd 3.5 0.030 1.0 0.528 0.3 0.883 0.0 0.942 3.1 0.047 1.3 0.169 -0.2 nd 1.7 0.559 -1.3 nd -0.4 nd -2.2 0.306 -1.2 _ 1.4 0.014 -1.2 nd

QTL04 G HORVU4Hr1G022780 -2.0 nd -2.0 0.007 -1.5 0.199 -1.2 0.352 -1.5 0.177 0.4 nd -0.7 0.201 0.2 0.599 -0.3 0.080 -0.1 0.794 0.9 nd -0.5 0.022 -0.2 _ 0.2 0.003 -0.5 _ 2.5 nd 1.2 0.034 1.7 0.169 0.9 0.438 1.4 0.190 2.9 0.015 1.5 0.009 1.3 nd 1.4 0.318 1.0 nd 0.4 nd 0.2 0.541 -0.4 _ 0.5 0.039 -0.4 nd

QTL04 G HORVU4Hr1G040730 -0.4 nd -0.8 0.121 -0.5 0.161 0.5 0.522 0.3 0.720 0.9 nd -0.2 0.752 0.9 0.417 2.0 0.151 1.8 0.207 0.8 nd 1.9 0.059 4.4 _ 0.2 0.805 0.7 _ 1.3 nd 0.6 0.338 1.4 0.171 1.6 0.057 1.6 0.047 1.2 0.109 2.8 0.049 4.9 nd -0.2 0.809 0.4 nd -0.2 nd 2.1 0.185 3.5 _ -1.8 0.289 -1.1 nd

QTL04 G HORVU4Hr1G044040 2.8 nd 3.0 0.002 1.9 0.280 0.2 0.583 0.3 0.530 0.0 nd 0.5 0.490 -1.3 0.178 -1.0 0.070 -1.4 0.053 1.6 nd 1.0 0.264 0.2 _ -0.1 0.795 0.3 _ -2.9 nd -2.5 0.238 -3.1 0.048 -1.2 0.060 -1.7 0.030 -1.2 0.391 -2.0 0.392 -1.7 nd -0.3 0.392 0.0 nd 1.7 nd 0.5 0.692 1.4 _ 0.9 0.052 1.7 nd

QTL04 G HORVU4Hr1G054970 -0.3 nd -0.4 0.429 0.0 1.000 -0.1 0.832 0.5 0.544 0.5 nd 0.1 0.763 0.6 0.187 -0.5 0.191 1.1 0.333 0.4 nd -1.0 0.243 -0.8 _ 1.9 0.044 1.9 _ 0.7 nd 0.6 0.201 0.6 0.188 -0.4 0.533 0.6 0.470 0.6 0.094 -0.5 0.394 -0.8 nd 2.0 0.200 1.4 nd -0.1 nd -1.1 0.183 -1.4 _ 2.4 0.048 0.8 nd

QTL04 G HORVU4Hr1G039160 -0.9 nd -0.5 0.238 -0.3 0.698 0.7 0.594 0.9 0.263 -1.0 nd -0.1 0.860 -1.3 0.198 0.2 0.808 2.9 0.012 0.0 nd -0.9 0.423 1.0 _ 1.4 0.294 0.4 _ -0.1 nd 0.4 0.564 -1.0 0.300 -0.5 0.689 2.1 0.285 0.9 0.159 -0.4 0.679 1.3 nd 0.7 0.642 -0.4 nd 1.0 nd -0.8 0.505 2.3 _ 1.2 0.255 -2.5 nd

QTL04 G HORVU4Hr1G043630 0.5 nd 0.3 0.451 0.1 0.928 0.1 0.891 -1.0 0.410 2.8 nd 0.1 0.920 0.1 0.698 2.6 0.051 1.2 0.207 -0.7 nd 2.6 0.060 0.8 _ 0.2 0.849 -0.4 _ 2.3 nd -0.2 0.877 0.1 0.924 2.5 0.262 2.2 0.259 -1.1 0.443 2.3 0.030 0.7 nd 0.1 0.950 0.6 nd -3.5 nd 2.5 0.383 0.7 _ -2.4 0.360 -1.5 nd

QTL04 G HORVU4Hr1G029240 _ nd _ 0.095 2.3 _ _ 0.038 _ 0.423 _ nd _ 0.095 3.3 0.012 _ 0.038 _ 0.423 _ nd _ 0.095 2.3 _ _ 0.038 _ _ _ nd _ _ 1.0 0.423 _ _ _ _ _ _ _ _ 0.0 nd _ _ _ nd _ nd _ _ -1.0 _ _ _ _ nd

QTL04 G HORVU4Hr1G027180 0.2 nd 1.5 0.328 1.4 0.302 1.9 0.141 1.3 0.053 0.8 nd 2.1 0.266 0.3 0.842 -0.5 0.366 -0.3 0.596 1.8 nd 0.1 0.950 0.3 _ 3.2 0.107 1.9 _ 0.7 nd 0.6 0.293 -1.1 0.498 -2.4 0.041 -1.5 0.120 1.7 0.306 -1.4 0.509 -1.1 nd 1.3 0.180 0.6 nd 1.0 nd -2.0 0.435 0.0 _ 3.7 0.035 2.2 nd

QTL04 G HORVU4Hr1G037050 _ nd _ _ 1.0 0.423 _ _ -1.0 0.423 _ nd _ 0.043 -5.1 0.063 -5.0 0.001 -6.0 0.000 _ nd _ 0.111 -4.8 _ -4.3 0.063 -3.3 _ -6.0 nd -4.8 0.046 -6.1 0.062 _ 0.001 -5.0 0.000 -4.7 0.054 -5.0 0.117 -5.8 nd _ 0.057 -2.3 nd 1.3 nd -0.2 0.745 0.4 _ 0.7 0.126 2.7 nd

QTL04 G HORVU4Hr1G052290 -0.4 nd -1.6 0.110 0.3 0.468 -0.3 0.740 1.0 0.027 0.5 nd -0.7 0.593 -0.3 0.468 0.4 0.755 1.2 0.129 2.4 nd 2.0 0.020 1.5 _ 1.6 0.260 2.0 _ 0.9 nd 0.9 0.356 -0.6 0.035 0.7 0.595 0.2 0.779 2.7 0.089 3.6 0.061 1.2 nd 1.9 0.280 1.0 nd 1.8 nd 2.7 0.281 1.8 _ 1.2 0.517 0.8 nd

QTL04 G HORVU4Hr1G030980 -0.5 nd -0.1 0.910 1.0 0.141 0.3 0.233 -0.5 0.047 0.2 nd -0.6 0.679 0.7 0.247 4.2 0.016 1.4 0.111 1.5 nd 1.4 0.450 3.9 _ 1.7 0.139 3.5 _ 0.6 nd -0.5 0.656 -0.3 0.702 3.8 0.003 1.8 0.050 2.0 0.112 1.5 0.074 3.0 nd 1.4 0.212 4.0 nd 1.3 nd 2.0 0.297 3.2 _ -2.5 0.451 2.2 nd

QTL04 G HORVU4Hr1G052260 5.2 nd 4.5 0.015 4.6 0.046 2.4 0.005 2.4 0.089 6.5 nd 5.3 0.015 _ 0.042 5.9 0.002 5.8 0.047 5.9 nd 5.7 0.014 _ _ 5.9 0.002 3.6 _ 1.3 nd 0.8 0.609 _ 0.095 3.4 0.058 3.4 0.345 0.7 0.592 1.2 0.333 _ nd 3.4 0.052 1.1 nd -0.6 nd 0.4 0.831 _ _ 0.0 1.000 -2.3 nd

QTL04 G HORVU4Hr1G031060 -0.6 nd -0.8 0.019 -0.2 0.535 -0.1 0.342 -0.5 0.173 -0.2 nd -0.5 0.077 0.2 0.516 0.3 0.053 -0.3 0.465 1.1 nd 1.5 0.021 2.7 _ 1.3 0.012 0.6 _ 0.5 nd 0.4 0.120 0.5 0.160 0.4 0.088 0.2 0.556 1.8 0.029 2.4 0.010 2.9 nd 1.4 0.021 1.1 nd 1.3 nd 2.0 0.020 2.4 _ 1.0 0.028 0.8 nd

QTL04 G HORVU4Hr1G035670 1.5 nd 0.7 0.228 1.4 0.183 1.0 0.179 1.0 0.213 0.8 nd 0.2 0.686 0.6 0.466 2.4 0.082 0.0 1.000 -1.5 nd 1.0 0.138 2.3 _ 0.1 0.756 -1.6 _ -0.6 nd -0.6 0.294 -0.8 0.438 1.4 0.005 -1.0 0.472 -3.0 0.269 0.2 0.595 0.9 nd -0.9 0.011 -2.6 nd -2.3 nd 0.8 0.155 1.6 _ -2.3 0.003 -1.6 nd

QTL04 G HORVU4Hr1G046970 -1.4 nd 0.2 0.780 1.0 0.292 0.6 0.592 -0.7 0.689 -0.3 nd -0.2 0.806 0.4 0.649 2.1 0.273 -0.2 0.814 -1.6 nd 1.3 0.344 2.7 _ -0.2 0.816 -2.0 _ 1.1 nd -0.4 0.507 -0.5 0.625 1.5 0.146 0.5 0.792 -0.2 0.882 1.1 0.301 1.7 nd -0.8 0.150 -1.3 nd -1.3 nd 1.5 0.213 2.2 _ -2.3 0.025 -1.8 nd

QTL04 G HORVU4Hr1G051590 -1.0 nd 0.6 0.698 _ 0.145 1.3 0.095 2.2 0.296 0.0 nd 1.6 0.293 0.8 0.493 0.7 0.293 2.2 0.323 -2.0 nd -1.0 0.095 0.8 _ 1.3 0.095 _ _ 1.0 nd 1.0 0.698 _ 0.184 -0.6 0.423 0.0 1.000 -1.0 0.423 -1.6 0.184 _ nd 0.0 _ _ nd -2.0 nd -2.6 0.038 0.0 _ 0.6 0.423 _ nd

QTL04 G HORVU4Hr1G040510 _ nd 1.1 0.658 1.8 0.062 0.2 0.902 2.5 0.172 0.0 nd _ 0.423 -2.2 0.509 -3.7 0.014 -0.9 0.588 _ nd -1.7 0.573 -0.5 _ 1.0 0.019 2.9 _ _ nd _ 0.272 -4.1 0.442 -3.8 0.018 -3.4 0.313 _ _ -2.8 0.482 -2.3 nd 0.9 0.641 0.4 nd _ nd _ 0.423 1.8 _ 4.7 0.013 3.8 nd

QTL04 G HORVU4Hr1G023980 1.7 nd 1.8 0.238 0.0 1.000 -0.2 0.885 -2.5 0.047 1.3 nd 0.8 0.423 0.7 0.609 0.4 0.782 -3.0 0.404 _ nd 2.8 0.198 _ _ 0.4 0.836 _ _ -0.4 nd -1.0 _ 0.7 0.493 0.6 0.312 -0.5 0.762 _ 0.095 1.0 0.423 _ nd 0.6 0.671 _ nd _ nd 2.0 0.095 _ _ 0.0 1.000 _ nd

QTL04 G HORVU4Hr1G025470 0.7 nd 0.9 0.517 0.8 0.462 0.2 0.845 -0.9 0.083 0.7 nd 1.2 0.437 0.7 0.556 1.2 0.266 -1.6 0.293 -1.5 nd 1.0 0.463 0.4 _ -1.3 0.194 -4.1 _ 0.0 nd 0.4 0.518 -0.1 0.944 1.0 0.371 -0.6 0.516 -2.2 0.004 0.2 0.373 -0.4 nd -1.5 0.178 -3.1 nd -2.2 nd -0.2 0.760 -0.3 _ -2.5 0.099 -2.5 nd

QTL04 G HORVU4Hr1G035330 -2.2 nd -1.6 0.051 -2.9 0.023 -2.5 0.001 -2.9 0.014 _ nd 1.6 0.293 _ _ 1.6 _ _ 0.095 _ nd _ 0.095 _ _ _ _ _ _ _ nd 3.2 0.030 _ 0.017 4.1 0.001 _ 0.008 _ 0.214 _ 0.012 _ nd _ 0.001 _ nd _ nd _ 0.423 _ _ _ _ _ nd

QTL04 G HORVU4Hr1G041600 -0.1 nd -1.1 0.028 0.5 0.572 0.3 0.439 0.1 0.795 0.3 nd -0.4 0.491 0.7 0.493 2.9 0.051 0.5 0.608 0.0 nd 0.9 0.098 3.5 _ 0.0 0.944 -0.5 _ 0.4 nd 0.7 0.143 0.3 0.689 2.5 0.000 0.4 0.699 0.1 0.824 2.0 0.008 3.0 nd -0.3 0.003 -0.6 nd -0.3 nd 1.3 0.149 2.7 _ -2.9 0.000 -1.0 nd

QTL04 G HORVU4Hr1G046350 -1.4 nd 0.1 0.925 -0.6 0.752 -3.2 0.449 -0.3 0.830 2.4 nd 2.2 0.167 -1.1 0.636 -2.0 0.339 2.8 0.454 -0.1 nd 0.0 1.000 -1.7 _ -3.0 0.412 2.4 _ 3.7 nd 2.1 0.103 -0.5 0.802 1.2 0.621 3.1 0.022 1.3 0.543 -0.1 0.925 -1.2 nd 0.2 0.926 2.7 nd -2.5 nd -2.2 0.167 -0.6 _ -1.0 0.628 -0.3 nd

QTL04 G HORVU4Hr1G034670 -0.4 nd 1.0 0.312 -1.0 0.497 0.2 0.831 1.2 0.106 -0.4 nd 0.8 0.423 -1.0 0.155 -0.3 0.667 -0.9 0.051 -0.7 nd 0.1 0.831 -0.7 _ -1.7 0.182 -0.8 _ 0.0 nd -0.2 0.808 0.0 1.000 -0.5 0.095 -2.1 0.019 -0.3 0.667 -0.9 0.155 0.3 nd -1.9 0.143 -2.0 nd -0.3 nd -0.7 0.333 0.3 _ -1.4 0.184 0.1 nd

QTL04 G HORVU4Hr1G049550 1.1 nd 0.1 0.633 0.2 0.684 -1.4 0.155 0.5 0.095 -0.3 nd -0.8 0.143 -0.7 0.655 -0.2 0.860 -0.3 0.312 -1.5 nd 0.2 0.849 0.3 _ -0.9 0.711 0.5 _ -1.4 nd -0.9 0.115 -0.9 0.596 1.2 0.130 -0.8 0.095 -2.6 0.019 0.1 0.912 0.1 nd 0.5 0.698 0.0 nd -1.2 nd 1.1 0.352 1.1 _ -0.7 0.759 0.8 nd

QTL04 G HORVU4Hr1G050560 -1.0 nd 0.3 0.782 -1.0 0.293 -0.2 0.592 -2.9 0.137 _ nd _ 0.027 _ 0.184 _ 0.067 1.0 0.698 -2.1 nd -0.1 0.808 -0.6 _ 2.5 0.095 -2.0 _ _ nd _ 0.238 _ 0.057 _ 0.006 3.9 0.111 -1.1 0.192 -0.4 0.698 0.4 nd 2.7 0.008 0.9 nd _ nd _ 0.049 _ _ _ _ -3.0 nd

QTL04 G HORVU4Hr1G055560 5.6 nd 5.1 0.002 4.2 0.003 5.3 0.000 _ 0.036 -0.3 nd -0.2 0.214 -0.2 0.633 -0.4 0.037 0.2 0.723 5.2 nd 4.1 0.002 4.0 _ 5.9 0.001 _ _ -5.9 nd -5.3 0.003 -4.4 0.039 -5.7 0.002 _ 0.059 -0.4 0.423 -1.0 0.293 -0.2 nd 0.6 0.698 _ nd 5.5 nd 4.3 0.003 4.2 _ 6.3 0.002 _ nd

QTL04 G HORVU4Hr1G030780 0.7 nd -0.9 0.065 0.6 0.344 -0.3 0.216 0.4 0.648 0.8 nd -0.5 0.488 0.1 0.931 2.9 0.015 -0.2 0.903 0.6 nd 1.4 0.093 2.4 _ 1.0 0.390 _ _ 0.1 nd 0.3 0.558 -0.6 0.570 3.2 0.003 -0.5 0.679 -0.1 0.942 2.2 0.015 1.8 nd 1.3 0.255 _ nd -0.2 nd 1.9 0.175 2.3 _ -1.9 0.497 _ nd

QTL04 G HORVU4Hr1G027940 0.1 nd -0.6 0.566 -0.3 0.686 -1.0 0.150 -0.7 0.409 0.2 nd -0.8 0.429 -0.4 0.761 1.9 0.148 -0.3 0.835 -1.6 nd 1.5 0.443 1.7 _ -1.5 0.194 -1.8 _ 0.1 nd -0.2 0.625 -0.1 0.911 2.9 0.043 0.5 0.644 -1.7 0.140 2.1 0.080 2.0 nd -0.5 0.513 -1.1 nd -1.8 nd 2.3 0.073 2.1 _ -3.4 0.106 -1.5 nd

QTL04 G HORVU4Hr1G024480 -0.6 nd 0.7 0.293 0.6 0.423 0.0 1.000 0.5 0.293 1.0 nd 0.3 0.698 0.6 0.698 -1.0 0.095 0.5 0.592 2.0 nd 0.7 0.293 -1.4 _ 1.6 0.293 _ _ 1.6 nd -0.4 0.698 0.0 1.000 -1.0 0.095 0.0 1.000 2.6 0.155 0.0 1.000 -2.0 nd 1.6 0.293 _ nd 1.0 nd 0.4 0.698 -2.0 _ 2.6 0.038 _ nd

QTL04 G HORVU4Hr1G046000 -0.7 nd -2.3 0.063 0.0 1.000 0.1 0.698 -0.2 0.633 _ nd _ 0.095 _ 0.359 _ 0.003 4.0 0.022 0.3 nd 0.0 1.000 2.7 _ -0.2 0.543 -2.1 _ _ nd _ 0.038 _ 0.049 _ 0.015 4.2 0.072 1.0 0.216 2.3 0.063 2.7 nd -0.3 0.465 -1.9 nd _ nd _ 0.095 _ _ _ 0.038 -6.1 nd

QTL04 G HORVU4Hr1G034030 6.0 nd _ 0.130 4.4 0.197 4.1 0.002 4.2 0.016 0.6 nd -1.3 0.323 0.8 0.529 1.6 0.001 -0.1 0.932 3.1 nd 5.3 0.135 5.0 _ 4.1 0.000 2.6 _ -5.4 nd _ 0.138 -3.6 0.132 -2.5 0.017 -4.3 0.132 -2.8 0.198 _ 0.423 0.6 nd 0.0 1.000 -1.6 nd 2.6 nd 6.6 0.141 4.2 _ 2.5 0.003 2.7 nd

QTL04 G HORVU4Hr1G054850 -0.9 nd -1.6 0.300 -0.2 0.662 -0.7 0.530 -0.4 0.523 -1.0 nd -1.3 0.244 -1.3 0.060 -1.0 0.044 0.2 0.804 0.3 nd -2.2 0.012 -2.0 _ -1.1 0.197 1.0 _ -0.1 nd 0.4 0.729 -1.0 0.082 -0.3 0.684 0.5 0.116 1.2 0.254 -0.5 0.467 -1.8 nd -0.5 0.602 1.4 nd 1.3 nd -0.9 0.158 -0.7 _ -0.2 0.753 0.9 nd

QTL04 G HORVU4Hr1G037240 0.6 nd -0.7 0.251 0.1 0.930 -0.5 0.179 0.2 0.676 0.9 nd -0.9 0.163 0.1 0.895 1.3 0.117 0.2 0.300 1.2 nd 2.3 0.120 2.6 _ -0.5 0.593 1.0 _ 0.3 nd -0.2 0.649 0.1 0.930 1.8 0.034 0.1 0.918 0.6 0.312 3.1 0.049 2.5 nd 0.0 1.000 0.8 nd 0.3 nd 3.3 0.037 2.4 _ -1.8 0.279 0.8 nd

QTL04 G HORVU4Hr1G025580 1.1 nd 1.0 0.487 1.0 0.401 0.0 0.959 -1.2 0.366 1.0 nd 1.4 0.413 1.3 0.351 1.9 0.300 -1.3 0.306 -1.2 nd 1.4 0.411 1.2 _ -0.4 0.661 -4.9 _ -0.1 nd 0.4 0.293 0.3 0.633 1.9 0.095 -0.1 0.913 -2.3 0.010 0.4 0.198 0.2 nd -0.3 0.553 -3.7 nd -2.2 nd 0.0 1.000 -0.1 _ -2.3 0.070 -3.6 nd

QTL04 G HORVU4Hr1G048540 -0.7 nd -1.2 0.130 1.1 0.432 -0.6 0.155 -0.2 0.860 0.0 nd -1.8 0.360 0.8 0.527 1.2 0.038 -1.2 0.579 -0.2 nd 0.8 0.423 1.5 _ -2.4 0.268 -1.7 _ 0.7 nd -0.6 0.612 -0.3 0.836 1.8 0.038 -1.0 0.596 0.5 0.312 2.0 0.027 0.4 nd -1.7 0.319 -1.6 nd -0.2 nd 2.6 0.296 0.7 _ -3.6 0.228 -0.6 nd

QTL04 G HORVU4Hr1G030420 -0.7 nd 0.0 1.000 0.7 0.451 -1.1 0.423 -0.5 0.106 0.0 nd -0.1 0.808 -0.5 0.412 0.0 1.000 -0.6 0.155 -0.3 nd 2.6 0.038 0.4 _ -0.6 0.038 -1.7 _ 0.7 nd -0.1 0.808 -1.2 0.093 1.1 0.428 -0.1 0.698 0.4 0.312 2.6 0.038 -0.3 nd 0.6 0.620 -1.2 nd -0.3 nd 2.7 0.067 0.9 _ -0.6 0.155 -1.1 nd

QTL04 G HORVU4Hr1G028720 -0.3 nd -0.6 0.000 -0.3 0.500 0.0 0.995 0.4 0.307 0.4 nd -0.3 0.060 0.1 0.874 -1.3 0.013 0.8 0.299 0.3 nd -0.7 0.303 -1.0 _ 1.0 0.155 2.0 _ 0.8 nd 0.4 0.021 0.4 0.476 -1.3 0.041 0.4 0.585 0.6 0.107 -0.1 0.911 -0.7 nd 1.0 0.269 1.6 nd -0.2 nd -0.4 0.457 -1.1 _ 2.2 0.007 1.2 nd

Salka vs WrenForum vs Gant Forum vs Salka Forum vs Wren Gant vs Salka Gant vs Wren
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Table 6-S3: List of the differentially expressed barley genes (HORVUs) within four quantitative trait loci (QTL) associated with variation in mature 

barley phenotypes. Genotypic DEGs (G) were determined by comparison of samples at equivalent developmental stages from four different 

genotypes: Forum, Gant, Salka and Wren. Temporal DEGs (T) were determined by comparison of samples at sequential developmental stages 

within individual genotypes. Genes were considered to be differentially expressed on the basis of greater than ±2 log2 fold change and p < 0.05. 

Expression data is presented in transcripts per million (TPM).  

QTL 
DEG 

category 
HORVU Annotation 

Tissue-specific 
maximum TPM 

Whole-pistil 
maximum TPM 

QTL1H_ES G HORVU1Hr1G008900 Chromosome 3B  scaffold cv Chinese Spring 19.8 22.8 

QTL1H_ES G HORVU1Hr1G009760 unknown function 8.8 0.7 

QTL1H_ES G HORVU1Hr1G010000 undescribed protein 209.9 5.5 

QTL1H_ES G HORVU1Hr1G010010 beta-glucosidase 47 35.9 11.7 

QTL1H_ES G HORVU1Hr1G010130 alcohol dehydrogenase 1 37.9 29.5 

QTL1H_ES G HORVU1Hr1G010240 undescribed protein 20 2.5 

QTL1H_ES G HORVU1Hr1G010940 Transmembrane protein putative 45.7 9.1 

QTL1H_ES G HORVU1Hr1G011240 Pentatricopeptide repeat 336 – mitochondrial Rf1 precursor protein 5.8 0.4 

QTL1H_ES T & G HORVU1Hr1G011270 Pentatricopeptide repeat 336 – mitochondrial Rf1 precursor protein 5.1 1 

QTL1H_ES G HORVU1Hr1G011310 undescribed protein 23.2 5.2 

QTL1H_ES T & G HORVU1Hr1G012660 unknown function 94.4 9.9 

QTL2H_NUC G HORVU2Hr1G026610 Protein CWC15-like protein A 13.3 7.5 

QTL2H_NUC G HORVU2Hr1G027020 unknown protein 21.6 9.6 

QTL2H_NUC G HORVU2Hr1G027230 Ribosomal protein L7Ae/L30e/S12e/Gadd45 family 9.3 4.4 

QTL2H_NUC G HORVU2Hr1G027360 H/ACA ribonucleoprotein complex subunit 4-like protein 1578.4 96.9 

QTL2H_NUC G HORVU2Hr1G027410 H/ACA ribonucleoprotein complex subunit 4-like protein 484 43.1 

QTL2H_NUC G HORVU2Hr1G027420 H/ACA ribonucleoprotein complex subunit 4-like protein 14.4 1 

QTL2H_NUC G HORVU2Hr1G027550 undescribed protein 37.9 31.6 
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QTL2H_NUC G HORVU2Hr1G027680 Haloacid dehalogenase-like hydrolase (HAD) superfamily 20.7 9 

QTL2H_OV G HORVU2Hr1G084400 Cyclin-dependent kinase G-2 10.4 2.4 

QTL2H_OV G HORVU2Hr1G084580 undescribed protein 179.8 2.5 

QTL2H_OV T & G HORVU2Hr1G084970 undescribed protein 14.7 1.6 

QTL2H_OV G HORVU2Hr1G085000 B-box zinc finger family protein 9.7 25.5 

QTL2H_OV G HORVU2Hr1G085020 His-rich AGP, HvHRA1 8547.7 50.1 

QTL2H_OV T & G HORVU2Hr1G085050 undescribed protein, co-expressed with HvHRA1 5795.9 28.7 

QTL2H_OV T & G HORVU2Hr1G085270 Chitinase 17.4 74.9 

QTL2H_OV G HORVU2Hr1G085400 undescribed protein 6 0.6 

QTL4H_INT T & G HORVU4Hr1G052450 Hexosyltransferase 36.3 5.8 

QTL4H_INT T & G HORVU4Hr1G040520 undescribed protein 10.2 20.3 

QTL4H_INT T & G HORVU4Hr1G054780 undescribed protein 10 5.8 

QTL4H_INT T & G HORVU4Hr1G055110 Core-2/I-branching beta-16-N-acetylglucosaminyltransferase family 30.6 1.2 

QTL4H_INT T & G HORVU4Hr1G021590 unknown function 7.6 0.6 

QTL4H_INT T HORVU4Hr1G035100 undescribed protein 21.5 11.8 

QTL4H_INT T HORVU4Hr1G021320 early nodulin-like protein 20 5.2 15.4 

QTL4H_INT T HORVU4Hr1G035540 undescribed protein 205.2 4.7 

QTL4H_INT T HORVU4Hr1G026150 alpha-L-arabinofuranosidase 2 143.1 18.6 

QTL4H_INT T HORVU4Hr1G042040 undescribed protein 421.2 0.6 

QTL4H_INT T HORVU4Hr1G054770 COBRA-like protein 7 62.7 54.8 

QTL4H_INT T HORVU4Hr1G054470 Long cell-linked locus protein 55 40.6 

QTL4H_INT T HORVU4Hr1G052660 NADH-quinone oxidoreductase subunit H 14.7 3 

QTL4H_INT T HORVU4Hr1G030730 undescribed protein 8.5 1.6 

QTL4H_INT T HORVU4Hr1G040350 undescribed protein 41 1.9 

QTL4H_INT G HORVU4Hr1G034730 undescribed protein 9.3 2.3 

QTL4H_INT G HORVU4Hr1G021390 HVA22-like protein J 12.4 0.5 

QTL4H_INT G HORVU4Hr1G054200 Adenine nucleotide alpha hydrolases-like superfamily 12.4 9.7 

QTL4H_INT G HORVU4Hr1G022780 Non-specific lipid-transfer protein 4 92.5 303.9 
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QTL4H_INT G HORVU4Hr1G040730 undescribed protein 29.9 3 

QTL4H_INT G HORVU4Hr1G044040 Nucleoside diphosphate kinase family 46.1 45.9 

QTL4H_INT G HORVU4Hr1G054970 Wound-induced protein 1 14.8 22.4 

QTL4H_INT G HORVU4Hr1G039160 undescribed protein 10.4 2.3 

QTL4H_INT G HORVU4Hr1G043630 undescribed protein 95.1 2.5 

QTL4H_INT G HORVU4Hr1G029240 undescribed protein 6 0.5 

QTL4H_INT G HORVU4Hr1G027180 proline transporter 1 151.1 15 

QTL4H_INT G HORVU4Hr1G037050 unknown function 5.7 3.5 

QTL4H_INT G HORVU4Hr1G052290 undescribed protein 14.7 4.9 

QTL4H_INT G HORVU4Hr1G030980 undescribed protein 20.3 6.1 

QTL4H_INT G HORVU4Hr1G052260 undescribed protein 169.1 14.6 

QTL4H_INT G HORVU4Hr1G031060 Paired amphipathic helix protein Sin3-like 3 11.1 5.7 

QTL4H_INT G HORVU4Hr1G035670 undescribed protein 7.7 16.1 

QTL4H_INT G HORVU4Hr1G046970 undescribed protein 80.6 8 

QTL4H_INT G HORVU4Hr1G051590 Pyruvate kinase family protein 47.2 0.5 

QTL4H_INT G HORVU4Hr1G040510 undescribed protein 6.5 48.7 

QTL4H_INT G HORVU4Hr1G023980 undescribed protein 55.8 1.2 

QTL4H_INT G HORVU4Hr1G025470 Senescence-associated protein 6.6 129.1 

QTL4H_INT G HORVU4Hr1G035330 Tryptophan synthase beta chain 2 10.7 1.8 

QTL4H_INT G HORVU4Hr1G041600 undescribed protein 22.9 8.9 

QTL4H_INT G HORVU4Hr1G046350 undescribed protein 29.4 13.5 

QTL4H_INT G HORVU4Hr1G034670 Retrotransposon protein, putative, unclassified 11.5 1.3 

QTL4H_INT G HORVU4Hr1G049550 transcription regulators 16.7 8.7 

QTL4H_INT G HORVU4Hr1G050560 undescribed protein 7.6 1.3 

QTL4H_INT G HORVU4Hr1G055560 unknown function 68.8 9 

QTL4H_INT G HORVU4Hr1G030780 undescribed protein 19.6 3.3 

QTL4H_INT G HORVU4Hr1G027940 CLIP-associated protein 824 8.7 

QTL4H_INT G HORVU4Hr1G024480 Double-stranded RNA-binding protein 7 35.2 0.4 
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QTL4H_INT G HORVU4Hr1G046000 undescribed protein 5.2 3.5 

QTL4H_INT G HORVU4Hr1G034030 undescribed protein 12 6.2 

QTL4H_INT G HORVU4Hr1G054850 Chaperone protein DnaJ 14.1 33.4 

QTL4H_INT G HORVU4Hr1G037240 Protein BRASSINOSTEROID INSENSITIVE 1 9.3 2.4 

QTL4H_INT G HORVU4Hr1G025580 mRNA RefSeq: XM_372959.1 9.7 42.3 

QTL4H_INT G HORVU4Hr1G048540 0 187 2.4 

QTL4H_INT G HORVU4Hr1G030420 undescribed protein 28.4 1.5 

QTL4H_INT G HORVU4Hr1G028720 xyloglucan endotransglucosylase/hydrolase 5 14 167.8 
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Thesis Summary  

 

Improving our fundamental knowledge of ovule development in cereal crops is important for 

understanding the processes underlying grain production, and will provide valuable 

information regarding the optimisation of female fertility to breeding programs globally. The 

ovule is key to grain production, yet research in Triticeae cereal crops has not thoroughly 

characterised (1) the genetic and molecular cues that regulate ovule development, (2) the 

significance of developmental processes occurring before fertilisation upon grain 

development, or (3) the significance of differences in ovule structure among various genotypes 

of individual cereal species. The research in this thesis has addressed ovule development in 

barley, identifying natural variation in ovule morphology, key reproductive phases, and 

candidate genes within genomic regions associated with variant ovule phenotypes. Further, 

this thesis has generated phenotypic and genetic resources that provide a fundamental 

platform for analysis of ovule development in barley, complementing similar resources 

currently emerging for other cereal crops.  

 

A major limitation of research into understanding ovule development in cereal crops is the 

technical difficulty in accessing the ovule tissue. This difficulty compromises observation of 

phenotypes, ability for accurate staging to be performed, and makes collection of sufficient 

ovule tissue for genetic or molecular analyses challenging. Historically, investigation of the 

internal structure of ovule morphology in cereal crops has been undertaken using microscopic 

techniques that rely on sectioning of material, such as histological staining with toluidine blue, 

transmission electron microscopy, and more recently, in situ hybridisation. While this 

information is valuable, sectioning is a time consuming technique, especially when considering 

that only a single ovule exists in each sample of cereal crops, and thus the study of ovule 

morphology in a large number of genotypes, mutants, or following various treatments has not 

been feasible. The adaption of a clearing method using Hoyer’s solution such that whole barley 
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pistils can be made sufficiently clear to allow observation of ovule structures using DIC light 

microscopy, as presented in Chapter 3, thus marks a significant technical advance. As 

demonstrated in Chapter 3 and subsequent chapters, this method may be used to process 

samples in a much more high-throughput manner than methods relying on sectioning, and the 

resolution of ovule structures is sufficient to capture phenotypic data that can identify genotypic 

variation in a population screen, as was undertaken in Chapter 4.  

 

In Chapter 4, mature ovule morphology was assessed in a population of 150 genotypes of 

European two-row spring barley. Analysis of images of cleared tissue revealed that several 

genotypes were not sampled correctly, as many examples of immature and fertilised ovules 

were identified, thus eliminating 23 genotypes from further assessment and suggesting that 

assessment of anther dehiscence may not be sufficient for precise staging of ovule maturity 

in all genotypes. The remaining 127 genotypes were used to establish the “average” 

phenotype of nine mature ovule features (traits), and thus identified several large and small 

outlier genotypes for each. Correlation analysis revealed that the embryo sac was the most 

variable ovule component, and it was less tightly coupled to overall ovule dimensions as 

compared to the correlation between the ovule and nucellus dimensions, suggesting that the 

germline cells may respond to more varied, or in a more variable manner to, developmental 

cues than the surrounding somatic nucellus. Further, there were few correlations between 

ovule and grain traits across the whole population, suggesting that under ideal growth 

conditions, pre-fertilisation variation in ovule development may not have a significant impact 

on grain morphology. However,s it must be acknowledged that this should be repeated with 

subsequent generations of the population, and under sub-optimal conditions. Analysis of ovule 

area in this population raised several questions. First, at what stage of growth do differences 

in ovule phenotypes appear? In the case of the nucellus, the size of ovule primordium may 

determine the number of cells in the young ovule and hence the size of the nucellus at 

reproductive maturity, or differences may appear with time. In contrast, the embryo sac in 
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every genotype arises as a single cell at a relatively late stage of ovule development, 

suggesting there must be a developmental stage at which variable embryo sac morphology 

becomes apparent. Second, how does variation in ovule tissues arise with respect to cell 

proliferation and cell expansion? In the case of the crassinucellate nucellus of barley, this 

could potentially arise through cell expansion, division or a combination of both. Third, what is 

the genetic basis for genotype-dependent differential regulation of cellular proliferation or 

expansion at a particular developmental stage, and is this sufficient to produce an “outlier” 

phenotype. While each of these questions could be addressed with developmental study of 

an individual genotype or a pair of genotypes, we made use of the whole population to screen 

for genomic regions that influence ovule development, by GWAS. The analysis suggests that 

most features of ovule development are controlled by multiple small-effect QTL. Only a few 

regions, associated with ~66 markers, made a significant contribution to the nine ovule traits, 

and many markers were associated with multiple traits. Markers tended to be grouped in six 

genomic regions, of which three were notable in containing markers with the strongest 

associations, and a fourth was notably enriched for markers associated with variation in 

integument width. Over 2000 genes were located within these four QTL. Further analysis of 

these loci might involve re-mapping with additional genetic markers to refine the QTL, or 

generation of bi-parental populations to assess the contribution of different alleles to ovule 

development. In the case of this study, an alternative method was used, based on 

transcriptional profiling.  

 

In Chapter 5, morphological phenotypes and transcriptional data were generated at five stages 

of ovule development in four genotypes with variant mature ovule morphology, thus 

establishing the resources required to begin addressing the questions raised in Chapter 4. 

Among the four genotypes, nine stages of ovule development were identified based on 

morphological features of several ovule tissues. These nine stages were aligned to a 

previously existing cereal floral staging scale, the Waddington scale, and thus may be used in 
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the future to improve the accuracy of staging female reproductive development in barley. 

Comparison of ovule tissue traits throughout development in the four genotypes revealed that 

while in some cases the initial tissue was reflected in the size of the tissue at maturity, this 

was not always true. Further, it was found that different genotypes appear to progress through 

reproductive development at different rates, attaining mature ovule size relatively early or late 

during the nine developmental stages. These results strongly suggest that there are multiple 

genotypically distinct regulatory processes governing ovule development, and that these may 

include signals that vary over time. This may explain why the GWAS study of Chapter 4 only 

identified small effect QTL for ovule traits, rather than a single prominent locus as has been 

detected for other traits in this panel. Although this diversity does not appear to impact ovule 

function or downstream seed development, the impact upon reproductive fitness in sub-

optimal conditions remains unclear.  

 

Variation was also observed within sub-domains of the ovule tissues of interest. 

Immunolabelling of cell wall polysaccharides on transverse semi-thin sections of ovules in the 

four genotypes was performed to address how cell proliferation and cell expansion contribute 

to growth of the nucellus and thus the ovule overall. In species such as Arabidopsis, this 

feature might normally be addressed through the use of fluorescent reporters, but such 

resources are either not available or not entirely feasible in barley. Despite this, the 

immunolabelling facilitated three remarkable findings, the first being the differentiation of the 

(non-epidermal) nucellus into two discrete domains, the inner and peripheral nucellus; the 

second being that the peripheral nucellus is responsible for driving nucellus growth through 

cell proliferation, and that the inner nucellus contributes toward nucellus growth through 

cellular expansion; the third being that the cell walls of the nucellus flanking the reproductive 

cells specifically contains de-methylesterified pectin, and that at later stages of development 

these cells differentiate into the inner nucellus. From the data presented, neither the role of 

the differentiated inner nucellus nor the reason for such a specific pattern of pectin 
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demethylesterification from such an early stage is clear. The observation of these features 

directly flanking the reproductive lineage suggests they may provide specific regulatory or 

mechanical support to guide development of the embryo sac. Alternatively, they may reflect a 

biochemical state that prevents initiation of additional reproductive cells. The origin of pectin 

methylesterase enzymes that presumably control the specific LM19 labelling is also unclear. 

Because no gene expression resources related to ovule development in barley were available 

to address this question, or their possible relevance to QTL identified in Chapter 4, RNA 

sequencing was undertaken to generate two transcriptional data sets.  

 

The first transcriptional data set described gene expression in whole pistils at five different 

stages of ovule development, in the four genotypes previously analysed in Chapter 5. The 

second transcriptional data set described gene expression in discrete ovule tissues, isolated 

using laser capture microdissection from a fifth genotype. Therefore, between the two sets of 

data, expression dynamics could be assessed throughout ovule development, compared 

between variant genotypes, and the specific localisation of gene expression could be 

assessed. Given the lack of knowledge regarding the fundamental processes regulating ovule 

development in barley, the utility of this data set was demonstrated by identification of the 

barley orthologues of genes known to influence ovule development in other species, such as 

the MADS-box transcription factors, and genes involved in auxin biosynthesis and transport. 

In the case of MADS-box genes, expression patterns of individual genes were generally similar 

between barley and rice, with the exception of a potential swap between MADS29 and 

MADS31 in terms of transcript abundance. This work thus confirms expression patterns of 

putative barley MADS-box genes, and provides information about the expression of these 

genes in wildtype genotypes that may be useful for designing and assessing future mutational 

studies to confirm the functionality of these genes. Analysis of the expression of genes 

involved in auxin signalling indicated that auxin signalling is generally more abundant at earlier 

stages of ovule development than late, and that the embryo sac is highly involved in auxin 
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signalling. Tissue- and timepoint-specific regulation of members of gene families within the 

ovule was observed, such as expression of HvPIN1c within the pooled nucellus and embryo 

sac sample at Stage 4 as compared to expression of HvPIN1a within the egg apparatus and 

central cell. A discrete group of genes was observed to be specific to the ovary, suggesting 

that while auxin signalling is simultaneously occurring in the ovary and the ovule, and 

potentially between the two organs, the mechanisms of signalling and likely the responses 

elicited are different. Notably, the two genes found to be expressed within the chalaza, HvTIR1 

and HvIAA3, were highly abundant, which may indicate either that this tissue has a very 

specific role in auxin signalling, or that the barley orthologues for other components of the 

auxin signalling machinery in this tissue are yet to be identified. As such, further study is 

required to identify and functionally characterise additional genes involved in auxin signalling 

in barley, and this dataset may be used as a reference point for future work. Expression 

analysis of genes underlying pectin biosynthesis and modification was also examined, 

revealing (in a similar manner to the auxin pathway), discrete groups of genes specifically 

expressed within the embryo sac, or within the surrounding somatic tissues. While expression 

of genes involved in auxin signalling was found to be greater at the earliest stage observed, 

Stage 4, in both the embryo sac and the somatic tissues, expression of pectin-related genes 

was found to be abundant and dynamic at all three stages observed. Notably, the discrete 

tissues within the embryo sac, the egg and central cell, and the antipodal cell cluster, were 

found to have distinct expression profiles of pectin methylesterase inhibitors (PMEIs) and 

pectinesterases (PEs), suggesting a strong signal for synthesis and methylesterification of 

pectin, while the nucellus was slightly biased toward expression of pectin methylesterases 

(PMEs), consistent with LM19 labelling. While further data is required to draw firm conclusions, 

in conjunction with the pattern of pectin de/methylesterification within the nucellus cell walls 

revealed by immunolabelling, this data suggests that there may be an antagonistic relationship 

between the embryo sac and the inner nucellus, whereby a balance between 

methylesterifciation and demethylesterification contributes to growth and cell identity. Given 
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previous associations between auxin signalling and the products of pectin degradation, which 

are released from demethylestereified pectin, future work may reveal a key role for a 

relationship between these two systems in regulating ovule development in barley, or give 

insight into the specific role of the inner nucellus in supporting successful maturation of the 

embryo sac. Taken together, Chapter 5 demonstrates morphological and transcriptional data 

that will be a valuable tool for future work charcterising ovule development in barley, and 

assessing functional conservation of orthologues genes identified in other species.  

 

In order to identify novel genes involved in ovule development, a differential expression 

analysis was performed in Chapter 6. Comparison of the expression levels of genes within 

QTLs identified in Chapter 4 at different stages of ovule development, and between variant 

genotypes revealed differential expression of 82 genes. Of these, functional annotations 

gathered from genomic annotation resources suggested a small selection of interesting 

candidate genes from three QTL regions. These include a putative orthologue of the precursor 

to OsRF1, a component of male cytoplasmic sterility in rice, as a candidate influencer of 

embryo sac area; three putative H/ACA ribonucleoprotein complex subunit 4 genes involved 

in post-transcriptional gene regulation, as candidate influencers of nucellus area; and an 

arabinogalactan protein known as HvHRA1 as a candidate influencer of overall ovule area. 

Additionally, several unannotated genes were identified and may be considered novel 

candidates influencing ovule development. Tissue-specific expression data indicated that 

these differentially expressed candidate genes are likely to affect the associated ovule 

phenotype indirectly, either by inducing developmental cues that are cell-to-cell mobile, or by 

initiating a regulatory change early in development that subsequently causes variation of 

tissue developmental progress.  

 

Overall, this thesis presents a morphological and transcriptional description of the developing 

barley ovule, compiled from a combination of microscopic, molecular and bioinformatic 
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analyses with the aim of genetically and phenotypically quantifying variation in barley ovule 

development. In summary, the findings indicate that: (1) details of ovule structure within whole-

mounted cereal floral tissue may be observed using light microscopy; (2) the cell walls of 

nucellus cells flanking the female reproductive lineage specifically contain demethylestereified 

homogalacturonan, and as development progresses the nucellus differentiates into discrete 

domains; (3) both overall ovule morphology, and the individual contribution of discrete ovule 

tissues varies among genotypes of barley. Further, the size of the nucellus and embryo sac 

may only have a small impact grain development under ideal conditions; (4) multiple regions 

of the genome are associated with variation in mature ovule morphology, and within these 

regions several candidate genes are differentially expressed between “large” and “small” ovule 

genotypes. This thesis also establishes fundamental resources for future investigation of ovule 

development in barley, including: (1) a microscopic technique; (2) morphological 

developmental staging references for wildtype genotypes with naturally variant ovule 

developmental programs;  (3) two transcriptional data sets characterising both tissue-specific 

gene expression within the ovule, and the transcriptional profiles of whole pistils from four 

genotypes at five developmental stages. In conclusion, the work presented in this thesis will 

facilitate future translation of knowledge of the molecular and genetic cues influencing ovule 

development between species, and thus contributes to future efforts of improving cereal crop 

production.  

 

Future Perspectives  

 

Optimisation of cereal crop yield is a core aim of global plant breeding efforts, and it is likely 

to become imperative for ensuring food security in future years as the global population grows 

and environmental conditions become more challenging. This thesis demonstrates that it is 

possible to investigate the intimate details of female reproduction in barley and provides initial 

fundamental resources to do so. This thesis also leaves several questions regarding ovule 



 

309 

 

development to be answered. As such, future avenues of investigation may include the 

following:  

1) What are the genes required for ovule initiation and development in barley?  

Genetic and molecular factors required for ovule initiation and development have been widely 

studied in Arabidopsis, rice and maize. As demonstrated in this study, knowledge from other 

systems may be utilised to broadly identify similar genes in barley. Following this study, there 

is enormous scope for utilisation of the transcriptional data presented in confirmation of the 

expression patterns of putative orthologues of genes identified in other species, that may be 

used as a proof of concept alongside, or as an alternative to, other techniques such as in situ 

hybridisation, before time and money is invested in generation of transgenic plants. The data 

presented also provides several candidate genes for non-lethal regulation of ovule 

developmental processes, which may be investigated with transgenic overexpression or 

CRISPR/Cas9 lines, or used as bait further co-expression analysis of the transcriptional data 

in order to identify other components of the regulatory pathways that lie outside of the identified 

QTL. Identification of genes both required for successful ovule development, and influential in 

regulation of these processes, may be useful in the future for understanding and optimising 

ovule development in barley for survival under sub-optimal environmental conditions.  

 

2) What is the role of the nucellus specifically with regard to development of the initial 

functional megaspore into the mature embryo sac?  

The roles of the nucellus during initiation of the female reproductive lineage at the beginning 

of ovule development, and as a transfer tissue to support filling of the endosperm with 

nutrients, have been characterised in diverse species. Meanwhile, the function of the nucellus 

throughout maturation of the embryo sac is less clearly defined. Logically, communication of 

developmental signals and transfer of nutrients would occur between the two tissues, as the 

nucellus completely surrounds the embryo sac. Data presented in this thesis regarding 

expression of auxin signalling pathways and pectin remodelling may be seen to support this 
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hypothesis, however, this exchange has yet to be characterised. Thus, in the future, the 

transcriptional data presented in this study may be used to identify expression of components 

of cell-to-cell signal transduction pathways. Additionally, future work may consider isolation of 

the inner and peripheral nucellus, in order to elucidate the reason for differentiation of the inner 

nucellus and its significance to development of the embryo sac.  

 

3) To what extent do pre-fertilisation developmental processes in the embryo sac and 

maternal tissue influence grain development under normal conditions?  

While three-dimensional and whole pistil traits were not addressed in this study, they may be 

considered in future studies addressing the relationship between the ovule and grain 

morphology. Future work may also consider using the current data to compare differential 

tissue morphology and gene expression among smaller subsets of the genotypes, particularly 

those showing extreme variation in grain qualities. This may also include increasing the 

number of grain traits assessed, and including compositional analyses to assess whether 

nutritional aspects of grain, such as the relative proportions of protein and carbohydrates, are 

influenced by developmental factors. Further, future study may consider analysis of ovule and 

grain traits over several generations, in order to assess the heritability of traits over 

generations, and to contribute resources for study of the epigenetic components of grain 

development.  

 

4) How does each component of the ovule respond to environmental stress?  

The ovule is known to be more resilient to environmental stresses than pollen, however the 

underlying reasons why have not been determined. Further, studies have generally measured 

the overall effect upon the ovule, or even pistil, as whether or not female fertility is maintained, 

without assessing the specific factors contributing toward survival or abortion. As such, both 

the morphological and transcriptional data presented in this study provide a reference point 

for normal ovule developmental processes among naturally variant genotypes, with which 
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future studies involving drought, heat, or salt stress may be compared. Study of this nature, 

involving drought stress, is currently being pursued at the University of Adelaide, guided by 

the data presented in this thesis.  

 

5) Development of future tools  

This study provides genetic resources that may be used to begin selection of appropriate 

genes for use driving fluorescent reporters, and transgenic constructs in a tissue specific 

manner. These resources would be valuable for future studies as it would facilitate both the 

generation of CRISPR/Cas9 or overexpression mutants for functional characterisation of 

candidate genes, and greatly improve our ability to assess the subsequent consequences to 

ovule morphology.  
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Figure 7-1: Schematic model integrating data from Chapters 4, 5 and 6. Annotations: i. Expression of the QTL1H_ES candidate PRR-336 in the 

nucellus/ES at Stage 4; ii. Expression of the QTL2H_NUC candidate H/ACA snoRNPs in the nucellus/ES at Stage 4; iii. Expression of 

pectinmethylesterase within the nucellus/ES at Stage 4; iv. Expression of PIN1c, ARF4c, ARF18, ARF21, AFB3, and AFB4 in the nucellus/ES at 

Stage 4; v. Expression of the MADS-box Bsister genes MADS29 and 31 within the nucellus/ES at Stage 4 vi. Expression of PE in the ES and 

ACC, PMEI in the ES, and PME in the ECC at Stage 5; vii. Expression of IAA1, PIN1a, and ARF19 in the ES and ECC at Stage 5; vii. Expression 

of MADS13, MADS21, MADS7 and MADS32 in the integuments at Stage 5; ix. Expression of the QTL2H_OV candidate HvHRA1 in the antipodal 

cells at Stage 7; x. Expression of PME in the ECC and PE in the ACC at Stage 7; xi. Expression of TIR1 and IAA3 in the Chalaza (not shown on 

schematic) at Stage 7; xii. Expression of AGL1 in the ECC and MADS21 in the integument at Stage 7.  
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Exploring the role of the ovule in cereal grain development and reproductive 

stress tolerance 
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Abstract: Maintaining and enhancing grain production in cereal crops is a key pri- 
ority for global research efforts. The formation of floral organs impacts the number 
and quality of grain produced, and is an important component of cereal yield. The 
grain is derived predominantly from the ovule, a multifunctional tissue located in 
the ovary of the flower that specifies and nurtures the female germline, pro- duces 
a female gametophyte, and supports embryo and endosperm development after 
fertilisation. Grain cannot form without successful production and fertilisa- tion 
of the female gametophyte, and the stages of floral development encompass- ing 
gametophyte formation are particularly sensitive to environmental fluctua- tions. 
A deeper fundamental understanding of female reproductive development from 
a tissue- and cell-type-specific perspective may provide opportunities to sus- tain 
and increase grain yields. In this article, we consider flower and ovule devel- 
opment, with a particular focus on pre-fertilisation stages in cereals and their role 
in stress tolerance and downstream grain formation. 

Keywords: ovule, ovary, development, nucellus, cereal, grain, programmed cell 

death, fertilisation, stress 
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1 The Plant Ovule: Where, What, and Why? 

Plant reproduction in angiosperms begins with the formation of a flower and ends 
with the formation of seed. In general, the floral organs of both monocot and dicot 
species are arranged similarly, forming rings (whorls) that surround the central 
reproductive structures (Figure 1). Distinct differences can be found, however, in 
the identity, arrangement, and the number of organs present in each whorl. In 
dicot species such as Arabidopsis thaliana (Arabidopsis), the outer whorls form 
sepals and petals (Figure 1a), whereas in monocot species such as Hordeum vulgare 
(barley) they are occupied by the palea and lemma (Figure 1b). The inner whorls 
consist of the stamens, which support the anthers, and carpels, which house the 
ovule(s). The number    of floral organs varies between species. Arabidopsis 
flowers produce two carpels that fuse to form the pistil, six stamens, four petals, 
and four sepals. Florets of barley and Triticum aestivum (wheat) consist of a single 
pistil, which terminates in two styles, three stamens, and two lodicules, enclosed 
by two 

 

−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−→ 

Figure 1 Flower and ovule development in Arabidopsis and barley. (a) In Arabidopsis, a 
representative of the dicots, the flower is arranged into concentric whorls of organs, each  of 
which fulfils a specific role during reproductive development. The female reproductive organs are 
located in the centre of the flower. (b) In barley, a member of the monocots, a whorl arrangement 
is also present, but organ types differ from those in Arabidopsis and show distinct identity relative 
to their position in the flower. The female reproductive organs are present in the centre of the 
flower. (c) Ovule development in Arabidopsis initiates from the placenta (at the junction of the 
two carpels) and requires the establishment of three distinct domains, the nucellus (which 
produces the germline), the chalaza (which produces the integuments), and the funiculus (which 
connects the ovule     to the placenta and maternal plant). The nucellus can be divided into 
epidermal and 

sub-epidermal cell types. The accompanying legend uses colour coding to indicate the identity 
of the different cell types. (d) As the ovule grows, the megaspore mother cell undergoes meiosis 
to produce four megaspores in a linear or tetrahedral arrangement. The proximal megaspore 
initiates female gametophyte development. (e) At anthesis, the female gametophyte contains 
seven cells that represent four distinct cell types. The nucellus is restricted mainly to the chalazal 
end of the female gametophyte and is heavily reduced compared to species such as barley. (f) 
During early stages of ovule development in barley, the ovule appears similar to that of 
Arabidopsis, as indicated by the similar shading colours. However, a true funiculus is lacking, and 
the chalaza connects directly to the placental tissue. (g) As ovule development continues, the 
nucellus proliferates and expands, forming the bulk of the ovule. (h) Barley, similar to 
Arabidopsis, produces a Polygonum-type female gametophyte containing four different cell 
types. However, unlike Arabidopsis, the central cell nuclei do not fuse prior to fertilisation, and 
the antipodals continue proliferating independently of other gametophyte cells. se, sepal; pe, 
petal; st, stamen; ov, ovule; ca, carpel (ovary); sti, stigma; an, anther; pd, pedicel; le, lemma; pa, 
palea; lo, lodicule; gl, glume; ra, rachis; fg, female gametophyte; mmc, megaspore mother cell; 
lc, locule; mp, micropyle; ch, chalaza. 
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‘empty glume’ organs, the palea and lemma (Figure 1b; De Vries, 1971). The Oryza 
sativa (rice) floret is similar except that it includes six stamens (Itoh  et al., 2005). 
Zea mays (maize) florets initiate development of three carpels, which fuse to form 
a single pistil that bears two silks, three stamens, and two lodicules, enclosed by the 
palea and lemma. However, during maturation, maize inflorescences become 
monoecious, meaning florets on the tassel abort the pistil, becoming male, and 
florets on the ear abort the stamens, becoming female (Bonnett, 1940; Nickerson, 
1954). Despite this inter-species variation, a common feature within the cereals is 
the development of a single ovule within each pistil. 

The ovule is located in the ovary and at maturity consists of a haploid embryo 
sac (female gametophyte, FG) surrounded by diploid maternal nucel- lus tissue and 
one or two integuments (Figure 1c–h). Both Arabidopsis and barley ovules are 
bitegmic, meaning that two integuments form around the ovule, eventually giving 
rise to the seed coat. The mature FG is composed of an egg cell, two synergid cells, 
two polar nuclei within the central cell, and a cluster of between 3 (Arabidopsis) 

and ∼100 (maize) antipodal cells (Diboll, 1968; Engell, 1994; Evans and 
Grossniklaus, 2009). The FG is located towards the distal, micropylar end of the 
ovule and oriented such that the synergids, egg cell, and central cell are most 
proximal to the micropyle. The synergid cells lack a complete cell wall whereby 
the plasma membrane con- tacts that of the egg cell (Jensen, 1973). The role of the 
synergids is to guide the pollen tube towards the ovule, and upon pollen burst the 
egg cell and the polar nuclei are both fertilised, giving rise to the zygote and the 
endosperm (Higashiyama et al., 2001). The enlarged, persistent nucellus and a high 
num- ber of antipodal cells are a distinguishing feature of cereal ovules compared 
to the three antipodal cells and reduced nucellus of Arabidopsis (compare Figure 
1e and h). 

 
1.1 Genes involved in ovule development 

Using forward and reverse genetics, diverse genes have been identified that 
influence ovule development. Table 1 lists a number of these from different 
species, dividing them into categories based on their role in floral meristem 
development, ovule formation and patterning, germline formation, and early 
gametophyte development. Many of these genes are potentially useful for the 
modification of flower, ovule, and seed development, affecting seed mor- phology 
or yield, and this has been discussed in various reviews (Cucinotta et al., 2014; Itoh 
et al., 2005; Noman et al., 2017). For the purposes of this arti- cle, we will mainly 
consider genes involved in the development of the most prominent somatic tissue 
within the ovule, the nucellus. The nucellus plays a multifunctional role in 
providing signals to support germline development prior to fertilisation, as well as 
establishing an environment that sustains and 

 

 



 

321 

 

 

 

 
 
 
 
 
 
 

 
Table 1 Selected genes involved in flower, ovary, and ovule development in species including Arabidopsis, rice, wheat, and maize.  

 
Meristem 
development 

KNOTTED1 Z. mays HD TF Regulator of meristem 
development 

Additional carpels, 
altered ovule nucellus 
growth 

Kerstetter et al. 
(1997) 

SUPERWOMAN 
(OsMADS16) 

O. sativa MADS TF (AP3)    Regulator  of 
whorl-specific 
proliferation 

Stamens and lodicules 
transformed into carpels 
and palea-like organs, 
altered ovule nucellus 
growth 

Nagasawa et al. 
(2003) 

SILKY1 Z. mays MADS TF (AP3) Regulator of 
whorl-specific 
proliferation 

 

TaMADS51 T. aestivum MADS TF (AP3)   Regulator of 
whorl-specific 
proliferation 

Stamens and lodicules 
transformed into carpels 
and palea/lemma-like 
organs 
Stamens transformed 
into pistil-like structures 

Ambrose et al. 
(2000), Whipple 

et al. (2004) 
 

Yamada et al. 
(2009), Zhao et al. 
(2006) 

PHOTOPERIOD 
DETERMINANT 1 

 
INDETERMINATE 
FLORAL APEX1 

T. aestivum PRR Regulator of circadian 
clock 

 

Z. mays YABBY TF Regulator of meristem 
determinacy 

Modified architecture, 
additional paired 
spikelets (acts via FT) 
Increased spikelets, ovule 
primordia 

Boden et al. (2015) 

 

Laudencia- 
Chingcuanco and 
Hake (2002), 
Strable et al. 
(2017) 

Reference Impact of altered 
function 

Function Type Species Gene Class 
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Table 2 (continued) 

 
TASSEL SEED 1 
and 2 

Z. mays Putative alcohol 
dehydrogenase 

Regulator of tassel 
pistil abortion 

Carpels in tassel survive Irish (1997) 

TASSEL SEED 4 
and 6 

Z. mays miR172 Regulator of meristem 
development 

Additional florets, tassel 
pistils, floral meristem 
indeterminacy 

Chuck et al. (2007) 

REQUIRED TO 
MAINTAIN 
REPRESSION6 

Z. mays RNA 
polymerase d1 

Regulator of tassel 
pistil abortion 

Carpels in tassel survive, 
SILKY1 deregulated 

Parkinson et al. 
(2007) 

INCOMPLETEY 
FUSED CARPELS 

Z. mays Unknown Regulates carpel 
fusion, nucellus 
proliferation 

Unfused carpels, 
protruding nucellus 
growth 

Li et al. (2016), Li 
et al. (2017) 

Ovule 
formation 

SEEDSTICK A. thaliana MADS TF Regulator of ovule 
identity 

 

OsMADS13 O. sativa MADS TF (STK) Regulator of ovule 
identity 

TaAGL2 T. aestivum MADS TF (STK) Regulator of ovule 
identity 

Ovules transformed to 
leaf- and carpel-like 
structures, elongated 
funiculus 
Ovule transformed to 
carpelloid structure 
Ectopic ovule growth in 
pistil-like stamens 

Pinyopich et al. 
(2003) 

 

Dreni et al. (2007), 
Li et al. (2011) 
Yamada et al. 
(2009), Zhao et al. 
(2006) 

Reference Impact of altered 
function 

Function Type Species Gene Class 
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Ovule 
patterning 

SPOROCYTELESS A. thaliana TF Regulator of 
transcription and 
megasporocyte 
development 

Nucellus fails to 
elongate, FG 
development is blocked 

Bencivenga et al. 
(2012), 
Schiefthaler et al. 
(1999), Yang et al. 

      (1999) 
 WUSCHEL A. thaliana HD TF Regulator of MMC Integuments do not Groß-Hardt et al. 
    development, form, MMC (2002), Zhao et al. 
    nucellus formation, development terminates (2017) 
    and integument   

    formation   

 WINDHOSE1, A. thaliana Small peptides Regulator of MMC Disrupted MMC Lieber et al. (2011) 
 WINDHOSE2   formation development, ovule cell  

     morphology  

 DICER-LIKE 1 A. thaliana RNAse III Involved in miRNA Pleiotropic defects, short  Kurihara and 
    production integuments, FG Watanabe (2004), 
     abortion Schauer et al. 
      (2002) 
 CORONA, A. thaliana HD-ZIP III TF Regulator of Abnormal integument Yamada et al. 
 PHABULOSA,   integument development, extra (2016) 
 PHAVOLUTA   development and carpels  

    chalaza formation,   

    repress WUSCHEL   

    expression   

      (continued overleaf) 
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Table 4 (continued) 

 
ARGONAUTE1 A. thaliana AGO Effector of gene 

silencing 
ARGONAUTE10 A. thaliana AGO Modulator of gene 

silencing 

Altered ovule polarity Lynn et al. (1999), 
Morel et al. (2002) 

Altered ovule polarity Mallory et al. 
(2009), Moussian 
et al. (1998) 

PIN-FORMED1 A. thaliana PIN Auxin efflux facilitator Loss of integuments,  FG 
abortion 

Ceccato et al. 
(2013) 

INNER NO OUTER A. thaliana YABBY TF Regulator of 
integument 
development 

AINTEGUMENTA A. thaliana AP2-like TF Regulator of 
integument 
development 

BEL1 A. thaliana HD TF Regulator of 
integument 
specification and 
patterning, and 
chalaza development 

Lacking outer 
integument, impaired FG 
development 
No integument growth, 
failed meiosis and FG 
development 
Single integument 
formation which is 
converted into a 
carpel-like structure, 

disrupted FG formation 

Baker et al. (1997) 

 

Klucher et al. 
(1996) 

 
Brambilla et al. 
(2007), Ray et al. 
(1994), 
Robinson-Beers 
et al. (1992) 

Reference Impact of altered 
function 

Function Type Species Gene Class 
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Female 
germline 
formation 

ARGONAUTE9 A. thaliana AGO Effector of gene 
silencing 

Extra germline-like cells Olmedo-Monfil 
et al. (2010) 

RNA-DEPENDENT 
RNA POLYMERASE 6 

 

SUPPRESSOR OF 

A. thaliana RDRP Component of gene 
silencing pathways 

 

A. thaliana Uncharacterised Component of gene 

Extra germline-like cells Olmedo-Monfil 
et al. (2010), 
Peragine et al. 
(2004) 

Extra germline-like cells Olmedo-Monfil 

GENE SILENCING 3 protein silencing pathways et al. (2010), 
Peragine et al. 
(2004) 

AUXIN RESPONSE 
FACTOR 3 (ETTIN) 

A. thaliana ARF TF Regulator of 
gynoecium and 
integument 
development 

Fused integuments, 
ovule abortion, extra 
germline-like cells 

Sessions et al. 
(1997), Su et al. 
(2017) 

RETINOBLASTOMA1  A. thaliana RB-like Transcriptional 
repressor, regulator of 
MMC differentiation 

Pleiotropic defects, extra 
germline-like cells 

Ebel et al. (2004), 
Zhao et al. (2017) 

MULTIPLE 
SPOROCYTES 1 

O. sativa RLK Suppressor of 
sporocyte 
differentiation 

Extra germline-like cells Nonomura et al. 
(2003) 

TAPETUM 
DETERMINANT-LIKE 
1A (MAC1) 

Z. mays SP Intercellular signalling 
component 

Multiple nucellar cells 
adopt MMC identity 

Sheridan et al. 
(1996), Wang 
et al. (2012a,b) 

AMEIOTIC1 Z. mays AtSWI1-like Regulator of meiosis: 
zygotene-leptotene 
transition 

MMC undergoes mitosis 
instead of meiosis 

Pawlowski et al. 
(2009) 
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Table 6 (continued) 

 
Early 
gametophyte 
development 

ARABIDOPSIS 
HISTIDINE 
KINASE1,2,3,4,5 

A. thaliana HK Cytokinin receptor(s) Knockouts lead to FG 
abortion 

Cheng et al. 
(2013) 

ARABINOGALACTAN A. thaliana AGP Cell wall glycoprotein, Overexpression leads to Demesa-Arevalo 

PROTEIN 18 
 

INDETERMINATE 
GAMETOPHYTE1 

putative signalling 
molecule 

Z. mays LBD TF Regulator of cell 
identity 

multiple megaspores 
surviving 
Additional egg cells, 
polar nuclei, and 
synergids 

and Vielle-Calzada 
(2013) 

Evans (2007) 

DiSUMO-LIKE Z. mays SUMO Regulates 
ubiquitylation/protein 
function 

ARGONAUTE5 A. thaliana AGO Effector of gene 
silencing 

FG nuclei fail to polarise 
at stage FG5 

 
Dominant-negative 
version compromises FG 
development 

Dresselhaus et al. 
(2010) 

 
Tucker et al. 
(2012) 

Reference Impact of altered 
function 

Function Type Species Gene Class 
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nourishes the downstream events of seed development after fertilisation has taken place. 

 
1.2 The Nucellus Fulfils Critical Roles as a Generative 

and Nutritive Tissue 

The nucellus is also referred to as the megasporangium, and its main roles are to produce a 
germline progenitor cell, the megasporocyte (megaspore mother cell, MMC), and support 
the downstream events of germline development (megasporogenesis; Yadegari and 
Drews, 2004). In Arabidopsis, the nucel- lus is separated from maternal placental tissues 
through the growth of the chalaza and funiculus (Figure 1c). However, in species such as 
barley and wheat, a true funiculus is absent (Figure 1f–h). Similarly, in maize the funicu- lus 
is absent and the nucellus directly contacts the maternal plant through the pedicel, which 
is the site of sucrose supply from the phloem and selective uptake into the ovule 
(McLaughlin and Boyer, 2004; Tang and Boyer, 2013). Nucellar morphology varies greatly 
between species with regard to size and cell number (Lora et al., 2016). Evolutionary-
derived angiosperms such as Arabidopsis produce tenuinucellar ovules with a prominent 
unicellular layer surrounding the MMC (Figure 1c) and a small number of hypodermal 
nucel- lar cells (Lora et al., 2016). Cereals such as maize are crassinucellar, producing a large 
MMC deep within a multilayered nucellus (Rudall, 1997; Voronova et al., 2003). There are 
varying reports that describe the barley ovule as being crassinucellar, intermediate 
between those with massive and delicate nucelli (Norstog, 1974), as nearly tenuinucellate 
at anthesis (Engell, 1989), tenuin- ucellate (Bennett et al., 1973), or as medionucellate, 
syndermal, and multi- layered (Shamrov, 1998). Despite this variation in terminology, it is 
clear that prior to fertilisation of the female gametophyte in barley, the nucellus is much 
more prominent than in tenuinucellate species such as Arabidopsis (compare Figure 1e and 
h). The role of an enlarged nucellus has been debated from an evolutionary perspective 
(Endress, 2011), but the question of how it forms in the cereals and acts to balance MMC 
formation, megasporogenesis, and downstream reproductive development, relative to 
what is known from Ara- bidopsis, is yet to be clearly addressed. 

 
1.3 A One-way Street Ending in Female Gametophyte 

Production? 

At the mechanistic level, most of our molecular knowledge regarding nucellus 
development has been derived from Arabidopsis. In brief, the young ovule is produced 
through redundant activities of the MADS-box transcription factors SEEDSTICK (STK; 
Table 1) and SHATTERPROOF (SHP1/2) in the placenta, the tissue formed through fusion 
of the two carpels. Ovule primordia consist of three domains including the distal 
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nucellus where the germline initiates, the central chalaza, and proximal funiculus 
(Figure 1c; Grossniklaus and Schneitz, 1998). These domains are initially defined by 
distinct gene expression patterns, rather than obvious differences in cellular 
morphology. In wild-type Arabidopsis, a single germline precursor cell (Megaspore 
mother cell; MMC) forms in the centre of the nucellus and expands much faster than 
the surrounding cells (Figure 1c; Lora et al., 2016). During expansion, the MMC 
exhibits a unique gene expression profile compared to the surrounding cells 
(Schmidt et al., 2011). Remarkably, many genes that influence female germline 
development in Arabidopsis are expressed in nucellar cells surrounding the MMC. 
In this sense, the nucellus appears to mimic the function of escort stem cells found 
in the drosophila ovary stem cell niche, which provide specific signals to maintain 
female gametogenesis (Decotto and Spradling, 2005). The Ara- bidopsis ‘nucellus 
genes’ include both positive and negative regulators of germline development (Table 
1); for example, the nuclear protein encoded by SPOROCYTLESS (SPL) maintains 
nucellar cell identity (Wei et al., 2015; Yang  et al., 1999), the WUSCHEL (WUS) 
transcription factor establishes  the boundary between the distal and central ovule 
domains (Groß-Hardt   et al., 2002) with support from HD-ZIP Class III genes and 
BEL1 (Yamada  et al., 2016), and the small WINDHOSE (WIH) proteins appear to 
influence aspects of nucellar cell shape (Lieber et al., 2011). Plants lacking SPL, WUS, 
or WIH1/2 fail to form a functional female germline. Conversely, small RNA 
pathways acting downstream of ARGONAUTE9 (AGO9) restrict germline 
development, and mutants display additional germline-like cells in the ovule 
(Olmedo-Monfil et al., 2010). AGO9 appears to act with RNA-DEPENDENT RNA 
POLYMERASE 6 (RDR6) and a small RNA intermediate to regulate gene expression 
via RNA-dependent DNA methylation (RdDM). The protein-coding targets of this 
pathway have proven elusive, but a recent report indicates that trans-acting small 
interfering RNA (tasiRNA)-mediated regulation of ETTIN/AUXIN RESPONSE 
FACTOR  3 (ARF3) is likely to   be involved (Su et al., 2017). Regulation of 
phytohormone transport and response has also been linked to  SPL,  which  
modulates  expression  of  the auxin efflux carrier PIN FORMED1 (PIN1), and WUS, 
which controls cytokinin response through the ARABIDOPSIS RESPONSE 
REGULATOR genes (Bencivenga et al., 2012; Leibfried et al., 2005). It is tempting to 
speculate that AGO9, SPL, and WUS form an interrelated regulatory net- work 
controlling signal flow and response in the developing ovule. Such a system would 
ensure a number of basic criteria: responsive cell types (the nucellus), positional 
information to direct the response (auxin flow through the epidermis and/or 
cytokinin accumulation), pathways that restrict the response to a single cell (sRNA 
molecules), and secondary signals that drive differentiation (such as cell wall genes; 
reviewed in Tucker and Koltunow, 2014). 
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To date it remains unclear whether a similar molecular framework supports nucellus 
development in the cereals. Various MADS-box genes including OsMADS13, the rice D-
class homologue of Arabidopsis STK (Dreni et al., 2007; Groß-Hardt et al., 2002), and the 
Bsister gene OsMADS29 (Yang  et al., 2012) impact ovule development. In terms of germline 
development, mutations in the maize AGO104 gene (a homologue of Arabidopsis AGO9) 
lead to defects in female meiosis and megagametogenesis, despite being expressed 
outside the germline in nucellar cells (Singh et al., 2011). AGO104 is required for correct 
DNA methylation, suggesting that RdDM pathways may be conserved during ovule 
development between the dicots and the monocots. The MULTIPLE  SPOROCYTES 
(MSP1) gene from rice encodes  a leucine-rich repeat receptor-like protein kinase 
(Nonomura et al., 2003), while MULTIPLE ARCHESPORIAL CELLS1 (MAC1) encodes the 
maize homologue of TAPETUM DETERMINANT-LIKE 1A (TDL1a; Sheridan et al., 1996; 
Wang et al., 2012a,b), a small peptide that appears to act as a ligand for MSP1-like 
receptors (Zhao et al., 2008). Mutations in these genes lead to the formation of extra 
germline-like cells. Although homologues of these receptors and ligands are expressed in 
the Arabidopsis ovule, and ectopic expression causes infertility (Huang et al., 2015), a 
precise loss-of-function phenotype has yet to be demonstrated. 

 
2. Life After Death: the Nutritive Role of the Nucellus 

In species such as Arabidopsis, the epidermal layer of the nucellus collapses during 
germline development, and sub-epidermal nucellar cells are difficult to trace after the 
completion of gametogenesis. Xu et al. (2016) suggest that a cluster of cells positioned at the 
chalazal end of the ovule represent persistent nucellar cells, and these degenerate after 
fertilisation in a process dependent on AGAMOUS-like 62 (AGL62) and central cell 
fertilisation. Degradation of these cells is possibly required to make space for development 
of the chalazal endosperm. 
In cereal ovules, the bulk of the nucellus persists until after fertilisa-   tion, switching from 
a tissue that supports gametogenesis to one that transfers maternal nutrients to the 
nascent grain (Figure 2). During this transition, nucellus morphology changes 
dramatically; by 6 days after pollination (DAP), the majority of nucellar tissue is no longer 
present as     it has undergone programmed cell death (PCD). However, the region of 
nucellus between the main vascular bundle and the ventral crease of the developing grain 
is retained and differentiates into the nucellar projection (NP; Figure 2a,b; Duffus and 
Cochrane, 1992). Instigated by an increase in the ratio of gibberellic acid to abscisic acid 
(Weier et al., 2014), differentiation of the NP is crucial for survival of the ovule and grain 
after fertilisation. 
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8. Endosperm cell division 

9. Endosperm cell differentiation 
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Figure 2 Nucellus development in barley. (a) A schematic representation of barley carpel, ovule, 
and grain development, presented in the sagittal plane. Different ovule tissues including the 
nucellus (green) and female gametophyte/embryo sac (purple) are indicated. (b) Transverse 
sections of barley ovules at pre-meiosis and anthesis stages, and a developing grain at 7 days after 
pollination. The ovule in barley forms from placental tissue, and the nucellus can be easily 
distinguished after integument initiation, consisting of both L1 and L2 cell types. Nucellar cells 
undergo divisions and expansion, concurrent with integument growth and female gametophyte 
development, and at anthesis contribute most of the ovule tissue. After fertilisation, the majority 
of the nucellar tissue degenerates via programmed cell death, and the remainder differentiates 
to form the nucellar projection that funnels maternal nutrients into the endosperm through the 
endosperm transfer cells. (c) Many pathways contribute to ovule and nucellus development and 
function. Variation in the size of the nucellus might be explained by primary differences in floral 
meristem size or secondary changes in sugar metabolism, nucellar cell division and/or 
expansion, or variation in the size of other ovule tissues including the embryo sac, antipodals, 
and integuments. After fertilisation, the nucellus continues to influence grain development 
through control of sugar transport and endosperm division, differentiation, and expansion. an, 
antipodals; em, embryo; fg, female gametophyte; d, dorsal; en, endosperm; v, ventral; np, 
nucellar projection; DAP, days after pollination; nu, nucellus; mmc, megaspore mother cell; vb, 
main provascular bundle. Bars indicate the relative size of each transverse section. 
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2.1 Molecular Components of Nucellar Degeneration 

Components of post-fertilisation nucellus development have been examined in several 
species. OsMADS29 is expressed in the nucellus, NP, tapetum, and vascular bundle of the 
anther and stimulates production of a cysteine protease (LOC_Os02g07430) integral to 
nucellar PCD, as well as regulating other PCD-associated genes and auxin signalling 
pathways (Yin and Xue, 2012). Initially characterised in rice (Yin and Xue, 2012), 
homologues of MADS29 have been isolated in maize (Chen et al., 2015) and barley (Thiel  
et al., 2008). Also in barley, eight vacuolar processing enzyme (VPE) iso- forms have been 
characterised (HvVPE1, HvVPE2a, HvVPE2b, HvVPE2c, HvVPE2d, HvVPE3, HvVPE4, 
and LEG8; Radchuk et al., 2011; Julián et al., 2013) that participate in post-fertilisation 
ovary development. Initially called ‘nucellain’, HvVPE2a, a cysteine protease of the C13 
protease family, was one of the initial genes identified in the barley ovule (Doan et al., 
1996; Linnestad et al., 1998). Alongside research describing similar roles for the four VPE 
genes in Arabidopsis (Nakaune et al., 2005; Shimada et al., 2003), there is strong support 
for nucellain HvVPE2b and HvVPE2d acting in barley nucellar PCD. 
Most of the nucellar degeneration events initiate rapidly upon fertilisa- tion. DNA 
fragmentation assays suggest that in barley, PCD initiates in the inner nucellus layers and 
spreads to outer layers within 2 days of pollina- tion (Radchuk et al., 2011). At 2–4 DAP, 
an aspartic protease called ‘nucellin’ is expressed in nucellar tissues surrounding the 
vascular bundle (Chen and Foolad, 1997; Gubatz et al., 2007), as well as in the embryo, 
pollen, and apical meristems (Bi et al., 2005). A rice orthologue, OsAsp1, shows similar 
spatial and temporal expression (Bi et al., 2005) suggesting a conserved role in nucel- lar 
degeneration, although the targets of proteolysis remain unclear. Uniquely in barley, a 
protein encoded by Jekyll is expressed in the maternal tissue sur- rounding the male and 
female gametophytes (Radchuk et al., 2006). Peak expression of Jekyll occurs in the 
nucellar tissue around the vascular bundle at 4–6 DAP, concurrent with NP differentiation 
and nucellar PCD. Severe dis- ruption of grain fill in Jekyll knockdown plants, in which 
differentiation and PCD of the nucellar tissue is impaired, demonstrates that PCD of 
nucellar tissues is crucial for later stages of grain development (Radchuk et al., 2006). 

 
2.2 The Nucellar Projection Feeds the Seed 

Research in barley, wheat, and maize indicates that the NP (Figure 2b) is  the site of release 
of photoassimilates and other nutrients from the mater- nal tissue for uptake by adjacent 
endosperm transfer cells (Sreenivasulu    et al., 2002; Tang and Boyer, 2013; Thiel et al., 
2009; Weschke et al., 2003). Sucrose, the major photoassimilate, is an essential source of 
carbon required for development of different cell types and energy reserves (e.g. 
starch) 
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within the developing grain (reviewed by Ludewig and Flügge, 2013). Once 
unloaded from the phloem, invertase (INV), and sucrose synthase (SuSy) enzymes 
hydrolyse sucrose into its constituent hexoses, fructose, and glucose. This 
metabolism reduces the local sucrose concentration, thus maintaining a high 
concentration gradient between source and sink tissues, osmotically driving sucrose 
unloading (McLaughlin and Boyer, 2004; Ruan et al., 2012). Different invertase 
isoforms locate to the cell wall (CWIN), cytoplasm (CIN), or vacuole (VINs) and have 
their activity regulated by specific inhibitors (INVINH/PMEI). Expression of the 
sucrose transporters SUT1 and SUT2, and HvCWIN1/2, have been observed from 1 
to 6 DAP in the NP, endosperm transfer cells, and nucellar tissues of barley and 
maize (Cheng et al., 1996; Weschke et al., 2000, 2003). A recent report suggests that 
HvSUT2 and HvSUT1 control sucrose homeostasis during grain fill, and 
downregulation leads to reduced endosperm starch content and dry weight 
(Radchuk et al., 2017). Other members of these sugar metabolism-related families 
accumulate in developing ovules of cotton (Wang et al., 2014) and the grass species 
Brachiaria (Dusi and Willemse, 1999). Furthermore, recent studies suggest that 
photoassimilates interact with hormonal pathways to regulate aspects of 
development, an area that has not been explored in detail in the cereals (see Liu et al., 
2013 for review). 

 

2.3 What does Nucellus PCD Achieve? 

Although studies have demonstrated that changes in nucellus PCD can have negative 
impacts on grain development (Radchuk et al., 2006), the specific role of early post-
fertilisation PCD remains elusive. This is partly due to the difficulty in disentangling 
the events of PCD from NP differentiation and early endosperm development. 
Concurrent with nucellar degeneration, the NP differentiates, which is critical for 
maternal nutrient transfer into the endosperm (Radchuk et al., 2006). In barley, 
however, the NP does not fully differentiate until around five DAP, suggesting that 
nutrients supporting the initial endosperm divisions may come from a local source 
rather than from the phloem. In the grasses, these nutrients may already be available 
within the embryo sac, where a large number of transient antipodal cells reside 
(Chettoor and Evans, 2015). Alternatively, it is also possible that remobilisa- tion of 
reserves from nucellar cells by PCD provides a local nutrient source for early 
endosperm divisions and cellularisation, which would require local transport into the 
embryo sac. As discussed earlier, collapse of the nucellar cells coincides with 

expression of a diverse array of proteolytic enzymes, α-amylase and 
phosphoenolpyruvate carboxylase (Domínguez and Cejudo, 2014; Sreenivasulu et 
al., 2006; Tran et al., 2014; Van Hautegem et al., 2015), suggesting that specific amino 
acids and glucose may support differentiation of the NP and/or rapid endosperm 
proliferation. Alternatively (but not mutually exclusively), nucellus PCD may 
release physical constraints on 
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the embryo sac, permitting expansion during endosperm divisions. Studies in barley 
suggest that nucellus size at anthesis varies between cultivars (Wilkinson and Tucker, 
2017), but the mechanistic basis and contribution to grain development remains unclear 
(Figure 2c). 

 
 

3. The Role of Pre-anthesis Female Tissues in Downstream 

Grain Development 

The size of cereal carpels (ovaries) and grain varies along the inflorescence. In wheat 
(Benincasa et al., 2017; Calderini and Reynolds, 2000; Xie et al., 2015), barley (Guo et al., 
2015, 2016; Scott et al., 1983), and sorghum (Yang et al., 2009), grain weight has a strong 
genetic component determined before anthe- sis, which is in part due to carpel size. Florets 
in the middle of the spike tend to be bigger, make bigger grain, and are less influenced by 
environmental stress than those at the tips (Guo et al., 2015), while the size of barley carpels 
at distal positions along the spike is positively correlated with the number of grains per 
spike (Guo et al., 2015, 2016; Scott et al., 1983; Yang et al., 2009; Benincasa et al., 2017; 
Calderini and Reynolds, 2000; Xie et al., 2015). In a recent study, Reale et al. (2017) found 
that variation in wheat ovary size was due to increased cell numbers rather than cell size. In 
barley, the size of carpels during meiosis is positively correlated with carpel weight at 
anthesis (Scott et al., 1983), while in sorghum, floret meristem size is positively linked to 
ovary volume (Yang et al., 2009). In the same sorghum study, a positive cor- relation was 
identified between the number of ovary cells and grain weight (Yang et al., 2009). These 
studies indicate that changes in growth during early (pre-anthesis) stages of floral 
development impact downstream grain pro- duction. The basis for variation might range 
from the control of primordial size through to modified sugar metabolism, tissue-specific 
cell division, cell expansion, antipodal proliferation, and/or integument growth (Figure 
2c). The genes underlying this variation may therefore be of interest for down- stream 
application in breeding programs. 

 
 

4. A Role for the Ovary in Stress Tolerance 

The events of floral initiation, germline development, fertilisation, and grain fill may be 
compromised by environmental stress (Barnabas et al., 2008; Driedonks et al., 2016; Saini 
and Westgate, 1999). 
The specific effects of stress during early reproductive development have been most 
closely examined in anthers, and these include meiotic arrest, microspore abortion, and 
heat-induced differential expression of many genes (Giorno et al., 2013; Jain et al., 2010; 
Oshino et al., 2007). With regard 
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to the ovary, less information is available, although studies indicate that both pre- 
and post-fertilisation stages of ovary development are sensitive (Bac-Molenaar et al., 
2015; Sun et al., 2004; Zinn et al., 2010). 
In Arabidopsis, single treatments of heat stress compromise meiosis in both male and 
female reproductive organs, leading to severe reductions in yield (Bac-Molenaar et 
al., 2015). Similarly in wheat, both male and female tissues are particularly sensitive 
to heat stress in the week preceding anthesis, which encapsulates meiosis and 
gametophyte development (Saini et al., 1983). In general, there is a negative 
correlation between ambient temperatures over 
15 ∘C in the 30 days preceding anthesis and yield in cereal species (Ferris et al., 
1998; Fischer, 1985; Sage et al., 2015). At the cellular level, Arabidopsis ovules show 
defects in megagametogenesis (Sun et al., 2004), ovule abortion, and reduced ovule 
number (Bac-Molenaar et al., 2015) after heat or salt stress. In one of the few studies 
to report cytological details of female development in cereals under stress, wheat 
exposed to severe heat stress at the start of meiosis experienced disrupted nucellus 
and integument development, or complete ovule abortion at a frequency of 30% 
(Saini et al., 1983). In both wheat and rice, heat stress also affects stigma receptivity 
and length, reflecting alteration of stigma structural development under conditions 
of stress (Jagadish et al., 2010; Saini et al., 1983). 
Similar to heat stress, pre-fertilisation water stress can have severe effects on 
downstream grain development (Bac-Molenaar et al., 2015; Saini et al., 1983; Ferris 
et al., 1998; Fischer, 1985; Sage et al., 2015; Giorno et al., 2013; Jain et al., 2010; Oshino 
et al., 2007; Sun et al., 2004; Zinn et al., 2010; Jagadish et al., 2010). Waterlogging during 
anthesis, for example reduces barley and wheat grain number by up to 79% and 92%, 
respectively (de San Celedonio et al., 2014). At the other extreme, wheat subjected to 
water deficit during meiosis exhibited a high level of pollen sterility and a 50% 
reduction in grain yield (Dorion et al., 1996). In general, the wheat anther is less 
tolerant of drought conditions than the ovary, and ovary tissue is better able to 
recover from short-term (4 days) water deficit upon water re-availability   (Ji et al., 
2010). Saini and Aspinall (1981) reported that wheat ovaries are unaffected by water 
deficit during meiosis, while pollen development aborts during microsporogenesis. 
In a recent study, however, Onyemaobi  et al. (2016) examined the effect of water 
stress in 13 wheat genotypes     and found that 4 showed reduced seed set as a result 
of reduced female fertility. Although the genetic basis for this variability remains 
unclear, molecular evidence suggests that wheat ovaries from different cultivars 
show differential responses to stress. For example, in a study comparing sensitive 
and tolerant cultivars, Ji et al. (2010) showed that upon drought stress at the ‘young 
microspore’ stage, expression of cell wall invertase IVR1 and sucrose 1-fructosyl-
transferase (1-SST) are downregulated in the ovary of drought sensitive wheat 
cultivars, while in drought-tolerant cultivars, 1-SST is upregulated (Zinn et al., 2010). 
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4.1 Sugar as a Mediator of Pre-anthesis Female Stress Tolerance 

Photoassimilates are an important determinant of reproductive resilience  in both male 

and female tissues. Sugar limitation under heat and/or water stress is a major component 

of fruit and seed abortion (Barnabas et al.,  2008; Boyer and McLaughlin, 2007), and studies 

show that modified sugar accumulation through the manipulation of INV or INVINH 

levels can alleviate some of these defects (see Liu et al., 2013 for review). In maize, for 

example water deficit imposed throughout anthesis leads to simultaneous accumulation 

of sucrose and depletion of sucrose metabolites in the ovary (Zinselmeier et al., 1995). This 

is accompanied by a reduction in invertase activity and increased ovule abortion, resulting 

in kernel number being reduced by 60% (Zinselmeier et al., 1999). Maize soluble acid 

invertase IVR2 is expressed at the site of phloem unloading in the pedicel and within the 

basal region of the nucellus and is repressed by drought imposed 6 days before 

fertilisation (Andersen et al., 2002). Other studies show that invertase is active within the 

nucellus of diverse species including Brachiaria (Dusi and Willemse, 1999), Gasteria 

(Wittich and Willemse, 1999) and maize (McLaughlin and Boyer, 2004), creating a glucose 

gradient that enhances the sink strength of the ovule. McLaughlin and Boyer (2004) found 

that low water potential within the maize plant reduced photosynthesis and glucose and 

starch levels within the floret stem (pedicel) and led to high levels of ovule abortion. 

However, by feeding sucrose into water-deprived maize plants during anthesis, ovule 

abortion could be alleviated. 

Similar sugar-related pathways appear to modulate the response to salt stress. In maize, 
salt stress inhibits invertase activity and has a stronger effect on kernel number than 

drought stress (Hütsch et al., 2015), limiting yield by reducing kernel number by 50% 

(Hütsch et al., 2014). Under salt stress condi- tions, plasma membrane H + ATPase activity 
is greatly inhibited within the ovary, lowering the pH gradient across the plasma 

membrane sufficiently to prevent proper function of hexose transporters and hexose 
metabolism within the maize ovary at anthesis and in the initial days of grain filling (Jung 

et al., 2017). 
Collectively these studies suggest that photoassimilate accumulation and metabolism 

prior to fertilisation moderate the female response to stress. In the context of maize at least, 

water deficit and altered sugar metabolism during pre-anthesis stages have a more severe 

impact upon yield (grain number) than deficit after anthesis, as pre-anthesis stress causes 

female abortion rather than a reduction in kernel size. Based on the prominent size and 

position  of the nucellus in the ovule surrounding the germline cells, and its role in 

nutrient accumulation and metabolism, it may represent a central component of female 

stress tolerance in different cereal species and cultivars. 
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5 Technical Advances to Expand Understanding 

of Germline Formation, Sugar Metabolism, and Stress 
Tolerance in Cereal Ovules 

The diverse ovule signals and effectors balancing germline formation and nutrient 
flow have been difficult to identify, mainly because the tiny tissues involved are 
buried deep within the flower and are challenging to access for high-throughput 
imaging and molecular and cell biological analysis. How- ever, recent technological 
advances have seen methods evolve to the level where interactions between ovule 
cell types can be examined in greater detail, both in model dicots and commercially 
relevant cereal species. 
Cells within the ovule can be observed at high resolution through advances in whole-
mount clearing (Kurihara et al., 2015; Wilkinson and Tucker, 2017) and deep-tissue 
live imaging (Kimata et al., 2016). The chemical composi- tion of ovule cells can 
potentially be assessed through mass spectroscopy (MS) imaging (Peukert et al., 
2016) or infrared (IR) microscopy (Warren     et al., 2015), while molecular signatures 
can be generated through laser capture microdissection (LCM; also known as laser-
assisted microdissection, LAM) and high-throughput transcriptomics  (Okada  et  al.,  
2013;  Tucker et al., 2012; Wuest  and Grossniklaus, 2014). In cereals such as rice, LCM  
has been used to generate stage-specific profiles of ovule development, which reveal 
the dynamic transcriptional behaviour of many regulatory (Figure 3a–d) and 
metabolic (Figure 3e–f) genes discussed in this article (Kubo et al., 2013). For 
example, specific members of the MADS-box (Figure 3a), WUSCHEL-RELATED 
HOMEOBOX (Figure 3b), and ARG- 
ONAUTE (Figure 3d) families show stage-specific expression patterns that may 
reflect important general or cell-type-specific roles in ovule and nucellus 
development. 
As an alternative to LCM, cell sorting via flow cytometry (fluorescence acti- vated cell 
sorting; FACS) has recently been used to generate cell-type-specific profiles from the 
Arabidopsis placenta (Villarino et al., 2016) and MMC (Zhao et al., 2014). Although 
suited mainly to the diverse fluorescent marker gene resources available for 
Arabidopsis, the increased availability and flexibil- ity of fluorescent tags provides 
an avenue by which FACS techniques might be applied more generally in cereal 
species (Yang et al., 2017). Even greater cell-type-specific resolution is available 
through the application of microflu- idic systems such as the Fluidigm C1 (Clark et al., 
2016), which has the poten- tial to provide unique transcriptomic, genomic, and 
epigenetic profiles for individual reproductive cells. 
Once identified, key molecular signatures of the female reproductive cells can be 
dissected using genetic resources such as CRISPR/Cas9 (Zong et al., 2017), natural 
diversity panels (Muñoz-Amatriaín et al., 2014), and sequenced mutant resources 
(Cavanagh et al., 2008; Wang et al., 2012a,b). 
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Figure 3 Transcript accumulation patterns of  regulatory  and  metabolic  genes  during 
ovule development in rice. Kubo et al. (2013) used  laser  microdissection  to  capture 
tissues from consecutive stages of O. sativa ovule development. Transcript accumulation 
patterns are shown for various gene families discussed in this article, which have been 
implicated in ovule development, gametogenesis, and/or nucellus growth. The  stage 
names are assigned based on the staging reported in Kubo et al. (2013). Heatmaps show 
the expression at each stage relative to the maximum expression value for each gene 
(yellow indicates a stage where transcript is abundant) and the relative rank of each gene 
based on the absolute abundance of the maximum expression value (pink shows highly 
abundant genes). Genes were clustered using hierarchical clustering and Manhattan 
distance in Multiexperiment Viewer. Families examined  include  (a)  MADS-box 
transcription factors, which have been shown to influence ovule and ovary development    
in many species (see Table 1); (b) WUSCHEL-related homeobox  (WOX)  genes  that 
influence cell differentiation; (c) genes that are known to influence gametogenesis; (d) 
small-RNA pathway-related genes that influence many developmental events; (e) sucrose 
metabolism and transport-related genes, and (f) programmed cell death-related genes. 
Many of the genes examined are abundant during the  earliest  stage  of  ovule 
development examined. However, distinct clusters show stage-specific expression or 
gradual changes in transcript level over time, accompanying the progression of 
gametogenesis and nucellus development. Source: Kubo et al. (2013). Reproduced with 
permission of Oxford University Press. 

 
Moreover, nowadays routine biochemical techniques such as chromatin 
immuno-precipitation sequencing (ChIPSeq) can be used to identify cell-
type-specific targets of regulatory transcription factors (Zhang et al., 2017). 
Techniques  that were once suited solely to simple ‘model’ species  are now 
broadly applicable, presenting new opportunities for fundamental discovery 
and application in relevant crops. 

 
6 Conclusion 

The ovule is a complex organ that facilitates seed development and thus 
allows plant reproduction. Many years of research suggest that the ovule 
nucellus is a multifunctional tissue that balances generative and nutritive 
functions. Despite this, the capacity of the young growing nucellus to 
influence downstream events of seed development has not been explored in 
great detail. Avenues are now available to investigate this tissue further, with 
the overall aim of improving reproductive stress tolerance and grain traits. 
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Background 
Sustaining food production above the level of food 

demand is a growing global challenge. Estimates sug- 

gest that crop yields will need to increase by 25–75% to 

ensure sufficient food production for the world’s popula- 

tion in 2050 [1]. Cereal crop production is highly reliant 

upon development of flowers. In particular, the single 

ovule within each flower is essential, as it is the site of 

gametogenesis, fertilisation and downstream grain devel- 

opment. Environmental events such as drought, high 

temperatures and frost are known to disrupt flower and 

seed development, causing a reduction in both grain 

number and grain quality, thus compromising yield [2–

4]. 

Our understanding of floral development and seed 

formation in flowering plants has been dramatically 

expanded by research in diverse model dicots, such as 

Arabidopsis thaliana, Hieracium sp., and Toreniafournieri 

[5–7]. The formation of ovule primordia, the differentia- 

tion of a megaspore mother cell from somatic  precur- sors 

and the production and fertilisation  of  an embryo sac have 

been described in intimate molecular, genetic and 

morphological detail [8]. Research in rice, maize, wheat 

and barley has contributed significant molecular and 

genetic knowledge of monocot inflorescence and flower 

development [9–12]. Despite this, remarkably lit- tle is 

known about ovule development in these important cereal 

species, particularly in regards to how different tis- sues 

contribute to eventual seed size, composition and 

   shape. Studies have shown that ovary size is an important 
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component of floret and grain survival [13], but the con- 

tribution of constituent tissues remains unclear. Deter- 

mining the role of these tissues for downstream seed 
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METHODOLOGY ARTICLE Open Access 

Abstract 

Background: Seed development in the angiosperms requires the production of a female gametophyte (embryo sac) 
within the ovule. Many aspects of female reproductive development in cereal crops are yet to be described, largely 

due to the technical difficulty in obtaining phenotypic information at the cellular or sub-cellular level. Hoyer’s solution 

is currently well established as a solution for clearing thin tissues samples, such as sections or whole tissues of bryo- 

phytes, mycorrhizal fungi, and small model organisms (e.g. Arabidopsis thaliana). 

Results: Here we report a Hoyer’s solution-based clearing method to facilitate clearing of the whole barley pistil, with 
high reproducibility. The clearing process takes 10 days from fixation to visualisation, whereupon tissue is sufficiently   

clear to obtain multiple phenotypic measurements from sub-epidermal tissues and cells within the ovule. 

Conclusion: Visualisation of cereal ovules that have not been dissected from the pistil allows an unprecedented 
capability to collect quantitative morphological information from the developing ovule, integument, nucellus and 

embryo sac. This will enable comparisons with genetic data to reveal the contribution of pre-fertilisation ovule tissues 

towards downstream seed development. 

Keywords: Microscopy, Hoyer’s solution, Barley, Ovule, Monocot, Development, Cereal, Clearing 
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development requires robust, high throughput methods 

for quantitative two and three-dimensional analysis of 

developing ovule tissues, such that phenotypic informa- 

tion can be extracted and assessed. 

Observation of the internal morphology of cleared flo- 

ral organs is a powerful tool that allows examination of 

phenotypic alterations in internal structures following 

genetic or environmental modification, without the need 

for thin-sectioning. Chemical treatment to clear small 

tissue samples is a well-established practice, with rea- 

gents ranging from the more traditional methyl salicylate, 

lactic acid and chloral hydrate based solutions [14–16] 

to recently developed methods such as ClearSee [17, 18] 

and PEA-CLARITY [19]. Despite this, observation of 

female reproductive tissues in cereal monocots remains 

technically challenging, contributing to a lack of specific 

genetic and mechanistic information about gametogene- 

sis and ovule development. Two key technical challenges 

include the relatively large size of the pistils, which are 

sufficiently thick to remain opaque when treated using 

previously published clearing protocols designed for sub- 

stantially smaller tissues (e.g. [20]), and the ease by which 

the physical structure of the ovule may be damaged dur- 

ing the process of dissection. 

Here we report a robust method for clearing whole 

cereal pistils with Hoyer’s Solution [14], allowing visu- 

alisation of wheat and barley ovule ultrastructure in a 

manner that preserves the physical integrity of internal 

structures. Experimental variation of incubation time 

offers flexibility in sample preparation, yielding excep- 

tionally clear tissue after a minimum of 10 days post tis- 

sue collection and up to a maximum of 16 weeks. The 

utility of the method was demonstrated by using optical 

sections through cleared pistils to measure the dimen- 

sions of component tissues, enabling phenotypic varia- 

tion in ovule development to be captured within a panel 

of barley cultivars. 

Methods 
Reagents 

Chloral Hydrate C-IV (#15307, Sigma-Aldrich, Aus- 

tralia) 

Ethanol (#EA043-2.5L, Chem-Supply, Australia) 

Formaldehyde (#809, Ajax Finechem, Australia) 

Glacial Acetic Acid (#2335, Ajax Finechem, Australia) 

Glycerol (#242, Ajax Finechem, Australia) 

Solutions 

FAA fixative [21] 50% Ethanol (v/v), 10% Formalde- 

hyde (37% solution, also called formalin), 5% glacial 

acetic acid (v/v), and 35% sterile water (v/v). 

Ethanol Series 100% analytical grade EtOH diluted in 

water to a concentration of 70, 80 and 90%, and 100% 

EtOH filtered through a molecular sieve. 

Chloral hydrate solution 250 g chloral hydrate dis- 

solved in 100 mL sterile water 

Hoyer’s Solution [14] A 3.0:0.8:0.2 mixture of chloral 

hydrate:water:glycerol. 

 
Equipment 

Greenhouse facility 

Standard laboratory 4 °C refrigerator 

Fume cupboard 

Compound microscope with differential contrast  (DIC) 

and Nomarski filter for a ×10, ×20 and/or ×40 

objective 

Computer and free ZEN 2011 Blue (Zeiss) LE software 

Ventilated microscopy slide box 

Small exhaust fan 

Glass pipettes 

Fine point tweezers (Dumont #5, Emgrid, Australia) 

Liquid scintillation vials (#Z190535, SigmaAldrich, 

Australia) 

Polysine Slides (#P4981, ThermoFisher Scientific, Aus- 

tralia) 

22 × 40 mm Cover slips (#G422, ProSciTech, Aus- 
tralia) 

Microflex 93-260 chemical resistant gloves (Ansell, 

Australia) 

Plant growth and staging 

Barley plants were grown in greenhouse facilities at The 

Plant Accelerator (Adelaide, Australia), under 22 °C (day) 

and 17 °C (night) temperatures without addition of sup- 

plemental light (Fig. 1a). Florets were identified to be at 

anthesis by removing them from spikes (Fig. 1b), gently 

reaching inside the palea and lemma with tweezers then 

assessing the colour of the anthers and how readily pol- len 

was released upon gentle squashing. At anthesis, the 

anthers are a rich yellow colour and have yet to shed pol- 

len, but readily release pollen with minimal application of 

pressure when pressed against a thumbnail (Fig. 1c). Any 

florets that contained green or green/yellow anthers, or 

anthers that had already shed pollen, were discarded. 

Sample collection and fixation (timing: 10 min 

per tiller + overnight fixation) 

Whole pistils were removed from anthesis barley flow- ers 

by reaching inside the  flower  with  fine  tweezers and 

pinching the base of the pistil as  low  as  possible (Fig. 1c). 

Care was taken to avoid tearing the base of the pistil where 

the ovule is located. Lodicules were gently removed from 

the outside of the pistil before placing it in 



 

 

 

357 

 

 

 

 

 

Long protocol Samples may  remain  gently  infiltrating in 

Hoyer’s solution for up to 16 weeks. Incubation for      4 

weeks preserves tissue quality ideally for imaging of 

embryo sac features. Vials must be tightly sealed if sam- 

ples are to be stored for longer than 2 weeks. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
a flat bottomed glass scintillation vial containing 2 mL of 

ice cold FAA fixative. 

Sample dehydration (timing: 4 h + overnight 

dehydration + 4 to 120 days incubation) 

Within 1 week of fixation barley pistils were dehydrated 

through an ethanol series and placed into Hoyer’s solu- 

tion (Fig. 1d), using fine-tipped glass pipettes for each 

fluid exchange to minimise the possibility of damage to 

tissue samples. The EtOH series comprised of 3 × 20 min 

washes at 70, 80, 90 and 100% EtOH at room temperature. 

Samples were left in the final 100% EtOH wash overnight 

before transfer into 4 mL Hoyer’s Solution. Samples must 

remain immersed in Hoyer’s solution at room tempera- 

ture for a minimum of 4 days. 

 
Sample mounting (timing: 15 min per slide + 2 to 4 days 

incubation) 

Pistil tissues were manipulated with fine point tweezers 

and only held by the stigma in order to avoid crushing 

the ovary wall, ovule or surrounding tissue. Pistils were 

placed on flat Poly-Lys coated glass microscopy slides 

with either the dorsal or ventral side down so that both 

stigma of each pistil lay “flat”, rather than one stigma 

pointing up into the air (Fig. 1e). On each slide, pistils 

were placed equidistantly in a symmetrical arrangement 

and gently covered with a 22 × 40 mm coverslip. This 

arrangement allows the pistils to lie flat, ensures that 

variation in the relative viewing angle of the ovule is lim- 

ited, and preserves the structural integrity of the ovule by 

preventing any damage to the tissue. Following sample 

arrangement and application of the cover slip, Hoyer’s 

Solution was pipetted underneath the cover slip onto the 

slide until all air was evacuated. Slides were then placed 

flat into a slide storage box that allowed limited venti- 

lation and left in a fume cupboard for 4 days. Samples 

stored in a well ventilated location are cleared in 24–48 h 

depending upon the degree of ventilation. Conversely, 

samples stored after mounting with insufficient or no 

ventilation required up to 14 days to clear sufficiently to 

allow visualisation. Therefore, the degree of ventilation 

can be used to tailor the method to suit the user’s time 

constraints. 

Long protocol Samples incubated in 4 mL Hoyer’s Solution 

for longer than 2 weeks typically require less than 4 days to 

clear completely once mounted on the microscopy slide. 

For example, tissue stored in Hoyer’s Solution  for  8–16  

weeks  generally  does  not  require    a period of ventilated 

storage longer than 12 h, and in some cases may be 

visualised immediately after mount- ing on slides. 

 

Imaging (timing: 2 min per piece of tissue) 

Pistils were imaged using differential contrast microscopy 

(DIC) at ×10 magnification with a Zeiss AxioImager M2 

equipped with a Nomarski filter. For comprehensive data 

collection, optical slices spanning from the dorsal to ventral 

integument were taken as a z-stack image, using Zeiss ZEN 

2011 (Blue) software. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 
Fig. 1 Schematic representation of the steps involved in visualising 

the internal structures of ovules within cleared cereal pistils. a Plants 

were examined to identify tillers containing developing spikes. b, 

c Individual florets were removed from spikes to identify those at 

anthesis stage, achieved via observation of pollen on fingernails after 

anther squashing. c, d Whole pistils and anthers were gently removed 

and placed in fixative, followed by dehydration in an ethanol series 

and clearing in Hoyer’s solution. e Pistils were transferred to glass 

slides and covered with glass coverslips. f Samples were examined 

using DIC microscopy and Zeiss ZEN software 
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Image analysis (timing: 10 to 15 min per image) 

Data were analysed using the Zeiss ZEN 2011 (Blue) 

software package. Diverse measurements were taken 

including the 2-dimensional area (μm2) of each ovule 

tissue of interest, using the “contour (spline)” graphics 

tool to encircle the tissue, as well as the longitudinal and 

transverse dimensions (μm) of the same tissues, using 

the “line” graphics tool, and the antipodal nuclei were 

counted using the “event marker” graphics tool (Fig. 4c). 

Measurements were taken by following tissue bounda- 

ries for each given trait throughout optical sections and 

placing contour markers at the widest point. Two-dimen- 

sional ovule area was measured at the boundary between 

integument and nucellus. Embryo sac area was measured 

by tracing the outline of the structure from the micropyle 

to the chalazal region. The residual somatic cell (nucel- 

lus) area was measured by subtracting the embryo sac 

area from the whole ovule area. 

Results 
Protocol timing optimisation 

Clearing was most successful when fixative was removed 

through an ethanol dehydration series prior to a 4-day 

infiltration step in Hoyer’s solution, followed by a 4-day 

rest after mounting on microscopy slides (Fig. 2a). Equally 

clear images were obtained from samples that were 

dehydrated, left to gently infiltrate in Hoyer’s solu- tion for 

4 weeks, then  imaged  directly  after  mounting on 

microscopy slides (Additional file 1: Fig S1A). The 

maximum period of incubation that achieved acceptable 

clearing was approximately 16 weeks (Additional file 1: 

Fig S1B). Deterioration of cellular morphology was seen 

when samples were left in scintillation vials to gently 

infiltrate with Hoyer’s solution for longer than 5 months 

(Fig. 2b), or when samples were mounted on microscopy 

slides and stored in a well ventilated area for multiple days, 

or were imaged after 10 days in a semi-ventilated storage 

box (Additional file  1:  Fig  S1C).  Evaporation  of the 

Hoyer’s solution was also a factor that prevented 

acquisition of acceptable images if the samples were over-

ventilated. 

Protocol reagent optimisation 

Clearing was not successful when ethanol dehydration was 

omitted and fixed samples were placed directly in Hoyer’s 

solution (Fig. 2c). Similarly, it was found that use of pure 

chloral hydrate solution rather than Hoyer’s solution yields 

unacceptably murky images (Fig. 2d), a factor of both the 

harsher degradation process when chloral hydrate is used in 

isolation and the lack of glycerol lowering the refrac- 

tive index of the mounting fluid. Rough sample collec- 

tion  or  handling  of  tissue  throughout  the dehydration 

 

aged region. f Samples cannot be imaged without a Nomarski filter 

(-NOM) 

which may disrupt the internal morphology of the ovule. da = dam- 

Hoyer’s solution for over 5 months (5mo) deteriorated, resulting in 

unacceptably murky images. c Omitting ethanol (-EtOH) dehydration 

prior to incubation in Hoyer’s solution results in the tissue becoming 

grainy and unacceptably murky. d Incubation of the sample in chloral 

hydrate without glycerol (-GLY) after fixation and dehydration results 

in the tissue becoming unacceptably murky. e Rough sample collec- 

tion and careless handling of the tissues results in damaged ovaries, 

st = style, int = integuments. b Samples gently infiltrated with 

short time frame. es = embryo sac, ov = ovule, oy = ovary wall, 

ations to the clearing protocol. Images presented as composites, 

generated by merging optical sections. a A 10-day (10d) method 

incorporating ethanol dehydration prior to a 4-day infiltration with 

Hoyer’s solution, then a 4-day rest after mounting on microscopy 

slides produced the greatest clarity of results within a reasonably 

Fig. 2 Barley ovules imaged at ×10 showing the outcomes of vari- 
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process often resulted in structural disruption of the 

sample (Fig. 2e; Additional file 1: Fig. S1D). In addition, a 

Nomarski filter is essential for image acquisition (Fig. 2f ). 

Optimised method results 

Cleared pistils offer an excellent opportunity to visualise 

internal components of the ovule in their native spatial 

arrangement using a DIC microscope with a Nomar- ski 

filter (Figs. 3, 4). Imaging the entire ovule within the 

ovary is easily possible at ×10 magnification, and is par- 
ticularly  powerful  when  captured  in  a  series  of optical 

sections, allowing construction of composite images and 

videos that represent all internal features of the ovule’s 

cellular arrangement (Fig. 3a; Additional file 2: Fig. S2) 

and  measurement  of  some  three-dimensional features 

such  as  embryo  sac  depth.  At  ×40  magnification, inti- 

mate cellular details of the embryo sac and other ovule 

components could be obtained (Fig. 3b, c), such as clear, 

prominent nuclei in the egg cell, central cell and antipo- 

dal cells. The quality of tissue resolution was similar in 

pistils that were infiltrated in Hoyer’s solution for 10 days 

(Fig. 3d) and 10 weeks (Fig. 3b). 

 

 

 
 

is indicated by a dashed white line 
nucleus, ii = inner integument, nuc = nucellus, oi = outer integument, pn = polar nuclei, pc = pericarp, scn = synergid cell nuclei. The embryo sac 

also be achieved in samples processed with a 10-day (10d) “short” method (d). acn = antipodal cell nuclei, ccv = central cell vacuole, ecn = egg cell 

method” i.e. incubation for at least 10 weeks (10w) in Hoyer’s solution (b). The integument layers are also visible (c). Similar cellular resolution may 
with a ×40 objective, allowing clear visualisation of the egg cell nucleus, synergid nuclei, polar nuclei and antipodal cell nuclei using the“long 

optical sections. a Mature barley ovule imaged at ×10 magnification without dissection from the pistil. b–d Cellular resolution may be achieved 

Fig. 3 Structural details of the ovule are visible in cleared barley pistils (H. vulgare cv. Host). Images presented as composites, generated by merging 
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Sup‑epidermal details of ovule development differ 

between cultivars 

A fundamental understanding of reproductive organ 

development in cereals ultimately aims to support breed- 

ing programs in generating high-yielding, high-quality 

cultivars. To demonstrate the utility of this clearing 

technique, we examined pistils from barley and wheat (Fig. 

4a, b). In both species, sub-epidermal details of ovule 

tissues, including the embryo sac, egg cell, central cell, 

antipodals, integument and nucellus could be dis- cerned 

and measured (Fig. 4c). To determine if intraspe- cific 

differences in ovule development could be identified, we 

examined a selection of 2-row spring barley culti- vars. 

Quantification of morphological features such as tissue 

area, thickness and cell number in nine cultivars revealed 

natural variation in most traits (Table 1; Figs. 4d, e, 5). For 

example, ovule area in H. vulgare cv Horizon 

was almost twofold larger than H. vulgare cv Beryllium 

(Figs. 4d, e, 5a), antipodal number was lowest in H. vul- 
gare cv. Toucan (~32 ± 5) compared to H. vulgare cv. 

Horizon (~49 ± 4) and integument width was thickest in 

H. vulgare cv Agenda (~50 ± 4 μm) and thinnest in H. 
vulgare cv Rainbow (~41 ± 3 μm). Correlation analysis 

indicated that multiple traits showed strong positive cor- 

relations, such as ovule area, embryo sac area and ovule 

height (Fig. 5b, c), suggesting that these features are inti- 

mately related. However, other traits showed weak or no 

correlations with other ovule features, including integu- 

ment width, antipodal number, nucellus area and ovule 

transverse width (Fig. 5b, c). 

Discussion 
In this study a method for clearing tissue using Hoyer’s 

solution has been designed to suit cereal pistils such that 

internal structures of the ovule may be imaged with a high 

degree of clarity. Chloral hydrate-based clearing solutions 

have been successfully used in a wide range of biological 

fields [14, 22, 23], permitting a great deal of fundamental 

morphological and phenotypic  informa- tion to be 

gathered. However, in our hands, previously reported 

protocols incorporating chloral hydrate that work well in 

Arabidopsis (e.g. [20, 24]) did not result in 

sufficient clearing of barley pistils to  enable  quantita- tive 

measurement of individual ovule tissues. Moreover, 

alternative methods that incorporate methyl  salicylate [16, 

25–27], lactic acid [28], sodium hypochlorite [29]    or 

sodium hydroxide [30], lack the convenience and/or 

efficiency of our established Arabidopsis chloral hydrate- 

based method [20]. Other recently reported clearing rea- 

gents such as ClearSEE [17], PEA-CLARITY [19] and 

FocusClear [31] are designed to clear tissue while pre- 

serving fluorescent labelling, but are either too expensive 

 

the pistil. Bar 100 μm 
after clearing imaged at ×10 magnification without dissection from 

line. NUC = nucellus. Small (d) and large (e) mature barley ovules 

Fig. 4 Ovule morphology after clearing. Ovule images are presented   

as composites, generated by merging optical sections. The method 

worked equally well for barley (a) and wheat (b) pistils at various  

stages. Pre-anthesis ovules are shown. c Measurement of traits at 

anthesis, including ovule area (OV_A), embryo sac area (ES_A), ovule 

and embryo sac transverse and longitudinal dimensions (OV_L, OV_T, 

ES_L, ES_T), integument width (INT_W), antipodal number (marked 

with crosses) and antipodal cluster area (ANT_A), using Zeiss ZEN 

software. The ovule area is indicated with a dashed red and white line, 

while the embryo sac area is indicated by a dashed black and white 
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Table 1 Phenotypic measurements of ovule tissues from nine H. vulgare cultivars 

Cultivar   n Ovule Embryo sac Integument Nucellus Antipodal 
    

Area (μm2) Trans (μm) Long (μm) Area (μm2) Trans (μm) Long (μm) Width (μm) Area (μm2) % # Area (μm2) 
 

Beryllium 6 138,197.8 396.9 484.3 30,462.7 174.6 270.1 44.9 107,735.1 78.1 37.7 25,829.6 

STDEV  15,888.7 28.7 21.7 5597.7 26.0 25.5 5.7 11,329.2 2.2 2.7 5562.9 

Novello 12 154,239.1 413.1 505.6 33,330.3 171.7 298.0 43.9 120,908.9 78.5 35.0 27,401.0 

STDEV  16,522.7 19.1 42.8 6097.1 16.7 37.4 3.2 12,418.2 2.5 4.7 6447.3 

Orbit 6 161,883.0 451.7 487.3 33,816.5 182.2 281.0 46.4 128,066.6 78.9 36.5 28,026.6 

STDEV  20,556.0 32.4 20.9 4352.4 17.3 10.6 3.0 18,494.2 2.6 6.6 4934.9 

Extract 11 164,652.1 448.3 497.6 34,479.2 188.9 284.0 46.7 130,172.9 79.1 36.0 29,457.8 

STDEV  14,406.3 22.8 21.5 7094.9 25.8 27.4 2.7 11,537.1 3.5 2.9 7992.9 

Toucan 11 177,561.6 444.7 554.2 45,330.7 210.7 320.3 46.1 132,230.9 74.7 32.6 42,617.2 

STDEV  21,683.1 25.0 44.8 9374.7 22.8 46.4 2.1 14,255.4 3.3 4.7 5469.6 

Saloon 13 199,385.6 456.7 598.7 70,066.1 266.1 382.3 43.6 129,319.5 64.9 41.8 65,125.7 

STDEV  11,367.7 19.1 25.6 9071.9 21.7 25.0 1.7 10,869.6 3.9 4.8 8283.8 

Rainbow 6 221,620.1 488.6 598.6 65,471.9 242.4 375.2 41.0 156,148.2 70.6 36.8 57,424.8 

STDEV  14,500.2 20.3 19.8 8707.8 16.8 23.0 3.0 8030.2 2.5 3.5 7982.3 

Agenda 6 227,499.2 483.4 625.2 75,121.6 272.9 367.9 49.5 152,377.7 66.7 45.2 72,000.8 

STDEV  42,467.0 42.0 60.6 13,856.8 28.5 53.2 4.9 32,315.5 4.3 8.5 14,718.3 

Horizon 6 241,310.7 519.2 607.2 72,158.9 268.8 371.9 43.0 169,151.8 70.0 48.8 66,487.6 

STDEV  48,703.9 48.0 59.0 14,691.2 29.0 48.1 1.5 35,130.8 2.2 3.6 14,851.0 

Trans transverse width, Long longitudinal height 

 

for high-throughput analysis or provide insufficient cel- 

lular resolution without additional staining. 

Although the chloral hydrate-based method we 

describe is not compatible with visualisation of fluo- 

rescently-tagged proteins, it can be applied to diverse 

cereals, allows customisable incubation times, requires 

minimal tissue handling, and consistently provided excel- 

lent clearing and an ability to detect quantitative differ- 

ences in tissue development in unstained cereal ovary 

samples. The Zeiss ZEN software used for image analy- 

sis is freely available for download and easy to use, while 

the FIJI software suite was used to extract similar results 

[32]. In our pilot study of barley ovules at anthesis, 75 

pistils were examined from 9 cultivars. The method was 

not specifically tested on a microscope containing a 

motorised 8-slide mounting frame or image stitching 

software, but such an approach would almost certainly 

be compatible, suggesting that image acquisition might 

be automated in future to allow for high-throughput data 

collection. Whether the scale of analysis required 

for germplasm screens in breeding populations can be 

achieved is currently unclear. However, the method is 

compatible with pre-breeding efforts to dissect pre-ferti- 

lisation traits that contribute to downstream seed devel- 

opment and morphology. Furthermore, we anticipate 

that the method will be particularly useful for the rapid 

characterisation of mutant phenotypes and transgenic 

plants that effect ovule development in barley and wheat. 

Conclusions 
A clearing technique typically used in the analysis of 

tissues from dicot model organisms was successfully 

adapted to clear the much larger cereal pistil. This paves the 

way for further interrogation of sup-epidermal fea- tures of 

ovule development in barley and other  cereal crop species. 

The application of this method to a large panel of 

genetically distinct or genetically modified cereal varieties 

may assist the identification of novel genes con- trolling 

ovule phenotypes as well as components of seed yield and 

quality. 
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Fig. 5 Analysis of barley ovule traits by pistil clearing. a Ovule phenotypes were examined in nine cultivars of 2-row spring barley. Traits such as 

ovule area, nucellus area, antipodal number, antipodal area, nucellus proportion and integument width (see Fig. 4) were compared between the 

cultivars. Error bars show standard error. b Heat map showing the normalised trait values (between 0 and 1) for 11 ovule traits in the 9 examined 

cultivars. Cultivars and traits were clustered via hierarchical clustering. c Correlation analysis of 11 different ovule traits. The size and colour of the 

circles indicates the degree of trait correlation, which is also indicated via a numerical value. R-squared values greater than 0.95 are indicated via 

purple boxes. INT_W = integument width, NUC_% = nucellus proportion, ANT_N = antipodal number, OV_A = ovule area, NUC_A = nucellus area, 

OV_T = ovule transverse width, ES_L = embryo sac longitudinal height, OV_L = ovule longitudinal height, ES_T = embryo sac transverse width, 

   ANT_A = entire antipodal area, ES_A = embryo sac area  
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Abstract: The majority of organs in plants are not established until after germination, when pluripotent stem cells 

in the growing apices give rise to daughter cells that proliferate and subsequently differentiate into new tissues 

and organ primordia. This remarkable capacity is not only restricted to the meristem, since maturing cells in 

many organs can also rapidly alter their identity depending on the cues they receive. One general feature of 

plant cell differentiation is a change in cell wall composition at the cell surface. Historically, this has been 

viewed as a downstream response to primary cues controlling differentiation, but a closer inspection of the wall 

suggests that it may play a much more active role. Specific polymers within the wall can act as substrates for 

modifications that impact receptor binding, signal mobility, and cell flexibility. Therefore, far from being a static 

barrier, the cell wall and its constituent polysaccharides can dictate signal transmission and perception, and 

directly contribute to a cell’s capacity to differentiate. In this review, we re-visit the role of plant cell wall-related 

genes and polysaccharides during various stages of development, with a particular focus on how changes in cell 

wall machinery accompany the exit of cells from the stem cell niche. 

 
Keywords: cell wall; polysaccharide; development; glycosyltransferase; glycosyl hydrolase; differentiation; 

shoot meristem; root meristem 

 

 

1. Introduction 

As plant cells divide away from apical meristems, their molecular and biochemical profiles change. At the 

molecular level, cells adopt identities through changes in their nuclear morphology, genomic landscape, and 

transcriptional signatures. Changes also occur  at  the  periphery  of  the cell, most notably in the abundance and 

organization of cell wall components such as cellulose, non-cellulosic polysaccharides, phenolic acids, lipids, 

and proteins [1]. Sometimes this results in terminal differentiation, for example in vascular tissues such as 

lignified mature fibers [2]. Changes in wall composition influence the downstream function of cells as storage 

units, structural networks, and solute transporters [3]. In many cases, differentiation also influences the capacity of 

cells to respond to stresses imparted through pathogens and the environment [4]. 
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Despite its importance for growth and reproduction, plant cell differentiation is infrequently 

irreversible [5]. Many plant cells, not only those located in the meristems, possess the remarkable 

ability to adopt new identities. This can be a simple switch in identity between adjoining cells; for 

example, in the developing maize seed (kernel), where aberrant inward (periclinal) divisions of 

aleurone cells at the periphery result in one daughter cell retaining aleurone identity and the other 

adopting inner starchy endosperm identity [6]. The same thing can occur in more complex systems 

such as apomictic (asexual) plants, where ovule cells that adjoin normal sexual cells can spontaneously 

adopt germline-like identity and initiate a form of gametophyte development [7,8]. However, the plant 

meristem remains the epitome of differentiation capacity; meristematic stem cells can give rise to many 

different cell types, often referred to as pluripotency (the ability to either give rise to all cells and 

tissues in an organ) or totipotency (the ability to give rise to the entire organism) [9]. At a fundamental 

level, this indicates that fate is not fixed, and plant cells must maintain flexible cellular properties 

compatible with differentiation. 

Much of our knowledge regarding cell differentiation has come from in vitro studies involving 

tissue culture, during which plant cells can be induced to de-differentiate (essentially reverse 

differentiation and lose specialized characteristics [10]), forming protoplasts or callus [11]. Somewhat 

similar to pluripotent stem cells, these totipotent undifferentiated cells can be stimulated to give rise to 

entire new tissues and eventually whole plants, depending on the correct exogenous application of 

growth hormones and vitamin supplements. Importantly, one component of in vitro de-differentiation 

appears to be modification or removal of the cell wall from the progenitor cell [12,13].  Moreover,    in 

some cell types, the over-accumulation of specific cell wall components even appears to prevent de-

differentiation or regeneration [14,15]. Therefore, variation in cell wall composition may contribute to 

the maintenance of cellular identity in some cases, while promoting the capacity for differentiation in 

others. How this is determined has yet to be addressed in sufficient detail, since it requires a thorough 

qualitative and quantitative assessment of cell wall composition at the single cell level. 

Prevailing models suggest that there are two types of walls in plants; primary cell walls are 

relatively thin and flexible and are synthesized during cell growth and division, while secondary cell 

walls provide strength and rigidity in tissues that are no longer growing [16,17]. In general,    the 

plant cell wall comprises a framework of cellulose microfibrils coated in diverse non-cellulosic 

polysaccharides. Xyloglucan (XyG) is proposed to cross-link cellulosic microfibrils, while pectins 

such as homogalacturonan (HG) and rhamnogalacturonan (RG) form a structurally diverse glue that 

provides flexibility or stiffness depending on chemical modifications [18,19]. Other classes of 

polymers include 1,3-β-glucan, 1,3;1,4-β-glucan, mannan, arabinan, xylan, and phenolic compounds 

such as lignin, which vary depending on the cell type, species, and developmental age, and appear to 

fulfil diverse roles [20–23]. Figure 1 shows thin sections from a number of dicot and monocot tissues 

labelled with cell wall-related antibodies and/or viewed under UV light, highlighting the diversity 

of polysaccharides present in growing tissues, as well as specific differences between organs, tissues, 

and individual cell types. How the different polymers interact within the cell wall matrix is constantly 

being revisited; direct covalent connections have been reported between pectin and xylan [24],  xylan 

and lignin [25], and xyloglucan and cellulose [26]. However, the nature of the cross-linkages and 

hydrophobic interactions within the wall are not fully understood, and present significant challenges 

for the prediction and modelling of cell wall physicochemical properties [27]. Additional complexity 

is conveyed through glycoproteins such as arabinogalactan proteins (Figure 1), and other cell wall 

proteins such as proline-rich proteins, extensins, and expansins [28]. 
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Figure 1. Detection of different cell wall components in distinct tissues of Arabidopsis thaliana, Hordeum 

vulgare (barley), Oryza sativa (rice), Cicer arietinum (chickpea), Vitis vinifera (grape),  Nicotiana 

benthamiana (tobacco), and Triticum aestivum (bread wheat). The tissue origin of  each section is 

indicated at the bottom left of each panel. The antibody or stain is indicated at the top     left of each 

panel. Labelling of polymers was achieved through the use of diverse antibodies including BG1 

(1,3;1,4-β-glucan), JIM13 (arabinogalactan proteins, AGP), LM19 (homogalacturonan, HG), LM20 

(methylesterified homogalacturonan, meHG), callose (1,3-β-glucan), LM15 (mannan), LM6 

(arabinan), LM11 (arabinoxylan), and CBM3a (cellulose), or stains such as aniline blue (1,3-β-glucan) 

and Calcofluor White (β-glycan), or UV autofluorescence. Differential contrast (DIC) microscopy was 

used to image the barley root tip and is shown as a reference for the adjoining immunolabelled 

sample. Images were generated for this review, but further details can be found in previous studies 

[23,29–32]. Scale bar dimensions are shown in µm. 
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Classical studies in two-celled embryos of the alga Fucus [33] showed that there is a direct role of 

the cell wall in maintaining cellular fate. Extending this hypothesis to examine the role of the cell wall 

during differentiation of specialized cells and tissues of higher plants has proved challenging, partially 

due to compositional complexity and the sub-epidermal location of cells [34]. Moreover, it remains 

technically challenging to view the cell wall in a high throughput manner, and with enough resolution, 

to identify specific quantitative and qualitative changes in composition that directly accompany or 

precede changes in cellular identity. Dogma suggests that as cells divide into new microenvironments 

they are exposed to new combinations of hormones and signals, which subsequently activate receptors 

at the plasma membrane to cue signal cascades and downstream transcriptional changes [35,36].   As 

a result of this feedback, the cell wall is remodeled to introduce new or modified polymers that exhibit 

different properties and contribute to new cellular identity. This almost certainly involves changes in 

biomechanical properties, which have been extensively reviewed in recent times [37–39]. However, 

in order to receive and process a particular differentiation signal,  what basic structural  or 

biochemical features are required? Do specific polysaccharides or cell wall proteins enable the 

preferential accumulation of receptors, transmission of signals or the synthesis of signaling molecules 

that potentiate differentiation? Is there an ideal wall composition required for cell differentiation? 

Studies in recent years provide some answers, hinting that the cell wall plays a dynamic role in 

development, and that cues to initiate remodeling may arise from and depend on the composition of the 

wall itself. As mentioned above, recent reviews have considered in detail the role of cell wall integrity 

and sensors in controlling plant growth [40,41]. In this review, we consider molecular and genetic 

evidence supporting a role for distinct cell wall polysaccharides during plant development, particularly 

in light of recent studies and technological advances in cell-type specific transcriptional profiling. 

2. Cell Wall Modification during Growth, Differentiation, and Development 

The molecular determinants of cell wall composition incorporate large families of enzymes 

including glycosyltransferases (GT), glycosylhydrolases (GH), methyltransferases, and acetylesterases 

(see the Carbohydrate Active enZyme database; CAZy [42]). The location and presumed site of activity 

of these enzymes can vary between the Golgi, the plasma membrane or a combination of both [43]. The 

addition of new polymers to a wall through the action of glycosyltransferases can immediately    lead 

to changes in the pH,  providing  substrates  for  de-acetylation  [44],  de-esterification  [19],  and 

transglycosylation [45], and even new binding sites for receptors [46,47]. Specific differences in cell 

wall composition can be observed at different stages of development, between adjoining cells and 

tissues, and between monocots and dicots (See Figure 1). Several polymers that are labeled in Figure 

1, pectin and callose, have been implicated in key stages of plant development. In the following sections 

we consider these polysaccharides, in addition to several “structural” polymers, with a view to 

addressing how their synthesis and/or modification can influence differentiation and development. 

2.1. Pectin 

Pectin is an important polymer during development since it can undergo considerable 

modification once it is deposited in the cell wall [48]. Multiple types of pectin are detected in the 

primary walls of dicots and monocots, including homogalacturonan (HG), rhamnogalacturonan-I 

(RG-I), rhamnogalacturonan-II (RG-II), and xylogalacturonan (XGA) [48,49]. Immunolabelling shows 

that pectic polymers are particularly enriched in young flowers, ovules, fruits, and roots (Figure 1). 

RG-I is detected in a number of tissues and is particularly prominent in the Arabidopsis seed coat [50] 

and the transition zone of developing roots [51]. The tight developmental regulation of RG-I deposition 

in seedling roots suggests it may play a role in cell expansion [51], but its exact role and the details of 

its biosynthesis remain unclear [52]. HG is methylesterified (meHG) during synthesis in the Golgi, and 

this forms a substrate for pectin methylesterase (PME, CE8), which depending on the cellular context 

can lead to loosening or strengthening of cell walls [19]. Clear roles for PME have been demonstrated 

in meristem development, seed mucilage biosynthesis, and pollen tube growth [53–55]. In the shoot 
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meristem, organ primordia initiation requires demethylesterification of HG in sub-epidermal layers 

through the action of PME [56], which reduces stiffness and promotes outgrowth (Figure 2). Negative 

regulation of PME5 in the meristem dome by the BELLRINGER transcription factor ensures that  the 

meHG substrate is only targeted by PME5 at the flanks of the meristem, leading to correct positioning 

of organ primordial [37]. Similarly, in the root, alterations in PME activity and increased 

demethylesterification are associated with expansion of cell types in the root tip [57,58]. 

 

 

Figure 2. Cell wall components that contribute to growth, development, and differentiation. The model 

shows polymers superimposed on a TEM image of a leaf cell wall, including 1,3;1,4-β-glucan (MLG), 

cellulose, xyloglucan (XG), mannan, callose, and pectin. Enzymes that contribute to the biosynthesis 

or modification of these components are shown. The spatial separation of polymers is only shown for 

schematic purposes. Biosynthetic enzymes are shown in blue, hydrolytic enzymes are shown in purple, 

receptors are shown in orange, mobile transcription factors are shown in white, pectin methylesterase 

(PME) is shown in green, and arabinogalactan protein (AGPs) in pink. Deposition and hydrolysis of 

callose at the neck of plasmodesmata (PD) can alter the size exclusion limit (SEL) of the PD, hence limiting 

the mobility of intercellular signaling molecules such as transcription factors (e.g., WUSCHEL [59], 

SHORT ROOT [60], and KNOTTED [61]), microRNAs (miRNAs [60,62]), and short  interfering RNAs 

(siRNAs [63,64]). Hydrolysis of callose by GH17 enzymes leads to the release of stimulatory 

oligosaccharides (OS) from the glucan backbone in fungi, but it remains unclear if similar OS contribute 

to growth and development in plants. By contrast, release of oligogalacturonides (OG) from pectin by 

polygalacturonase (PG) has been implicated in plant development through antagonistic effects on 

auxin pathways. The small circles on XG indicate galactosyl residues present due to the activity of 

XLT2 (xyloglucan galactosyltransferase). GT8 family enzymes contribute to the biosynthesis of pectin, 

which is usually synthesized in a methylesterified form (e.g., methylesterified homogalacturonan; 

meHG). Removal of methylesters (red hexagons) through the activity of PME can lead to calcium 

binding and subsequent cross-linking of pectin polysaccharides,  which influences wall stiffness.   GT, 

glycosyltransferase, XXT, xylosyltransferase, MTH, mannan transglycosylase/hydrolase, XTH, 

xyloglucan transglycosylase/hydrolase, CslF, cellulose synthase-like F, CslA, cellulose synthase-like A, 

GH, glycosyl hydrolase, WAK, wall-associated kinase, ERU, ERULUS receptor-like kinase. 

 
Other factors that influence cell expansion are the Wall-Associated Kinases (WAKs), which directly 

bind pectin polymers in the cell wall in a way that is at least partially dependent upon the degree   of 

methylesterification [65,66] (Figure 2). Mutations in  several  WAK  genes suggest they play a   role 

in mediating resistance against various pathogens [67,68], as well as in cell expansion during 

development [69]. Another putative receptor involved in the pectin pathway is the Arabidopsis 
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Catharanthus roseus receptor-like kinase 1-like (CrRLK1) ERULUS (ERU) protein, which is required 

for correct root hair formation, and regulates cell wall composition through negative control of PME 

activity [70] (Figure 2). Interestingly, ERU transcription is downregulated in several mutants showing 

changes in cell wall composition related to pectin, suggesting a possible feedback mechanism from the 

wall to regulate pectin composition and root hair development. ERU is part of the FERONIA (FER) 

family of kinases [41,71] that are implicated in fertilization, cell wall sensing, and root growth. Defects 

in the FER signaling pathway lead to pronounced defects in pectin composition of pollen tubes and 

root hairs, and a recent report indicates that FER directly interacts with pectin in vivo and in vitro [72]. 

Curiously, the ability of cell walls to sense change may be restricted to components of the primary 

wall, since limited signaling and transcriptomic responses were observed in mutants showing altered 

secondary cell wall biosynthesis in Arabidopsis [73]. 

Finally, modification of pectin by hydrolytic enzymes can lead to the release of small fragments 

called oligogalacturonides, which are reported to effect plant  growth  and  development  [74].  These 

pectin fragments impact diverse physiological processes, including fruit ripening in tomato [48] and 

stem elongation in pea [75] via a mechanism that appears to involve antagonism with the plant 

hormone auxin [76]. In summary, these studies indicate that specific pectic polymers within the wall 

may predispose cells to respond to stimuli that influence growth and differentiation. 

2.2. Callose and Plasmodesmata 

Another polymer that influences cellular differentiation is callose. Comprised of a water-insoluble 

linear form of (1,3)-β-glucan, callose is an atypical cell wall polysaccharide in that it is not often co-

extensive throughout cell walls with pectin and cellulose  but has specific restricted occurrences and 

functions in locations such as the cell plate, reproductive tissues,  and  plasmodesmata  (PD). Genes 

involved in callose biosynthesis and hydrolysis are well characterized and include the 1,3-β-glucan 

synthases (GT48 family) and 1,3-β-glucan hydrolases (GH17 family),  respectively.  These  enzymes have 

historically been associated with roles  in  pathogen  response,  dormancy,  cell  division,  and plant 

reproduction [21,77,78], but recent studies emphasize their general importance in controlling 

intercellular transport of developmental regulators through PD (Figures 1 and 2). PD are intercellular 

channels embedded in the cell wall that provide a cytoplasmic continuum between cells [79]. Different 

types of PD can be detected in the cell wall, which vary in terms of their structure and their arrangement 

within and between cell layers [80,81]. The formation of lateral roots in Arabidopsis depends upon 

restrictive callose deposits in the cell wall adjoining the PD [82], often referred to as the “neck” region. 

PD also regulate intercellular movement of transcription factors and microRNAs between the stele and 

endodermis to control xylem development [60]. Although the cues that drive PD formation are unknown, 

PD are present in many cell types and are accompanied by increased pectin and decreased cellulose 

deposits in flanking cell wall regions [83]. Enzymes regulating callose biosynthesis and turnover are 

enriched in the general PD proteome [84] in addition to several PMEs, polygalacturonases and diverse 

receptor kinases that likely influence PD function [85,86]. The biochemical analysis of PD highlights a 

potential relationship between pectin and callose that has yet to be explored in significant detail. 

The removal of callose from PD and specialized cell walls in the anthers and ovule is mediated by 

GH17 enzymes, which form a large family found in archaea, bacteria, and eukaryotes [87]. In general, 

GH17 activity is likely to influence growth and development in several ways by (1) decreasing the size 

exclusion limit (SEL) of PD and allowing increased symplastic intercellular transport [88]; (2) removing 

apoplastic barriers that are proposed to insulate cells such as the megaspores or microspores against 

mobile signals [89,90] and (3) removing a transient matrix for deposition of secondary polymers during 

cytokinesis and cell division [91]. Consistent with a role in regulating the SEL of PD, studies in the 

shoot meristem have shown that mobile tracers are free to move between distinct “symplastic fields”, 

which incorporate different zones and layers [92,93]. This indicates that differential regulation of PD 

conductance is likely to be required for meristem cell identity and function. One key transcription 

factor involved in meristem maintenance, WUSCHEL, moves from the organizing centre (OC) of the 
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meristem into above-lying stem cells through PD [59]. Therefore, the presence of PD and associated 

cell wall polymers is another example by which cells may be predisposed to be responsive to non-cell 

autonomous stimuli; in essence, the PD and adjoining regions of cell wall provide a substrate for 

receptor binding as well as for cell wall remodeling activities that can influence intercellular signaling 

and differentiation (Figure 2). 

In addition to these developmental functions, GH17 enzymes also form a defensive barrier 

during pathogen attack that targets 1,3-β-glucan polymers in the fungal cell wall. A recent study 

showed that non-branched fungal 1,3-β-glucan oligosaccharides are able to trigger immune responses 

in Arabidopsis via CERK1 (chitin elicitor receptor kinase 1) [94]. It is tempting to speculate that similar 

to oligogalacturonides, cleavage of endogenous 1,3-β-glucan polymers might release backbone 

oligosaccharides that elicit responses during growth and development (Figure 2). 
 

2.3. Roles for Other “Structural” Polymers in Growth and Development 

1,3;1,4-β-glucan is predominantly found in monocots, particularly the Poaceae, where it 

accumulates in the primary and secondary walls of diverse tissues [95,96] (Figure 1). Evidence suggests 

that accumulation of 1,3;1,4-β-glucan is required for correct grain fill in barley and wheat [97,98]. 

However, genetic studies also reveal specific developmental abnormalities, such as male infertility, 

in rice plants lacking the primary biosynthetic enzyme controlling 1,3;1,4-β-glucan biosynthesis [99] 

(Cellulose synthase-like F6; CslF6). In barley, tissue-specific over-accumulation of 1,3;1,4-β-glucan 

appears to inhibit signal and/or solute transmission [29,97] while barley cslf6 mutants are shorter and 

show defects in leaf growth [100]. This is perhaps unsurprising given that CslF6 is expressed in a 

range of tissues [101], however, the specific role of 1,3;1,4-β-glucan and the CslF gene family in plant 

development requires further investigation. 

Unlike 1,3;1,4-β-glucan, xyloglucan (XyG) is a highly branched polysaccharide found in the 

primary cell wall of many plant tissues and is characterized as a structural cell wall component that 

binds to cellulose [102] (Figure 2). Remarkably, mutants lacking activity of three xylosyltransferase 

(XXT) genes (XXT1, 2 and 5) contain no detectable xyloglucan in their cell walls, yet develop relatively 

normally apart from defects in root hairs [103]. By contrast, murus3 mutants that are deficient for a 

XyG-specific galactosyltransferase contain normal levels of xyloglucan, but in a form that is depleted 

of galactosyl substituents, and this results in extreme developmental defects including dwarfism [104]. 

Hence, while XyG is not required per se for Arabidopsis development, incorrect substitution of XyG 

may compromise interactions between different wall polymers, resulting in a cell wall composition 

that is incompatible with cell growth. 

Similar to xyloglucan, several types of structurally diverse mannans are also linked to the 

cellulose network providing mechanical support [105], while others are involved in carbohydrate 

storage. Loss-of-function mutations in the Cellulose synthase-like A (CslA) 2, 3, and 9 genes, encoding 

putative glucomannan synthases, result in no detectable glucomannan in stems but plants appear 

phenotypically normal [106]. However, mutants lacking function of the CslA7 gene show embryo 

lethality, suggesting that in some tissues glucomannan is a critical component for growth and 

differentiation [107]. Although the mechanistic basis for this lethality is unclear, the csla7 mutant 

embryos appear remarkably similar to those showing defects in developmental patterning and organ 

differentiation, such as double mutants of the WUSCHEL-HOMEOBOX 8/9 transcription factors [108] 

and ARGONAUTE 1/10 genes involved in post-transcriptional gene silencing [109,110]. This may 

indicate that targets of these transcriptional and post-transcriptional regulators converge at the cell wall, 

or that a distinct cell wall composition contributes to downstream function of these regulatory pathways. 

Interestingly, both mannan and xyloglucan are targets of transglycosylase enzymes activities, which 

essentially cleave the polysaccharide chain and attach it to a new chain to retain strength in the 

cell wall (Figure 2). Both mannan endotransglycosylases/hydrolases (MTH) and xyloglucan 

endotransglycosylases/hydrolases (XET/XTH) have been implicated in fruit development. LeMAN4a, 

an MTH from tomato, exhibits transglycosylase activity and is expressed in young floral buds where it 
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is hypothesized to function in tissue softening [111]. Similarly, XTH genes are associated with fruit 

development in persimmon, apple, and tomato [112,113]. Therefore, even in the case of polysaccharides 

that have historically been associated with structural functions, there is evidence to suggest their 

presence in the wall may provide a substrate for remodeling enzymes that impact growth and 

differentiation during diverse stages of plant development. 

1. Specific Cell Wall-Related Genes Accompany Differentiation in Meristematic Zones 

Antibodies and glyco-arrays are an outstanding resource [114,115] to localize and identify specific 

cell wall-related epitopes, and this is highlighted by the distinct labelling patterns shown in Figure 1. 

The limitation of antibodies is that they only provide a limited view of the chemical complexity 

present in a cell wall at a particular time point. Technologies that enable local qualitative and 

quantitative assessments of wall complexity, particularly in the case of the shoot and root meristem 

and reproductive tissues, would provide a significant advantage in understanding cell wall changes 

during differentiation. Methods such as coherent anti-Stokes Raman scattering (CARS [1]) and FTIR 

microspectroscopy [116] may enable specific compositional changes to be identified, although they are 

yet to deliver the required precision for cell-type specific analysis during development. By contrast, 

at the molecular level, definition of the transcriptional programs underlying cell wall formation has 

recently become much more accessible. The analysis and identification of cell wall-related genes  that 

define specific cell types and/or show altered expression during development remains a viable 

approach to assess the role of different cell wall components in facilitating differentiation. 

In Arabidopsis, studies have utilized the elegant method of fluorescence-assisted cell sorting (FACS) 

to collect specific populations of cells from developing tissues [117–119]. This approach was used 

successfully in Arabidopsis roots [117,118] to profile RNA from, among others, cell types located in the 

meristematic zone including the quiescent centre (QC), the adjoining columella, and the lateral root 

cap (LRC). The QC is marked by the expression of AGL42 and WOX5 genes and contains slowly 

dividing, “undifferentiated” cells that stimulate the formation of adjoining stem cells [120] (Figure 1). 

Underlying the QC are the columella initials; stem cells that divide periclinally to give rise to one 

daughter that adopts columella fate and another that retains stem cell identity. Similarly, the LRC 

initial cells adjoin the QC and give rise to all cells in the lateral root cap. These cell types are in close 

proximity but assume different identities as soon as they divide away from the QC. Therefore, the 

cell-type specific transcriptional datasets provide an excellent resource to assess changes in the cell 

wall machinery during differentiation. 

Houston et al. [4] examined transcriptional datasets from Arabidopsis and other species to highlight 

cell wall gene families associated with cell wall remodeling during abiotic stress and pathogen attack. A 

similar survey of the Arabidopsis root cell-type specific RNA profiles [118] reveals a comprehensive set 

of cell wall genes potentially contributing to growth and differentiation (Figure 3). Relative to the QC 

(as an undifferentiated reference), cells that adopt LRC or columella fate express different gene families 

involved in polysaccharide biosynthesis and modification. Examples include the arabinogalactan 

proteins (AGPs), pectin methylesterases (CE8), glucoronyl/galacturonosyltransferases (GT8), and 

xylan 1,4-β-xylosyltransferases (GT43). Arabinogalactan proteins are cell wall proteins that have been 

implicated in many aspects of growth and development [30,31,121,122], while the other families are 

implicated in pectin and xylan biosynthesis and modification. The majority of these gene families are 

upregulated as cells adopt columella or LRC identity, consistent with the formation of new wall types 

compared to the relatively naïve wall in the undifferentiated QC. Notably, within the QC itself, 

representatives from the pectate lyase (PL1), expansin, 1,3-β-glucanase (GH17), and 1,3-β-glucan 

synthase (GT48) families are up-regulated, hinting at a key requirement for intercellular signaling and 

wall flexibility. This analysis exemplifies how transcriptomic studies can enable identification of cell 

wall-related genes and families that accompany changes in cell identity during differentiation. In many 

cases, these transcriptional changes directly relate to alterations in root cell wall composition [123] 

indicating a close link between transcript abundance and putative enzyme activity. 
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Figure 3. Analysis of cell wall-related gene expression during differentiation of stem cells in the root 

and shoot meristem of Arabidopsis thaliana. The upper panels in (a,b) show schematic representations 

of the root and shoot apical meristem [120]. (a) In the root meristem, initial cells (stem cells) directly 

adjoining the QC enter differentiation pathways as they divide away from the niche (shown by arrows 

for columella and lateral root cap). V, vasculature, Vi, vascular initial, QC, quiescent centre, E, 

endodermis, C, cortex, CEi, cortex/endodermis initials, Epi, epidermal initials, Ep, epidermis, LRi, 

lateral root cap initial, LRC, lateral root cap, Ci, columella initial, Co, columella. (b) In the shoot 

meristem, the organizing center (OC) functions via WUSCHEL (WUS) to maintain the stem cells (SC) 

in an undifferentiated state. The stem cells express the signal peptide CLAVATA3 (CLV3). Divisions 

of the stem cells provide daughters that enter differentiation pathways at the flanks of the meristem 

and become organ primordia (OP), which is marked by expression of genes such as FILAMENTOUS 

FLOWER (FIL). The second row of panels highlights gene families encoding CAZy carbohydrate-related 

enzymes [42] that are enriched in each meristem cell type according to FACS-mediated sorting and 

transcriptional profiling [118,119]. The genes are superimposed on sections of root and shoot meristem 

tissues. Family names in bold indicate that multiple members from the same family were up-regulated 

in the QC or OC (depending on the meristem) relative to both of the other cell types. GH, glycosyl 

hydrolase, GT, glycosyltransferase, PL, pectate lyase, AGP, arabinogalactan protein, EXP, expansin, CE, 

carbohydrate esterase, FLA, fasciclin-like arabinogalactan protein. See Table 1 for putative functions of 

enzyme families. The third row of panels shows expression patterns of selected CAZy family members 

in the different meristem cell types. Several of the individual genes reflect the behavior of the entire 

family. For example, At1g02360 is up-regulated in the columella and LRC relative to the OC, and this is 

a pattern shown for many GH19 family members. However, other genes such as At3g47400, At3g10720, 

and At4g02130 show unique patterns compared to other members of their families. The reason why 

multiple family members are recruited into some cell-type preferential expression pathways, while in 

others only individual members are expressed, remains to be elucidated. 
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In the shoot apical meristem (SAM), Yang et al. (2016) characterized changes in cell wall 

composition by immunolabelling, in addition to profiling cell wall-related gene expression in different 

meristematic regions [124]. Their results indicate that as cells divide through the meristem, different 

enzymes build new walls compared to those that build maturing walls. Complementing this, studies 

have examined transcriptional changes at the level of individual meristematic cell types (Figure 3). 

The organizing centre (OC) of the SAM is marked by expression of the WUSCHEL gene and is somewhat 

similar to the root QC, in that it is undifferentiated, slow to divide, and specifies adjoining cells as stem 

cells [120]. The shoot stem cells express the CLAVATA3 gene, and as they divide anticlinally, they exit 

the control of the OC and enter organ differentiation pathways where expression of transcription factors 

such as FILAMENTOUS FLOWER are detected (Figure 3). Yadav et al. (2009) used these cell-type 

specific markers to isolate and transcriptionally profile shoot stem cell types [119]. Around half of the 

Arabidopsis CAZy cell wall families are up-regulated in organ primordia but downregulated in the stem 

cells relative to the OC; gene families include the expansins (EXP), fasciclin-like arabinogalactan 

proteins (FLAs), pectate lyases (PL1), pectin methylesterases (CE8),  polygalacturonases (GH28),  and 

endo-arabinanases (GH43). The lack of glycosyltransferases and abundance of cell wall modifying 

enzymes suggests that, similar to the root meristem, cell wall remodeling is the predominant feature of 

cell and organ differentiation in the shoot. Interestingly, gene families that are up-regulated in the stem 

cells relative to the OC and organ primordia include a number of key polysaccharide synthases and 

hydrolases such as 1,3-β-glucan synthase (GT48), arabinosyl/xylosyltransferase (GT61), and xylanase 

(GH10). As discussed above, the GT48 genes contribute to callose biosynthesis, and their up-regulation 

may relate to the formation of symplastic zones through altered PD conductance. Although a direct 

role for GT61 and GH10 genes during development has not been explicitly reported, GT61 enzymes 

have been implicated in substitution of polysaccharides to potentially influence wall polymer viscosity 

in seed-coat epidermal cells [125,126], and some GH10 xylanases are expressed during secondary wall 

synthesis in poplar [127]. 

In summary, these studies show that as cells exit the stem cell niche and start differentiating, 

clear trends are seen in the transcriptional behavior of CAZy families. The CAZy signatures of distinct 

cell-types within the shoot and root meristem are summarized in Figure 3. It is important to note that 

despite their grouping via functional domains and proposed carbohydrate-related activities, the vast 

majority of the CAZy genes remain uncharacterized. The transcriptional profiles of the meristematic 

cells are remarkably dynamic yet similar between the shoot and root meristems, identifying key 

activities whose role in differentiation might be addressed in more detail through further mutant and 

cell-type specific analyses. 

3. Perspectives 

The basis for this review was to consider the role of the plant cell wall in growth and development, 

and to assess how cell wall polysaccharides might predispose cells to undergo differentiation. We have 

focused our attention on polysaccharides including pectin, callose, xyloglucan, and mannan, which 

fulfil roles during different stages of growth and development. The presence and modification of 

these polymers correlates with changes in cell identity and function, and their depletion through 

mutagenesis or transgenic modification results in altered plant development.   Callose and pectin   in 

particular provide multiple avenues to influence differentiation, initially through deposition and 

subsequently through hydrolysis, chemical modification, and receptor binding. Consistent with the 

chemical complexity of the cell wall, the transcriptional machinery underlying cell wall polysaccharide 

deposition and modification is intricate. However, common activities are identified in cell types that 

exit from apical (shoot and root) stem cell niches and initiate differentiation. This overlap suggests 

that while the cellular context (i.e., roots vs. shoots) and specific gene family members might differ, 

early stages of differentiation likely depend on a similar wall composition that is compatible with 

remodeling. In this context, it seems prudent to consider the cell wall in the same light as other 
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key factors, such as genomic and epigenetic modifications, that facilitate important steps of the cell 

differentiation process. 

 
Table 1. Protein families potentially involved in polysaccharide biosynthesis and modification in Arabidopsis. 

 

CAZy Family Putative Polysaccharide Target Gene ID Enzyme Description 

AGP   arabinogalactan protein * 
CE13 Pectin  pectin acetylesterase 

CE8 Pectin PME pectin methylesterase 
EXP   expansin 

FLA   fasciclin-like arabinogalactan protein 

GH3 Glucan/Xylan/Xyloglucan  
β-D-glucosidase, α-L-arabinofuranosidase, 

β-D-xylopyranosidase 
GH5 Mannan MTH endo-β-mannanase 
GH9 Cellulose  cellulase 

GH10 Xylan  endo-β-xylanase 

GH14 Starch  β-amylase 

GH16 Xyloglucan XTH/XET xyloglucan:xyloglucosyltransferases 
GH17 Callose GLUC glucan endo-1,3-β-glucosidase 

GH19 Chitin  chitinase; lysozyme 

GH20   beta-hexosaminidase 

GH27   α-galactosidase 
GH28 Pectin PG polygalacturonase 

GH32   invertase 

GH35 Pectin/Xyloglucan  β-galactosidase 

GH36   α-galactosidase 
GT2 Cellulose/Mannan/1,3;1,4-β-glucan CslA/CslF cellulose synthase/cellulose synthase-like 

GT8 
Pectin/Xylan 

 
 

homogalacturonan 1,4-α galacturonosyltransferase 
UDP-GlcA: xylan α-glucuronyltransferase 

GT14 AGP  
UDP-GlcA: [arabinogalactan] 1,3-β-/1,6-β-galactan 

1,6-β-glucuronosyltransferase 

GT20   
alpha,alpha-trehalose-phosphate synthase [UDP-

forming] 
GT31 AGP/Pectin  1,3-β-glucuronyltransferase 

GT34 Xyloglucan XXT xyloglucan 1,6-α-xylosyltransferases 

GT37 Xyloglucan  xyloglucan  1,2-α-α-fucosyltransferase 

GT43 Xylan  glucuronoxylan   glycosyltransferase 
GT47 Xylan/Xyloglucan MUR3 xylosyltransferase/xyloglucan galactosyltransferase 

GT48 Callose GSL 1,3-β-glucan synthase 

GT59   1,2-α-glucosyltransferase 

GT61 Xylan/Xyloglucan  xylosyltransferase/arabinosyltransferase 

GT90 Mannan  
UDP-Xyl: (mannosyl) glucuronoxylomannan 
galactoxylomannan 1,2-β-xylosyltransferase 

PL1 Pectin  pectate lyase 
  

Note: * AGPs are not reported to exhibit enzymatic activity. Only families relevant to Figure 2 or the main text are 
included while genes that are referred to in the text are listed in the Gene ID column. 
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Abstract 

 

Grain production in cereal crops depends upon the stable formation of male and female 

germ cells in the flower. In most angiosperms, the female germ cells are located deep 

within the ovary, protected by several layers of maternal tissue including the ovary wall, 

ovule integuments and nucellus. In the field, germline formation and floret fertility are 

major determinants of yield potential, contributing to traits such as seed number, weight 

and size. Despite this, viable gametes are not the sole determinants of yield. Stimuli 

affecting the timing and duration of reproductive phases as well as the viability, size 

and number of cells within reproductive organs also play a role. One key stimulant is 

the phytohormone auxin, which influences growth and morphogenesis of female 

tissues during gynoecium development, gametophyte formation, and endosperm 

cellularisation. In this review we consider the role of the auxin signalling pathway during 

ovule and seed development, first in the context of Arabidopsis and then in the cereals. 

We summarise the gene families involved and highlight distinct expression patterns in 

barley that suggest a range of roles in reproductive cell specification and fate. This is 

discussed in terms of seed production and how targeted modification of different 

tissues might facilitate improvements. 

 

Keywords: grain, seed, barley, ovule, auxin, phytohormone, yield, development, plant, 

Arabidopsis
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Introduction 

 

Plant cells possess an innate developmental plasticity that allows them to adopt 

different fates dependent on their environment and the signals they perceive (Wolters 

and Jurgens 2009; Vanstraelen and Benkova 2012; Tucker et al. 2018). Given the vast 

array of signalling molecules that exist in nature, the architectural limitations of the 

plant cell wall and the difficulty in accessing sub-epidermal plant cells for molecular 

analysis, piecing together how a cell actually adopts identity in a complex organ is a 

remarkably challenging process. This is particularly so in the plant ovule, which 

develops deep within the flower, but is an essential component of seed formation and 

therefore plant yield. Since the green revolution, annual yield improvements in cereal 

crops have plateaued and based on current predictions will not meet global food 

demands at some point near the middle of this century (Ray et al. 2013). Hence, there 

is pressing need to develop new strategies that might lead to improvements in grain 

size, number and/or quality. One area that still holds considerable promise is the 

detailed study of reproductive organ development at the individual tissue and cellular 

level, directly in the crops that underlie most of our food, feed and beverage industries. 

Although many regulators of plant growth and development have already been utilised 

in the context of germplasm improvement (Sasaki et al. 2002; Mathan et al. 2016; 

Wurschum et al. 2017), greater understanding of cell and tissue formation in the 

reproductive organs will provide novel targets for refined genetic improvements and 

increased yield. For example, the pathways controlling female gamete formation, 

which depend on interactions between a small subset of epidermal and sub-epidermal 

cell types in the ovule, are targets for the synthetic control of hybrid production and 
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heterosis (Sailer et al. 2016). Moreover, the capacity to induce additional germline cells 

at different stages of ovule development and in different cell types is a target of 

research into asexual seed formation (apomixis; Hand and Koltunow 2014). Both of 

these approaches hold potential to significantly increase yields through modification of 

specific reproductive events. 

 

The central role of the ovule in seed development 

The plant ovule hosts processes essential for sexual plant reproduction (Fig. 1A), 

including the transition from somatic to germline development (megasporogenesis), 

the formation of a female gametophyte (megagametogenesis), fertilization, 

embryogenesis, and finally, the generation of the persistent propagule, the seed. In 

eudicots such as Arabidopsis thaliana (Arabidopsis), the diploid sporophytic tissues of 

the ovule consists primarily of the proximal funiculus, which connects the ovule to the 

placenta, the central chalaza and the distal nucellus surrounded by the integuments 

(Fig. 1B; Reiser and Fischer 1993). The nucellus facilitates the production of a single 

haploid female gametophyte from a single somatic precursor, which in turn hosts 

embryo and endosperm development during seed development (reviewed in Wilkinson 

et al. 2018). After fertilisation in Arabidopsis, division of the central cell within the 

gametophyte gives rise to a nuclear syncytium that eventually cellularises to form a 

non-persistent starchy endosperm and persistent peripheral aleurone, while the egg 

cell is fertilised to give rise to the zygote which divides to form the embryo. At seed 

maturity, as in most eudicot angiosperms, the embryo consumes most of the 

endosperm and finally comprises the majority of the seed, leaving only a single layer 
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of endosperm cells (Brown et al. 1999). At maturity, the embryo makes up over 90% 

of the seed (Dumas and Rogowsky 2008; Kondou et al. 2008). 

In monocots from the grass family such as barley and wheat (i.e. the Poales), the 

process of ovule initiation and development is similar to Arabidopsis, except that the 

funiculus is essentially absent, the nucellus is expanded to form the bulk (~65%; 

Wilkinson and Tucker 2017) of the sporophytic ovule tissue and the female 

gametophyte accumulates a large number of antipodal cells at the chalazal (proximal) 

end of the gametophyte (Fig. 1A; Wilkinson et al. 2018). The main difference between 

eudicots such as Arabidopsis and cereal monocots is observed after fertilisation, 

during the later stages of endosperm development. Cereal species such as rice (Oryza 

sativa), maize (Zea mays) and barley (Hordeum vulgare), produce a persistent 

endosperm that is only consumed during germination by the developing seedling (Yan 

et al. 2014). The outer layer of the endosperm forms the aleurone, which plays a critical 

role during germination (Becraft and Yi 2011), while the mature embryo makes up only 

a fraction (e.g. approximately 10% in barley) of the mature seed. 

 

Variation in reproductive development and possible roles for hormones 

Ovule and seed development are under the control of multiple cues that carefully 

coordinate the reproductive process in space and time (Bencivenga et al. 2011; Tucker 

and Koltunow 2014). Although all angiosperms produce seed, considerable natural 

variation is present in the timing of reproductive development and size of constituent 

organs, which impacts the size and number of seeds both among and within related 

species (Guo et al. 2015; Guo et al. 2016; Li and Yang 2017). For example, increased 

ovary size, which is largely due to increased cell number has been positively linked to 
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the size of mature grains in both wheat and sorghum (Yang et al. 2009; Xie et al. 2015; 

Reale et al. 2017). In wheat and barley, the greatest potential to establish increased 

seed number from an individual inflorescence is during the period of the reproductive 

phase in which spikelet initiation has ended, floret differentiation has begun, and floret 

death is yet to occur (Alqudah et al. 2014). Therefore, factors that influence the duration 

of the reproductive phase are likely to have a significant impact on both the size and 

number of seed (Gonzalez-Navarro et al. 2016). The timing of these phases is 

undoubtedly due to the interplay of many regulatory factors, of which phytohormones 

are prime candidates as organisers. 

 

Auxin as a regulator of yield 

In Arabidopsis, it is difficult to disentangle the key events of ovule and seed 

development from auxin, which contributes to growth, morphogenesis and progression 

through different reproductive stages (Weijers et al. 2006; Pagnussat et al. 2009; Sehra 

and Franks 2015). Although there are comparatively fewer details known about the 

relationship between auxin, ovule and seed development in agriculturally important 

cereal species, evidence points to an important role. In rice, mutants in the auxin 

pathway have pleiotropic effects on reproductive development, ranging from 

decreased fertility and seed abortion to increased seed size and increased grain weight 

(Jun et al. 2011; Ishimaru et al. 2013; Zhang et al. 2015; Hu et al. 2018). In maize, the 

relative timing of silking and pollen shed, required to coincide for fertilisation to occur, 

can be altered by overexpression of PLASTOCHRON1 (PLA1), a cytochrome P450 

gene in the same group as AtCYP78A5/KLUH (Anastasiou et al. 2007), which disrupts 
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auxin metabolism and causes substantially increased leaf growth (Sun et al. 2017). 

Hybrid maize progeny resulting from a cross between ox-KLUH and wild type yield 

cobs with 7-15% more kernel rows, and kernels that are 6-16% larger than WT (Sun 

et al. 2017). In contrast, overexpression of the wheat orthologue of AtCYP78A5/KLUH, 

TaCYP78A5, has been linked to a reduction in cell number in the wheat ovary and 

developing seed coat, ultimately reducing the size of the mature grain (Ma et al. 2016). 

To address the current status of research in this area, in the following sections we 

summarise the events of auxin biosynthesis, transport and signalling with a primary 

focus on key stages of ovule and seed development, highlighting the detailed 

knowledge available for Arabidopsis. We also summarise recent findings from barley, 

maize and rice, which suggest the tools to investigate and capitalise on the role of 

auxin in cereal ovule and seed development are rapidly becoming available. 

 

Components of auxin signalling pathways  

Auxin can accumulate in a tissue by two methods, through local biosynthesis or 

transport from a distant source. Studies suggest that the most abundant form of auxin 

in plants, indole-3-acetic acid auxin (IAA), is synthesised in a number of young tissues 

via two different pathways, the tryptophan-dependent pathway and the tryptophan-

independent pathway (Mano and Nemoto 2012). In Arabidopsis, biosynthesis of auxin 

requires activity of the TRYPTOPHAN AMINOTRANSFERASE OF ARABIDOPSIS 

(TAA1) gene together with TRYPTOPHAN AMINOTRANSFERASE RELATED genes 

(TAR1 and TAR2), to produce indole-3-pyruvic acid (IPA), followed by activity of 

YUCCA flavin monooxygenase-like enzymes to convert IPA to IAA (Fig. 2; Stepanova 
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et al. 2008; Mashiguchi et al. 2011; Robert et al. 2015). Models suggest that movement 

of IAA into cells (influx) can occur passively, or can be bolstered by the AUXIN1/LIKE 

AUX1 (AUX1/LAX) plasma membrane transporter proteins (Marchant et al. 1999; 

Enders and Strader 2015), while movement of IAA out of cells (efflux) is mediated by 

multiple proteins from the PIN-FORMED family (for example, PIN1; Vernoux et al. 

2000, Moller et al. 2009, Ganguly et al. 2010) and ATP-BINDING CASSETTE 

SUBFAMILY B (ABCB) proteins (Noh et al. 2001, Cho et al. 2013). The PIN1 auxin 

transporter localises to the plasma membrane and shows an asymmetric distribution 

in cells, which is consistent with its role in polar auxin efflux (reviewed by Remy and 

Duque 2014). 

Within the cell, auxin is initially perceived by the TRANSPORT INHIBITOR 

RESPONSE 1 / AUXIN SIGNALING F-BOX (TIR1/AFB) proteins, leading to a series 

of events that activate auxin responsive genes (Fig. 2A,B). There are several models 

that explain auxin responses (Salehin et al. 2015). In the first model, INDOLE-3-

ACETIC ACID INDUCIBLE (Aux/IAA) proteins bind to and repress AUXIN RESPONSE 

FACTOR (ARF) activator proteins that in turn bind the promoters of auxin-responsive 

genes; in the absence of auxin, the auxin responsive genes remain untranscribed 

(Farcot et al. 2015). This repression is partly mediated through recruitment of various 

co-repressor proteins by the Aux/IAAs, such as TOPLESS/TOPLESS-RELATED 

(TPL/TPR; Long et al. 2002). The Aux/IAA proteins can also bind TIR1/AFB proteins. 

When the TIR1/AFBs perceive and bind auxin via their leucine rich repeat repeats, this 

strengthens their interaction with Aux/IAA proteins and leads to Aux/IAA 

polyubiquitination and degradation via the proteasome (Worley et al. 2000; Ramos et 

al. 2001; Mockaitis and Estelle 2008). Hence, when auxin is perceived, the repression 
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of ARFs by Aux/IAA is lifted, and the ARF proteins are able to regulate transcription of 

auxin responsive target genes in a positive or negative manner depending on the ARF, 

the promoter sequence of the target gene and the interaction with additional 

coactivators or corepressors (Fig. 2; Lee et al. 2009; Farcot et al. 2015). 

In the second model, ARF-Aux/IAA dimers are able to sequester ARF activators away 

from promoters, and upon the perception of auxin this repressive function is lifted, 

allowing the ARFs to be active on the auxin-responsive promoters (Farcot et al. 2015). 

In essence, Aux/IAA proteins are the primary responders to auxin and mediate 

downstream transcriptional responses through interactions with the ARF proteins. In 

Arabidopsis, 29 Aux/IAA proteins and 23 ARF proteins have been identified, in addition 

to six TIR1/AFBs (Ulmasov et al. 1997; Guilfoyle et al. 1998b; Parry et al. 2009).  

 

Locating auxin in the reproductive organs and interactions between signalling 

components 

As auxin cannot be directly quantified in planta by immunolabelling, various reporter 

genes have been employed to track its transport and accumulation in plant tissues. A 

number of these reporters are summarised in Table 1, highlighting cross-species 

functionality and in some cases, accumulation in specific reproductive tissues. In the 

Arabidopsis ovule, DR5rev::GFP is reproducibly detected in the young ovule primordia, 

subsequently in the tip of the nucellus and weakly in the funiculus, and after fertilisation 

in the integuments adjoining the micropyle and near the chalazal end of the fertilised 

female gametophyte (Fig. 1B,C; Benkova et al. 2003; Pagnussat et al. 2009). A similar 

pattern was observed for DR5:nlsGFP in young ovules from the daisy Hieracium 
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piloselloides (Fig. 1D,E; Tucker et al. 2012), in early divergent angiosperms (Lora et 

al. 2017) and in maize (Forestan and Varotto 2012; Lituiev et al. 2013). In maize, 

DR5rev::mRFPer shows abundant expression in antipodal cells at the chalazal pole of 

the female gametophyte (Chettoor and Evans 2015). A recent study in rice indicated 

that the DR5v2 marker accumulates in meristems and roots, but the pattern in ovule 

primordia and seeds was not reported (Yang et al. 2017). Moreover, another recent 

report indicates that in barley, the DR5v2 marker does not respond to auxin (Kirschner 

et al. 2018), although we have previously observed DR5v2:3xnlsYFP signal in proximal 

ovule tissues adjoining the female gametophyte in maturing ovules (Fig 1F,G). 

In Arabidopsis, regions of the placenta about to give rise to the ovule primordium are 

marked by PIN3 expression (Larsson et al. 2014), while Pagnussat et al., (2009), 

showed that PIN1:GFP accumulates in the epidermal cells surrounding the germline 

until early gametophyte development (FG1 stage). This was later investigated by 

Bencivenga et al., (2012) in regards to the interactions between auxin signalling and 

genes involved in ovule patterning, which showed PIN1 is localised towards the apical 

pole of nucellar epidermal cells. PIN1 orthologues have been identified in many 

angiosperm species (Kirschner et al., 2018; Bennett et al., 2014), and the location of 

expression in ovules has been reported for Arabidopsis, maize (Forestan et al., 2012; 

Lituiev et al., 2013) and theearly-divergent angiosperms Annona cherimola (custard 

apple) and Persea americana (avocado; Lora et al., 2017a). In all species where ovules 

have been examined, PIN1 expression is observed in distal regions of the nucellus, 

showing polar localisation in epidermal cells, which likely coincides with the 

accumulation of auxin in the ovule tip prior to megasporogenesis (Forestan et al., 2012; 

Lituiev et al., 2013; Lora et al., 2017). 
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The role of auxin in ovule formation 

In most angiosperms, the ovule primordium develops through protrusion of the 

placenta, quickly giving rise to distinct proximal and distal regions. Several studies in 

Arabidopsis have shown the essential role of auxin in placental protrusion and ovule 

number. Mutations in the auxin polar transport system, specifically PIN1 (Vernoux et 

al. 2000), or inhibition of polar transport by chemical compounds (for example 9-

hydroxyfluorene-9-carboxylic acid (HFCA) and 1-N-Naphthylphthalamic acid (NPA)) 

lead to a reduced number of ovule primordia (Okada et al., 1991). The actual role of 

auxin accumulation in the distal region of the ovule is not precisely defined, although it 

clearly accompanies outgrowth from the placenta and thereby mimics the growth of 

other tissues such as root tips (Friml et al., 2002; Benková et al., 2003). 

The action of auxin is dependent upon another phytohormone, cytokinin, which 

accumulates in the proximal region of the ovule primordium in Arabidopsis (Bartrina et 

al., 2011). Similar to inhibition of the auxin transport pathway, mutants of the cytokinin 

receptor genes, cre1-12 ahk2-2 ahk3-3, produce fewer ovules (Riefler et al., 2006; 

Kinoshita-Tsujimura et Kakimoto, 2011), while mutations in the cytokinin 

oxidase/dehydrogenase (CKK) deactivating enzyme result in a larger number of ovule 

primordia. Bencivenga et al., (2012) suggest that in Arabidopsis, this relationship is 

achieved through the cytokinin-dependent regulation of PIN1 expression; PIN1 levels 

are reduced in cre1-12 ahk2-2 ahk3-3 triple mutants while treatment with exogenous 

cytokinin increases PIN1 expression (Bencivenga et al., 2012). Consistent with this, 

triple mutants of the cytokinin reponse factor 2 (crf2) crf3 crf6 (Cucinotta et al., 2016) 
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show a reduced number of ovules and lower PIN1 expression. In roots, the CRFs 

modulate PIN1 expression by binding to a specific PIN CYTOKININ RESPONSE 

ELEMENT (PCRE) in the PIN1 promoter (Šimášková et al., 2015). 

 

Auxin function during germline formation and female gametophyte growth 

Apart from its role in ovule formation, auxin also fulfils an important role during 

subsequent stages of ovule growth. Upon establishment of the primary germline cell 

(megaspore mother cell; MMC), expression of TAA1 is detected in the chalazal 

nucellus and inner integument primordia (Ceccato et al. 2013; Robert et al. 2015), 

which is complemented by expression of PIN1 and DR5 markers in the distal nucellar 

tissue (Pagnussat et al. 2009, Bencivenga et al. 2012). A similar pattern of PIN1 

expression has been observed in custard apple, avocado (Lora et al. 2017) and maize 

(Forestan et al. 2012). This pattern suggests that as ovule development proceeds, 

auxin is synthesised in the base and transported into the nucellar tissue surrounding 

the MMC, where it affects a response as the ovule progresses through meiosis and 

early (FG1 and FG2) stages of gametophyte development.  

Genetic and molecular studies indicate that PIN1 expression is organised by the 

transcription factors WUSCHEL (WUS), SPOROCYTLESS (SPL) and BELL1 (BEL1), 

whereby WUS responds to cytokinin, inducing nucellar expression of SPL and chalazal 

expression of BEL1. SPL and BEL1 activate and repress PIN1 expression, respectively 

(Bencivenga et al. 2012). Other studies suggest that genes involved in auxin response 

may restrict MMC formation to one cell (Su et al. 2017). Mutations in components of 

the THO/TREX (TRanscription Export) complex, which contributes to the biogenesis 
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of specific inhibitory small RNA molecules (ta-siRNAs; (Jauvion et al. 2010; Yelina et 

al. 2010), result in the formation of supernumerary MMC-like cells. Some ta-siRNAs 

target ARF family members for repression, such as ARF3 and ARF4, through tasiR-

ARF (Fei et al. 2013). Consistent with incorrect regulation of ARF3 in THO/TREX 

mutants, ectopic expression of ARF3 in wild-type ovules results in supernumerary 

MMC-like cells (Su et al. 2017). 

Auxin also functions during integument formation. ABERRANT TESTA SHAPE (ATS) 

is a KANADI (KAN) transcription factor that maintains tissue boundaries during ovule 

development (McAbee et al., 2006). Studies have shown that ATS physically interacts 

with ARF3, otherwise known as ETTIN (ETT), and both genes are co-expressed within 

the inner integument. Single or double mutants in ETT or ATS result in congenital 

fusion of the integuments, highlighting an auxin-dependent regulatory pathway 

involved in integument differentiation (Kelley et al., 2012). Further work conducted by 

Lora et al., (2015) suggests that ETT orthologues in Prunus species are also required 

for bitegmic ovule formation. This is consistent with a conserved function of ATS and 

ETT during integument growth. 

As megagametogenesis proceeds (Figure 1), expression of TAA1 is detected at the 

micropylar end of the developing female gametophyte in addition to the pre-existing 

expression in the chalaza and inner integument (Ceccato et al. 2013; Panoli et al. 

2015). Concurrently, expression of the YUCCA family genes YUC1, YUC2 and YUC8 

begins in the micropylar end of the FG, suggesting that auxin is synthesised in a polar 

manner (Pagnussat et al. 2009; Panoli et al. 2015; Larsson et al. 2017). Expression of 

YUC1, YUC2 and YUC8 is maintained until the FG6 stage of female gametophyte 

development, whereas TAA1 expression is maintained until gametogenesis is 
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complete. In contrast, expression of PIN1 in Arabidopsis has not been observed from 

the FG3 stage onwards, indicating that auxin required for female gametophyte 

development may arise in the gametophyte itself, and if transport into the nucellus is 

required, it may follow a different mechanism. Consistent with these observations, 

mutations in YUC8 lead to mitotic arrest during megagametogenesis (Panoli et al. 

2015). Moreover, when auxin responses are specifically dampened in the female 

gametophyte by downregulation of ARF genes such as ARF1 to 8 and ARF19, ovules 

produce defective female gametophytes that cannot be fertilized despite developing to 

maturity (Pagnussat et al. 2009). 

The sustained expression of both TAA1 and YUC throughout Arabidopsis female 

gametophyte development, and the apparent block of auxin transport from FG3 

suggests that the female gametophyte may be enriched for auxin. Contrasting this, 

recent reports have only described expression of the DR5 auxin marker within the egg 

cell and synergids, reducing in expression before turning off at FG6 (Panoli et al. 2015), 

and in the micropylar nucellus from FG6 onward (Lituiev et al. 2013). This is different 

from that observed in maize, where from FG6 onwards, PIN1 and DR5 are expressed 

in the nucellar cells flanking the female gametophyte and in the chalazal cluster of 

antipodals (Chettoor et al. 2015). PIN1 is additionally expressed in the nucellar cells at 

the chalazal end of the female gametophyte. Hence, it is unclear whether auxin 

synthesised in the maize gametophyte acts locally, or is transported out of the chalazal 

end of the female gametophyte and into the surrounding nucellus to elicit auxin-

dependent responses.  
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A role for auxin after fertilisation 

Angiosperm seed development initiates when the paternal and maternal gametes fuse 

to create the diploid embryo and the triploid endosperm (Olsen 2004; Becraft and Yi 

2011; Yan et al. 2014). In general, the mature seed consists of three main structures: 

the seed coat (originating from the integuments), endosperm and embryo (both 

originating from the gametophyte). Each of these structures comprise multiple tissues 

derived through synchronised patterns of proliferation and differentiation (Chaudhury 

et al. 2001). Although the three structures exhibit different morphology and functions, 

they must coordinate their growth in order to achieve seed viability (Ingram 2010; 

Figueiredo and Kohler 2018). Two recent studies provide insight regarding the role of 

auxin during these events. Figueiredo et al. (2018) show that Arabidopsis seeds 

containing an excess dosage of paternal genomes over-accumulate auxin in the 

endosperm, and this leads to an inhibition of endosperm cellularisation. Increased 

activity of DR5v2::VENUS in these seeds was most prominent in the seed coat, 

consistent with a previous study that showed auxin generated by the fertilization 

products may be rapidly transported to the seed coat to support sporophytic 

development (Figueiredo et al. 2016). However, in another study Robert et al. (2018) 

suggest that auxin biosynthesis in the integuments co-ordinates early development of 

the embryo, ensuring correct establishment of an apical/basal axis. The authors 

conclude that the source of auxin in this case is not the endosperm, since only maternal 

loss of auxin biosynthesis via mutations in TAA1 (wei8) and TAA-RELATED 1 (tar1) 

induces early defects in embryo development similar to those in which auxin-

dependent establishment of apical identity in the proembryo is compromised. Hence, 
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a complex interplay between auxin synthesis and transport in both maternal and filial 

tissues coordinates early development of the seed. This is an interesting riddle, 

particularly in the context of the cereals where the endosperm is a much more 

prominent component of the seed, grain quality and yield. 

 

Translating knowledge of auxin from Arabidopsis to the cereals 

In a recent publication, Locascio et al. (2014) provide a review of auxin function during 

maize seed development in comparison to Arabidopsis. From this report and others, it 

is clear that some aspects of the auxin pathway differ across different plant species, 

especially between monocots and eudicots (McSteen 2010; Poulet and Kriechbaumer 

2017). For example, in Arabidopsis, extremely weak or no developmental defects are 

observed in single auxin biosynthetic gene knockouts due to genetic redundancy 

(Cheng et al. 2006, 2007; Stepanova et al. 2008; Tao et al. 2008). However in monocot 

species such as maize, Brachypodium and rice, mutations in auxin biosynthetic genes 

such as TAA1 lead to dramatic developmental defects (Abu-Zaitoon et al. 2012; 

Pacheco-Villalobos et al. 2013; Yoshikawa et al. 2014; Pacheco-Villalobos et al. 2016). 

Conversely in monocots, auxin transporter genes such as PIN1 appear to have more 

redundant copies than Arabidopsis; for example, two copies of PIN1 exist in barley, 

HvPIN1a and HvPIN1b (O’Connor et al. 2014), versus one for Arabidopsis. Single pin1 

mutants in Arabidopsis fail to develop flowers, while no complete pin1 knockout 

phenotypes in the cereals have been reported to date (Galweiler et al. 1998; Xu et al. 

2005). 
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To explore additional aspects of auxin function during cereal grain development, the 

following sections focus on the role of auxin in somatic tissue (pericarp) at the grain 

periphery, and in the endosperm tissues located within. 

 

Auxin and the cereal pericarp 

The seed coat and hull are derived from the integuments and ovary wall, and protect 

the endosperm and embryo tissues throughout seed development and after 

dehiscence. Cell division in the pericarp of barley ceases as early as 2 days after 

fertilisation and further growth depends on cell expansion (Radchuk et al. 2011), which 

influences the final shape and size of the caryopsis (Ugarte et al. 2007). Auxin is one 

of the key drivers of cell expansion (Perrot-Rechenmann 2010; Kutschera and Wang 

2016) and induces H+-ATPases, K+ channels, expansins and cell wall remodelling 

enzymes (Ringli 2010). Expression of various auxin transport and metabolic genes 

have been detected in barley pericarp tissues, including the biosynthetic YUCCA 

enzymes, the auxin repressor indole-3-acetic acid-amido synthetases, efflux 

(PIN/ABCB) and influx (AUX1/LAX) transporters (Pielot et al. 2015). Array-based 

transcript profiling during pericarp development showed auxin transporter genes are 

predominantly expressed during early stages, while auxin biosynthetic enzymes are 

only expressed during later stages of development (Pielot et al. 2015). This suggests 

that during early stages of seed growth, auxin is not synthesised in the pericarp but is 

imported, and PIN- and ABCB-type efflux transporters possibly generate and maintain 

required auxin levels. 
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Auxin and the cereal endosperm 

The inner parts of the seed adjoining the seed coat and pericarp include the starchy 

endosperm and aleurone. The aleurone constitutes the epidermal cell layer of the 

endosperm and separates hull tissues from the inner starchy endosperm. Aleurone cell 

differentiation occurs in response to surface position but the effect of maternal versus 

filial signals has been debated (Gruis et al. 2006; Reyes et al. 2010). Several studies 

suggest that phytohormones fulfil a prominent role in this process (Geisler-Lee and 

Gallie 2005; Bethke et al. 2006; Forestan et al. 2010). In maize, application of the auxin 

inhibitor NPA, which inhibits polar auxin transport and disrupts IAA distribution, results 

in the development of up to four aleurone cell layers instead of the usual one (Forestan 

et al. 2010). This phenotype may be due to auxin being trapped in the kernel, similar 

to that seen for NPA-treated ovules in Hieracium (Tucker et al. 2012). Each aleurone 

layer showed ectopic expression of PIN1 genes and uniform PIN1 distribution, along 

with auxin accumulation (Forestan et al. 2010). This indicates that auxin accumulation 

in the aleurone layer in not solely controlled by PIN1 expression and other auxin 

transporters expressed in the aleurone or pericarp may have a more prominent role in 

aleurone cell fate. 

Adjoining the aleurone, the starchy endosperm is the largest tissue within the cereal 

seed and accumulates starch and storage proteins to be metabolised by the embryo 

during germination. Starchy endosperm cells are generated from the first periclinal cell 

division of the endosperm during cellularisation, while the external cells will 

differentiate into aleurone (Becraft and Asuncion-Crabb, 2000; Geisler-Lee and Gallie, 

2005). Starchy endosperm cells undergo rapid growth, accumulate starch and storage 

proteins, and initiate endoreduplication (Sabelli 2012), and as such are major 
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contributors to grain size and grain weight (Li and Yang 2017). In maize and rice, auxin 

activity is detected during early endosperm development using the DR5 auxin reporter 

(Chen et al. 2014; Yang et al. 2017), which correlates with accumulation of IAA in the 

endosperm (Chourey et al. 2010; Abu-Zaitoon et al. 2012). After fertilisation in maize, 

PIN1 is up-regulated in the endosperm and localises to the plasma membrane during 

cellularisation (Forestan et al. 2010). Once the endosperm is fully cellularised, PIN1 

becomes confined to the chalazal endosperm region where auxin accumulates, 

coinciding with the stage when endosperm transfer cells begin to differentiate 

(Forestan et al. 2010). In the maize mutant defective endosperm-B18 (de18), 

endosperm IAA levels are severely reduced and the endosperm shows lower total cell 

number, smaller cell volume and a reduced level of endoreduplication, but defects can 

be restored by exogenous application of auxin (Torti et al. 1986; Bernardi et al. 2012). 

Some of the observed defects may be due to abnormal function of the endosperm 

transfer cells (ETC), which facilitate transport of substances between the maternal 

tissues and the endosperm (Thiel 2014). The de18 mutant also shows reduced 

accumulation of auxin in the transfer cells, and defects in their polarisation and 

differentiation (Forestan and Varotto 2012). This implicates auxin in maintaining 

endosperm development in maize by establishing communication pathways between 

the maternal and filial tissues.  

Studies also show an important role for auxin during grain fill in rice. The rice 

THOUSAND GRAIN WIGHT 6 (TGW6) gene encodes a novel protein with indole-3-

acetic acid (IAA)-glucose hydrolase activity. TGW6 controls IAA supply to sink organs, 

thereby influencing the timing of the syncytial to cellular transition in the endosperm, 

cell number and grain length (Ishimaru et al. 2013). Also, in rice, mutations in OsARF4 
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lead to an increase in grain size, possibly as a result of de-repression of auxin-

responsive genes (Hu et al. 2018). In addition, Liu et al. (2015) isolated a dominant 

mutant big grain1-D (Bg1-D) that produces extra-large grains caused by 

overexpression of the BG1 gene. BG1 encodes a novel membrane-localised protein 

and may physically interact with auxin transporters (Liu et al. 2015; Mishra et al. 2017), 

and Bg1-D mutants exhibit increased basipetal auxin transport and altered auxin 

distribution suggesting a role in regulating auxin transport.  

Taken together, these studies provide compelling evidence for a role of auxin during 

cereal endosperm development. In light of the recent advances regarding auxin supply 

during Arabidopsis seed development (discussed above), future studies in the cereals 

might consider the maternal or filial origin of the auxin in greater detail, while also 

assessing the tissue-specific nature of auxin responses in different grain tissues. 

  

Expression dynamics of the auxin signalling pathway in barley 

The extensive molecular characterisation of the auxin signalling pathway in 

Arabidopsis provides an opportunity to assess the broader molecular conservation of 

auxin-related pathways in agriculturally relevant cereal crops. As described in the 

preceding sections, some insight has already been provided through studies in maize, 

rice and barley. These confirm that auxin fulfils key functions during reproductive 

development in a window spanning ovule initiation through to fertilisation, which has a 

major impact on grain yield (Alqudah et al. 2014; Wurschum et al. 2018). Because 

auxin plays such a prominent role in cell growth and tissue formation, it is a promising 

candidate for the regulation of inter cultivar differences in organ size, floret fertility and 
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the differentiation of tissues in the seed. In the final section of this review, we 

summarise molecular and phylogenetic details of the auxin signalling pathway (Fig 2). 

We focus in particular on barley a diploid cereal that has not been extensively studied 

in terms of auxin responses, but for which considerable transcriptomic, mutant and 

yield-data resources might be used to highlight key auxin-related genes for further 

study (Fig. 3). 

 

Auxin perception and the TIR1/AFB genes  

In Arabidopsis, the six TIR1/AFB genes are expressed throughout the plant, 

particularly in areas of cell division and expansion (Dharmasiri et al. 2005a; Dharmasiri 

et al. 2005b; Parry et al. 2009). Of these genes, AtTIR1, AtAFB1, 2, 3 and 5 have been 

shown to function as auxin receptors (Dharmasiri et al. 2005a; Dharmasiri et al. 2005b; 

Kepinski and Leyser 2005; Parry et al. 2009; Calderon Villalobos et al. 2012). Five 

TIR1/AFB genes are present in rice, barley and sorghum, while six are present in 

Brachypodium (Fig. 4). Phylogenetic analysis indicates that the cereal genes cluster in 

five main groups, showing broad homology to the AtTIR1/AtAFB1, AtAFB2/3 and 

AtAFB4/5 genes from Arabidopsis. Based on publically available RNAseq data from 8 

different barley tissues (IBGS 2012), HvTIR1, HvAFB2 and HvAFB4 are the most 

abundant members of this family. Along with HvAFB3 and HvAFB5, they show highest 

expression in the 5 to 15mm inflorescence samples (Table 2). RNAseq data from 

developing pistils and seeds (minus embryos; Aubert et al. 2018) indicates that all five 

HvTIR/AFB genes are most abundant in the female tissues prior to fertilisation, 
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although HvTIR1 and HvAFB2 maintain expression during the early stages of seed 

development (Fig 3A,D). 

Auxin signalling and the Aux/IAA genes  

The Aux/IAA proteins contain four key domains (Paul et al. 2016; Wu et al. 2017; Luo 

et al. 2018); domain I recruits TPL/TPR co-repressors to enhance repression of ARF 

target genes, domain II facilitates interaction with the TIR1/AFB proteins (Worley et al. 

2000; Ramos et al. 2001; Lee et al. 2009), and domains III and IV facilitate interaction 

with ARF activator proteins and dimerisation between Aux/IAA proteins (Ulmasov et 

al. 1997; Guilfoyle et al. 1998a). These domains are sometimes absent, depending on 

the gene and species (Luo et al. 2018). According to current estimates, 32 Aux/IAA 

proteins are present in rice (although 31 are reported in some studies; (Jain et al. 

2006), 28 in sorghum, 27 in Brachypodium and 27 in barley (excluding a likely 

pseudogene HORVU2Hr1G027570), compared with the 29 present in Arabidopsis. 

Despite generally low support values for a number of clades, many of the cereal 

Aux/IAA sequences show closer homology to each other than to the Arabidopsis genes 

and mixed Arabidopsis/Poales clades were only found in a few cases; AtIAA33 - 

OsIAA33, AtIAA18/26/28 - OsIAA7, AtIAA10/11/12/13/29/32/34 - OsIAA10, and 

AtIAA20/30/31 - OsIAA4/8/9/20 (Fig. 5). Some gene duplication/diversification appears 

to have occurred in the grasses; for example, OsIAA22/25, OsIAA4/8 and OsIAA28/29 

duplications appear to be restricted to rice, while barley appears to lack OsIAA17, 18 

and 24 orthologues. In addition, two genes showing high homology to OsIAA5 are 

present in  
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barley but only one is found in Brachypodium, sorghum and rice. Based on tissue 

RNAseq data (Table 2), multiple HvIAA genes are highly expressed in the internodes 

of barley, but HvIAA3, 21, 28 and 30 are highly abundant during inflorescence and/or 

caryopsis development. HvIAA1, 2, 10, 16, 19 and 31 expression is also detected in 

the reproductive tissues (Table 2). In the developmental series of pistil and seed 

samples, expression of HvIAA3, 11, 21, 28 and 31 is prominent (Fig. 3B). HvIAA28 

and HvIAA5 show unique patterns that may suggest a role during the early stages of 

seed development (Fig. 3D). 

 

Auxin response and the ARF genes 

The ARF transcription factors (Hagen 2015; Li et al. 2016) contain a conserved B3 

DNA-binding domain (DBD) at their N-terminus that binds auxin responsive elements 

(AuxRE; Quint and Gray 2006). A dimerisation domain (DD) is also present within the 

DBD that facilitates interactions between two ARF proteins (Boer et al. 2014). The 

middle region of the ARF proteins determines whether they act as an activator or 

repressor of auxin signalling (Quint and Gray, 2006) and the C-terminus of the ARF 

proteins contains a protein-protein interaction domain that shares homology with 

domains III and IV in Aux/IAA proteins. This allows ARF proteins to interact with 

Aux/IAA proteins in homodimers, heterodimers or large oligomers. ARF proteins are 

thought to act in several ways as previously summarised (Finet and Jaillais 2012; Finet 

et al. 2013). ARF activators mediate auxin-dependent transcriptional regulation as 

shown in Fig. 1, while ARF repressors have limited interactions with other ARF and 

Aux/IAA proteins (Vernoux et al. 2011). Compared to Arabidopsis where 23 ARF genes 
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are present, 25 are present in rice (Wang et al. 2007), 25 in sorghum, 24 in 

Brachypodium and 23 in barley. Phylogenetic analysis highlights a range of clades 

containing genes from both Arabidopsis and the grasses, while some clades are 

expanded in the cereals such as OsARF6/17 and OsARF5/19/21 in Clade A, 

OsARF3/14 and OsARF23/24 in Clade B and OsARF8/10 in Clade C (Fig. 6). Although 

the naming of the proteins is not always consistent between the species based on the 

clade names (Finet et al., 2012), the clade structure that generally separates activators 

(Clade A) from repressors (Clades B and C) is maintained in the Arabidopsis/Poales 

tree. Several notable genomic differences are apparent for the HvARF genes 

compared to the other grasses; two Clade C HvARF10 genes appear to be present 

along with three Clade B HvARF4 genes, while an OsARF23 and OsARF24 

homologue appear to be lacking. Most of the HvARF genes show maximum expression 

in the inflorescence and caryopsis tissues (Table 2), and the pistil/seed datasets 

suggest that most of these are expressed during pre-fertilisation stages (Fig. 3C). The 

Clade B ARF genes HvARF4c, HvARF4, HvARF9 and HvARF17 are the most 

prominent during pistil development. In contrast to the majority of ARF genes, only a 

few show patterns of expression that peak after fertilisation (e.g. HvARF1, 3, 10b and 

13). However, expression of these genes is generally low in the whole organ datasets, 

suggesting they may fulfil more specific roles in isolated regions of the seed. 

 

Transcriptional signatures of the auxin-signalling pathway during caryopsis 

development 
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Based on these published datasets and other studies (Thiel et al. 2011; Pielot et al. 

2015), most genes in the auxin signalling pathway are expressed during early stages 

of barley pistil development, while the number dramatically decreases during the 

middle stages of grain development. High expression appears to coincide with stages 

where maternal tissues are actively proliferating to establish an environment suitable 

for seed development, and/or when early divisions of the endosperm are taking place. 

The low abundance of most transcripts after fertilisation is intriguing; although 

comparisons with pre-fertilisation measurements are lacking, auxin (IAA) levels clearly 

increase during maize endosperm and rice grain development (Lur and Setter, 1993; 

Abu‐Zaitoon et al. 2012), which is consistent with an important role during these 

stages. One possibility is that there is considerable specialisation of ARF and AuxIAA 

genes, with multiple family members fulfilling key roles during the diverse processes 

associated with pre-fertilisation ovule and gametophyte development, and only specific 

members during the less complex events of endosperm differentiation. Clustering of 

barley genes based on relative expression (normalised to the maximum expression 

value for each gene) in the tissue series highlights a number of interesting patterns for 

specific ARF and Aux/IAA genes (Fig.  3D). For example, the patterns of HvIAA16/19 

and HvARF41/b/c genes in young pistils, HvIAA5b/6/9/12 and HvARF19/21 genes in 

late pistils, and HvIAA5a/HvIAA11/HvIAA28 and HvARF10b/13 in young seeds might 

justify further investigation. One important point to note is that the resolution of the 

RNA-seq datasets currently available for barley is limited to a few stages of pistil and 

grain development without separation of tissues. This makes it difficult to propose 

hypotheses on tissue- and development-specific regulatory processes and is 

something that might be addressed in future research. 
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Perspectives 

The aim of this review was to consider the role of auxin signalling during ovule and 

seed development in Arabidopsis and cereal species. The literature provides 

compelling evidence for key roles in ovule initiation, germline formation and 

progression, integument growth, endosperm and embryo development. Many aspects 

of these roles appear to be conserved across the eudicot / monocot (Poales) divide, 

although the location of auxin synthesis and transport appears to differ due to 

morphological constraints in ovule and seed development. How these findings might 

be applied in the context of agriculture is yet to be explored in detail, but there is enough 

evidence to suggest that new strategies for yield improvement might be achieved 

through modification of cell-type or tissue-specific pathways during reproduction. 

Analysis of the auxin signalling pathway provides a number of candidate targets to 

implement this. Auxin synthesis, transport and response is dynamic during ovule and 

seed development, with localised pulses occurring in different tissues and stages as 

development proceeds. If this information can be combined with modern techniques 

that provide refined cell-type specific gene expression analysis, methylation and 

chromatin status, it should be possible to tailor specific auxin responses through 

modification of specific genes and regulatory motifs. In principal, this could allow 

pleiotropic effects of mutations to be dampened, while the desired effect can be 

achieved in the cell, tissue or stage of choice. 
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Table 1: Reporter genes for auxin synthesis, distribution and transport available in plants. 

     Expression  

Marker type/name Usage Mechanism Reporter Species Vegetative Tissues Reproductive Tissues Reference 

Auxin synthesis 
pTAA1::TAA1-GFP Indicates the 

IPA pathway 
of auxin 
synthesis 

TAA1 is an 
tryptophan 
aminotransferase 

GFP Arabidopsis QC area in root, vasculature 
of hypocotyls and apical 
hooks 

Young flowers, embryo attachment 
region, chalaza and funiculus 

Stepanova et al., 
2008;  
Robert et al., 2018 

pTAR2::GUS Indicates the 
IPA pathway 
of auxin 
synthesis 

TAR2 is a close 
homolog of TAA1 

GUS Arabidopsis Nascent leaves, root 
pericycle and vasculature 

The micropylar end of the embryo sac Ma et al., 2014; 
Panoli et al., 2015 

YUC1::GUS Indicates the 
YUC pathway 
of auxin 
synthesis 

YUCs are flavin 
monooxygenase-
like enzymes 

GUS Arabidopsis Leaves Floral meristem, base of floral organs, 
discrete groups of cells in both 
stamens and carpels, female 
gametophyte and neighbouring cells, 
embryo 

Cheng et al., 2006; 
Cheng et al., 2007; 
Pagnussat et al., 
2009 

YUC1::GFP 
 

 

nuclear 
targeted 3 X 
GFP 

Arabidopsis 
 

Suspensor cells at 16-cell stage of 
embryogenesis 

Robert et al., 2013 

YUC2::GUS 
  

GUS Arabidopsis 
 

Young flower buds, petals, stamens, 
and gynoecium of young flowers, 
nucellus, micropylar end of the 
embryo sac 

Cheng et al., 2006; 
Pagnussat et al., 
2009 

YUC4::GFP 
  

nuclear 
targeted 3 X 
GFP 

Arabidopsis 
 

Protodermal cells from globular and 
transition stages of embryogenesis, 
suspensor cells at 16-cell stage of 
embryogenesis 

Robert et al., 2013 

YUC4::GUS 
  

GUS Arabidopsis 
 

Apical meristems and young floral 
primordia, apical regions of the 
carpels, stamens, and sepals, inner 
integument cells close to the 
micropyle 

Cheng et al., 2006; 
Ceccato et al., 
2013 

YUC6::GUS 
  

GUS Arabidopsis 
 

Stamens and pollen Cheng et al., 2006 
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YUC8::GFP 
  

GFP Arabidopsis 
 

Micropylar pole of the female 
gametophyte, integuments 

Panoli et al., 2015 

YUC8::GUS 
  

GUS Arabidopsis 
 

Provascular cells at a late globular 
stage of embryogenesis 

Robert et al., 2013 

YUC9::GFP 
  

Cytosolic 

GFP 
Arabidopsis 

 

Suspensor cells at 16-cell stage of 
embryogenesis 

Robert et al., 2013 

YUC10::GFP 
  

nuclear 

targeted  
3 X GFP 

Arabidopsis 
 

Endosperm Robert et al., 2013 

YUC11::GFP 
  

Cytosolic 

GFP 
Arabidopsis 

 
Endosperm Robert et al., 2013 

Auxin distribution and 
response 
DR5::GUS Monitors 

auxin 
distribution 

7X TGTCTC 
AuxRE 

GUS Arabidopsis Seedlings, roots 
 

Ulmasov et al., 
1997; 
Sabatini et al., 
1999     

Populus Leaves, roots, stems 
 

Chen et al., 2013 
 

  
  

Rice 
 

Base of the anther and the 
mature spikelet 

Zhao et al., 2013 

DR5::GFP 
 

9X 
CCTTTTGTCTC 
AuxRE 

GFP Arabidopsis Root Nucellus and embryo sac of the 
ovule 

Ottenschläger et 
al., 2002; 
Pagnussat et 
al., 2009 

DR5rev::PEH A 

 

9X TGTCTC 
AuxRE 

Phosphonate 

monoester 
hydrolase 

Arabidopsis 
 

Embryo Friml et al., 2002 

DR5rev::GFP 

 

9X TGTCTC 
AuxRE 

GFP Arabidopsis Whole plant Floral primordia, floral organs, 
ovule primordia, mature 
ovules, integuments 

Benková et al., 
2003 

DR5rev::mRFPer 
 

9X TGTCTC 
AuxRE 

ER 

targeted 
monomeri
c RFP 

Arabidopsis Root 
 

Marin et al., 2010 



    

 

  

4
3
4

 

    
Maize 

 
Spikelet-pair meristem, glume 
primordia, floral meristem. L2 
micropylar nucellus of ovule 

Gallavotti et al., 
2008; 
Lituiev et al., 
2013 

DR5v2∷ntdTomato/3nGFP Monitors 
auxin 
distribution
, enhanced 
sensitivity 
via the 
higher 
affinity of 
AuxRE 

9X TGTCGG 
AuxRE 

Nuclear 

tandem 
Tomato or 
nuclear 
3×eGFP 

Arabidopsis Root 
 

Liao et al., 2015 

DR5::3XVENUSnls 
 

NA Nuclear 

3XVENUS 
Tomato Root 

 
Spiegelman et al., 
2015 

DR5rev::3XVENUS-N7 
 

9X TGTCTC 
AuxRE 

Nuclear 

3XVENUS 
(a rapidly 
folding 
YFP) 

Arabidopsis 
 

Inflorescence meristem, primordial 
areas 

Heisler et al., 2005 

    
Rice Root Inflorescence meristem, spikelet 

meristems, 
glume/lemma/lodicule/stame
n primordia 

Yang et al., 2017 

pHvPLT1::HvPLT1-
mVENUS 

Mirrors auxin 
distribution 

Auxin 
signailling 
downstream 
gene HvPLT 

C-terminal 

mVENUS 
Barley Root 

 
Kirschner et al., 
2018 

CaV35S::DII-VENUS-NLS Monitors 
auxin 
signalling 
input by 
switching 
off the 

Aux/IAA auxin-
interaction 
domain 
(termed 
domain II; DII) 

VENUS Arabidopsis 
 

Complementary with DR5-VENUS 

signals 
Brunoud et al., 
2012;  
Vernoux et al., 
2011 
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signal in 
the 
presence of 
auxin 

R2D2 (ratiometric version 
of two DIIs) RPS5A:: 
DII-n3VENUS fused 
with RPS5A::mDII-
ntdTomato 

Quantitatively 
measures 
'auxin 
input' 

DII and mDII 
(lack auxin-
dependent 
degradation) 

Nuclear 

tandem 
Tomato or 
nuclear 
3×eGFP 

Arabidopsis Root 
 

Liao et al., 2015 

Auxin transport 

AUX1::GUS Traces auxin 
influx 

AUX1 is a 
representativ
e influx 
carrier of 
auxin 

GUS Arabidopsis Major tissue of root 
 

Marchant et al., 
1999 

PIN1::GUS Traces auxin 
efflux 

 
GUS Arabidopsis Lateral root 

 
Benková et al., 
2003 

PIN1::PIN1-GFP 
 

PIN proteins 
are polar 
localised in 
cells, 
indicaitors of 
auxin 
concentration 
gradient. 

GFP Arabidopsis Root Embryo, floral meristem, organ 
primordia, nucellus of young 
ovule 

Benková et al., 
2003; 
Pagnussat et 
al., 2009; 
Gallavotti et 
al., 2008 

ZmPIN1a::PIN1a-YFP 
  

YFP Maize 
 

Nucellus cell, antipodal cells Chetoor and 
Evans, 2015 

SoPIN1: SoPIN1-Citrine 
  

Citrine (a 
variant of 
YFP) 

Brachypodium 
 

Spikelet meristem and lemma 
primordia 

O'Connor et al., 
2014 

HvpPIN1a:HvPIN1amVENU
S 

  
C-terminal 

cVENUS 
Barley Root 

 
Kirschner et al., 
2018 
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PIN2::GFP 
  

GFP Arabidopsis Root Nucellus Blilou et al., 2005; 
Pagnussat et 
al., 2009 

PIN4::GFP 
  

GFP Arabidopsis Root Nucellus Blilou et al., 2005; 
Pagnussat et 
al., 2009 

PIN5::GUS 
  

GUS Arabidopsis Root 
 

Mravec et al., 2009 

PIN6::GFP 
  

GFP Arabidopsis 
 

Nectary and stamen Bender et al., 2013 

PIN7::GFP 
  

GFP Arabidopsis Root 
 

Blilou et al., 2005 

PIN8::GFP 
  

GFP Arabidopsis 
 

Pollen specific Bosco et al., 2012 

 

PIN5::GUS 
  

GUS Arabidopsis Root 
 

Mravec et al., 2009 

PIN6::GFP 
  

GFP Arabidopsis 
 

Nectary and stamen Bender et al., 2013 

PIN7::GFP 
  

GFP Arabidopsis Root 
 

Blilou et al., 2005 

PIN8::GFP 
  

GFP Arabidopsis 
 

Pollen specific Bosco et al., 2012 

 

 

 

 

 

 

 



    

 

  

4
3
7

 

 



 

 

  

438 

  

Table 2: Transcript abundance of TIR/AFB, ARF and Aux/IAA genes in different barley 

tissues. 

ID Gene Leaf Root Int 
Inf 

5mm 
Inf 

15mm 
Car 

5DAP 
Car 15 
DAP 

Emb 
4DAG 

HvTIR1 HORVU1Hr1G021550 10.7 17.2 24.2 52.3 80.5 43.4 6.2 28.4 

HvAFB2 HORVU2Hr1G070800 24.3 28.7 42.2 110.6 148.6 33.9 21.2 48.1 

HvAFB3 HORVU5Hr1G075620 3.8 4.6 8 8.8 12.7 8.5 3.6 5.9 

HvAFB4 HORVU6Hr1G077570 12.8 18.9 34.7 65.6 54.2 28.5 5 32.3 

HvAFB5 HORVU4Hr1G078120 3.2 6.9 3.9 24.1 21.3 6.7 1.9 13.3 

HvARF1 HORVU3Hr1G032230 0.4 8.8 0.1 0.4 1.8 13.6 3.5 4.9 

HvARF2 HORVU1Hr1G087460 11.6 8.8 36.1 49.6 61.3 25.5 2 18.6 

HvARF3 HORVU3Hr1G072340 6.3 10.6 32.8 29.2 65.3 45.4 4.8 16.8 

HvARF4a HORVU3Hr1G097200 52.6 31 48.7 197 293 56.1 31.9 35.4 

HvARF4b HORVU3Hr1G096410 2.5 2.8 0.7 7.6 9.4 1.8 0.6 2.3 

HvARF4c HORVU3Hr1G096510 84.3 68.4 70.4 334.1 524.5 123.9 29.8 70.9 

HvARF5 HORVU6Hr1G020330 11 5.1 24.2 12.3 12.8 1 0.6 5.9 

HvARF6 HORVU6Hr1G026730 13 13.8 30.1 37.4 56.3 7.3 4.7 19.6 

HvARF8 HORVU6Hr1G058890 4.1 0.7 4.5 3.4 1.1 5.4 0.5 2 

HvARF9 HORVU2Hr1G076920 92.8 100.7 77.9 120.7 115.9 53.6 23.6 67.1 

HvARF10a HORVU2Hr1G089670 4.1 6.9 25.1 3.1 2.9 18.5 2.2 7.7 

HvARF10b HORVU2Hr1G089660 0 0 0.3 0 0.1 0.4 0.1 0.1 

HvARF11 HORVU2Hr1G109650 0.4 1.2 0.3 42.3 38.8 0.4 3 1.7 

HvARF12 HORVU2Hr1G121110 15.1 17.3 82.4 128.4 79.7 50 3.6 42.3 

HvARF13 HORVU2Hr1G125740 0 0 0 0 0.5 2.3 1.1 0 

HvARF14 HORVU1Hr1G076690 1.4 1.8 1.8 32.3 47.7 6.6 3 3.6 

HvARF16 HORVU7Hr1G033820 10.2 4.8 12.9 21.8 17.1 19.1 5.6 11.8 

HvARF17 HORVU7Hr1G106280 34 22.1 101.7 127.6 145.1 68.9 11.8 50.9 

HvARF18 HORVU7Hr1G101270 24.8 14.4 29.3 7.8 10.8 46.3 6.2 15.5 

HvARF19 HORVU7Hr1G096460 10.2 12 17.5 17.8 19.4 7.2 1.4 9.8 

HvARF21 HORVU7Hr1G051930 30 26.3 125.4 45.4 47.9 16.3 3 42.8 

HvARF22 HORVU1Hr1G041770 7.3 7.5 28 7.5 13.2 83.3 5.7 12.9 

HvARF25 HORVU5Hr1G009650 8.3 14.8 31.9 125.2 111 75 6.1 30.9 

HvIAA1 HORVU3Hr1G022540 26.2 27.7 446.8 13 17.9 63.6 8.2 26.7 

HvIAA2 HORVU3Hr1G019750 11 12.8 48.6 21.6 12.2 37.3 0.8 21.5 

HvIAA3 HORVU3Hr1G031460 108.7 78.9 263 127 169.5 102.2 11 103.1 

HvIAA4 HORVU1Hr1G017770 2.8 0.3 2.1 0 0 0.9 0.1 0.2 

HvIAA5a HORVU3Hr1G062160 1.5 0.8 0.7 2.5 3.9 1.3 1 0.8 

HvIAA5b HORVU3Hr1G088810 1.5 2.9 2.3 2.4 3.9 1.5 1.4 3.1 

HvIAA6 HORVU3Hr1G070620 25.6 14.9 7 14 6.2 0.4 0.8 13.8 
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HvIAA9 HORVU6Hr1G088140 0.6 1.8 1.3 0.1 0.2 0.1 0 2 

HvIAA10 HORVU6Hr1G091260 44.2 14.3 96.1 29.6 43.9 6.7 1.3 11.2 

HvIAA11 HORVU5Hr1G093580 2.2 38.5 20.4 1 1.6 23 1.1 32.1 

HvIAA12 HORVU5Hr1G093640 21.3 73.6 301 2.4 1.1 2.9 0.6 110.4 

HvIAA13 HORVU5Hr1G094220 0.2 0.1 0 0 0.3 0.1 0.2 0.2 

HvIAA14 HORVU5Hr1G106350 17.1 3.7 22.5 1.9 2.2 40.5 3.7 8.8 

HvIAA15 HORVU1Hr1G025670 25.3 20.3 92.2 12 20.7 13.4 2.6 22.6 

HvIAA16 HORVU1Hr1G028170 1.3 3.6 0.1 21.3 20.5 0.4 0.3 4.5 

HvIAA19 HORVU1Hr1G086070 13.7 10.5 19.6 29 21.1 1.7 0.4 18.8 

HvIAA20 HORVU7Hr1G026970 0 7 0 0 0 0 0 1.6 

HvIAA21 HORVU0Hr1G021630 225.4 53 906.7 112.7 190.5 166.6 28 52.5 

HvIAA22 HORVU7Hr1G077110 2.1 0.9 8.3 3.8 4.7 2.1 0.3 0.7 

HvIAA23 HORVU7Hr1G084940 10.1 19 28.9 16.8 2.4 0.2 0.7 27.5 

HvIAA26 HORVU5Hr1G081180 0 0.4 0 2.4 1.1 0 0.2 4.3 

HvIAA27 HORVU4Hr1G016160 1.2 4.5 5.8 5.2 5.5 0 0.2 7.1 

HvIAA28 HORVU4Hr1G016110 0 0 0 0 0 114.9 0 0 

HvIAA30 HORVU5Hr1G014300 87.2 82.2 320.2 30.3 42 104.3 3.3 167.5 

HvIAA31 HORVU5Hr1G014290 116.6 69.9 731.1 13.1 17.3 38.9 0.9 156 

HvIAA33 HORVU2Hr1G112440 3 0.4 0 0.2 0.9 0 0.1 2 

 

Transcript abundance for the predicted TIR/AFB, ARF and Aux/IAA genes in eight 

tissues from barley, as determined by RNAseq. Values show TPM and are extracted 

from public datasets (IBGS 2012). Grey boxes indicate highest TPM value for a given 

gene. Tissues: Internodes (Int), inflorescences (Inf), caryopsis (Car), embryo (Emb). 

Days after pollination (DAP); Days after germination (DAG).
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Figure 1: Patterns of auxin accumulation during ovule development. (A) Schematic 

representation of ovule development in barley. Four stages are shown including ovule 

initiation, megasporogenesis, megagametogenesis and ovule maturity at anthesis. nu, 

nucellus; mmc, megaspore mother cell; oi, outer integument; ii, inner integument; fm, 

functional megaspore; fg, female gametophyte; mt, meiotic tetrad; an, antipodals; ccn, 

central cell nuclei; ec, egg cell; syn, synergids. (B, C) DR5:erGFP accumulation in 
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Arabidopsis during megaspore mother cell expansion and after meiosis. ch, chalaza; 

f, funiculus. (D, E) DR5:nlsGFP accumulation in Hieracium during megaspore mother 

cell initiation and expansion (adapted from Tucker et al. 2012). (F, G) 

DR5v2:3xnlsvYFP expression in mature barley ovules. Panels show a longitudinal and 

transverse view. ow, ovary wall.
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Figure 2: A schematic representation of auxin signalling pathway. (A) In the absence 

of auxin or at low auxin levels, Aux/IAA proteins limit the activity of ARF proteins 

through recruitment of co-repressors. (B) Synthesis of auxin is facilitated by TAA1 and 

YUC proteins and is transported via diffusion, AUX1 and PIN proteins. The TIR1 

protein binds auxin to form a complex which leads to degradation of Aux/IAA and de-

repression of ARF target genes. The number of TIR1/AFB, ARF and Aux/IAA genes in 

Oryza sativa (rice), Sorghum bicolor, Brachypodium distachyon, Hordeum vulgare 

(barley) and Arabidopsis thaliana are indicated. 
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Figure 3: Transcript dynamics of the TIR, ARF and Aux/IAA (IAA) gene families in 

barley extracted from publically available pistil and seed RNAseq datasets (Aubert et 

al., 2018). (A) TIR1 family. (B) ARF family. (C) IAA family. In B and C, only genes 

showing a transcript value of at least 50TPM in at least one stage are included. The 

dashed line indicates the approximate timing of fertilisation (FERT). (D) Hierarchical 

cluster analysis of all barley TIR, ARF and IAA genes during pistil and seed 

development. Values were normalised relative to the highest expression (in TPM) in 

the dataset. Pink boxes highlight gene clusters showing similar accumulation patterns 

according to hierarchical clustering. 
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Figure 4: Phylogenetic analysis of the TIR1/AFB family from rice, sorghum, 

Brachypodium, barley and   Arabidopsis.   Arabidopsis   sequences    were    obtained    

from    the    TAIR    website (https://www.arabidopsis.org/). Barley, sorghum, rice and 

Brachypodium were downloaded from the Ensembl Plants Biomart website 

(http://plants.ensembl.org/biomart/martview/) using appropriate PFAM (Finn et al., 

2014) parameters (Aux/IAA=PFAM02309, Fig 5; ARF=PFAM2309, Fig 6), from 

the Rice Genome Annotation Project (http://rice.plantbiology.msu.edu/index.shtml) 

and by BLAST at NCBI (https://blast.ncbi.nlm.nih.gov/Blast.cgi). For each gene family, 

the coding sequences were curated using the FGENESH+ application (Solovyev, 

2007) then aligned by translation after which a tree was constructed in Geneious Pro 

8.1.3 ((Biomatters Ltd. Level 2 76 Anzac Avenue Auckland 1010 New Zealand) using 

RaXML (Stamatakis, 2006) with the GTRGAMMA substitution model and 1000 

bootstrap iterations.  
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Figure 5: Phylogenetic analysis of the Aux/IAA family from rice, sorghum, 

Brachypodium, barley and Arabidopsis. See Figure 4 legend for construction details. 

The full-length Aux/IAA gene RAXML tree produced a number of poorly supported 

nodes with and without partitioning codon position. Because of this, the gene sequence 

coding for just the PFAM (PF02309) associated with the gene family was extracted 

and used in a translation alignment. A RAXML tree without codon partitioning was 

created. A marginal improvement in bootstrap support values was achieved. Red 

clades are “well supported” and purple clades are poorly supported. 
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Figure 6: Phylogenetic analysis of the ARF family from rice, sorghum, Brachypodium, 

barley and Arabidopsis. See Fig 4 legend for construction details. Different clades are 

indicated (Finet et al., 2012) that generally separate activators (Clade A) from 

repressors (Clades B and C).
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Candidature Milestones 
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December 2014 Offered and accepted an Australian Postgraduate Award 

January 2015 Admitted into PhD program at The University of Adelaide  

February 2015 Volunteered for the BHP Billiton & CSIRO Aboriginal Summer School 

for Excellence in Technology and Science (ASSETS) 

March 2015 Began PhD 

June 2015 Began volunteering for Why Waite  

September 2015 Completed the “Core Component of the Structured Program”  

April 2016 Completed the “Major Review of Progress for Doctoral Programs”  

CSIRO-Australian Society of Plant Scientists International Workshop 

on Developing Crops for the Future, in Kiama NSW 

May 2016 Presented a talk at the ARC Centre of Excellence in Plant Cell Walls 

Annual Meeting, Brisbane, Australia 

June 2016 Awarded a Farrer Memorial Travelling Scholarship from the NSW 

Department of Primary Industries  

August 2016 Competed in the local 3 Minute Thesis round, awarded People’s 

Choice  

September 2016 Presented a talk at the 2016 University of Adelaide AFW 

Postgraduate Symposium, awarded Best Talk in Plant Physiology  

November 2016 Presented a talk at the 2016 School of AFW Research Day 

Presented a talk to the Higashiyama Laboratory  

Visited the Live Imaging Centre at the Institute of Transformative 

BioMolecules, Nagoya University, Japan  

Poster presentation at the Cold Spring Harbour Asia congress on the 

Latest Advances in Plant Development and Environmental Response, 

Awaji, Japan 
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December 2016 Received a Vice Chancellor’s certificate of recognition for outstanding 

volunteer service from the University of Adelaide  

March 2017 Presented a talk at the 2017 Waite Barley Research and 

Development Meeting 

April 2017 Awarded the 2017 SARDI Women’s Suffrage Centenary Bursary  

August 2017 Clearing method paper published (DOI: 10.1186/s13007-017-0217-z) 

Visited the James Hutton Institute, Scotland, UK 

September 2017 Presented a talk at the International Meeting on the Molecular 

Mechanisms Controlling Flower Development, Padua, Italy 

October 2017 Presented poster at ComBio, Adelaide, Australia 

Honours paper published (DOI: 10.3389/fpls.2017.01872) 

February 2018 Selected to participate in the Environmental Institute Leadership 

Development Program for Early Career Researchers 

March 2018 Awarded a Travel Grant from the International Association of Sexual 

Plant Reproduction Research  

April 2018 First-author review paper published 

(DOI:10.1002/9781119312994.apr0609) 

May 2018 Mid-author review paper published (DOI: 10.3390/plants7020042) 

June 2018 Presented a poster at the 25th International Congress on Sexual Plant 

Reproduction, Gifu, Japan 

November 2018 Presented a talk at the 2018 School of Agriculture, Food and Wine 

Research Day 

Mid-author review paper published (DOI: 10.1111/jipb.12747) 

January 2019 Submitted Intention to Submit  

February 2019 Submitted thesis for examination  

March 2019 Began postdoc at the John Innes Centre 

July 2019 Submitted final thesis 



 

 

  

453 

  

 

 

 

 




