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ABSTRACT 
 

During sexual reproduction in angiosperms, successful pollination relies on a complex 

series of interactions between cells of male and female reproductive structures and 

gametes. The first stage of this process amongst members of the Brassicaceae involves 

a series of interactions between pollen grains and stigmatic papilla cells, where 

compatible pollen is recognised by the papilla cell and permitted to hydrate and 

germinate the pollen tube, which will grow into the style and reach the ovule to release 

the sperm, result in fertilization. It has been proposed that a “basal compatibility” 

signalling system is crucial for the establishment of compatibility between the pollen 

and stigmatic surface upon the first few minutes of pollen arrival. Previous research in 

Doughty lab based on proteomic analyses of Arabidopsis thaliana and Brassica pollen 

coat has led to the identification of a diverse grouping of pollen coat-borne small 

cysteine-rich proteins (CRPs) of unknown functions; These small CRPs, now known as 

pollen coat proteins (PCPs), are considered potential regulators of pollen-stigma 

compatibility. In this project a wide range of PCPs has been identified from the pollen 

coat proteome of Arabidopsis thaliana and a classification of PCPs has been made based 

on sequential and gene ontology analysis. Amongst the six major families of PCPs 

identified, one group of PCPs namely PCP-Bs has raised our interest due to its putative 

role in regulating the pollen-stigma compatibility at the early stage of pollination. A new 

member of PCP-B family, namely PCP-Bε, has been identified in this research. By 

taking mutational approach, a collection of single and combined pcp-b gene knockout 

mutants has been generated, in vivo bioassays revealed that pcp-bε single and combined 

mutant lines possess a more severe pollen hydration defect than that of the other pcp-b 

mutants, suggesting that PCP-Bε protein plays a more essential role in the establishment 

of pollen-stigma compatibility. The phylogenetic analysis and molecular evolutionary 
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study of genes encoding PCP-Bs and PCP-B-like proteins has revealed birth-and-death 

evolution of PCP-B related genes throughout the evolutionary history of Brassicaceae 

species. Furthermore, population genetics has shown members of AtPCP-Bs possess 

different evolutionary characters, suggesting functional diversification of the AtPCP-

Bs. To gain more understanding of the putative stigmatic targets of PCPs that found to 

be influencing compatibility, heterologous expressed AtPCP-Bs were used as baits in 

protein-protein interaction (Oliveira et al.) assays to identify their potential receptors in 

isolated stigmatic proteins. This project shed more light on the roles that played by small 

pollen coat CRPs in plant reproductive signalling and provided valuable insight on the 

biological and evolutionary significance of AtPCP-B family.  More widely, this research 

could lead to a better understanding of what regulates compatibility at the interspecific 

level, which has important implications for plant breeding programmes and could 

eventually lead to the development of new tools to facilitate hybridisation in crop 

improvement. 
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Chapter 1: Introduction 

1.1 Sexual Reproduction in Angiosperms 

Nearly 90% of all extant land plant species are angiosperms (Crepet and Niklas, 2009). 

It is widely accepted that the evolution of the flower has contributed most to the 

dominance of the angiosperms which now are numbered at approximately 300- 369 

thousand species (Christenhusz et al., 2017), by far the most successful group of plants 

that have ever existed. Reproduction by means of flowers and fruits has provided 

angiosperms with more species-specific and specialized breeding systems that have 

often involved co-evolution with pollinators. Such specializations have facilitated 

speciation events and increased genetic diversity thus allowing the angiosperms to 

inhabit many ecological niches (Armbruster, 2014). Like most terrestrial plants, the 

angiosperms possess a life cycle based upon the alternation of generations, in which the 

haploid gametophyte generation alternates with the diploid sporophyte generation 

(Heslop-Harrison, 1972). Typically, the alternation of generations initiates with 

sporogenesis, during which the sporophyte undergoes meiosis to generate haploid 

spores. The spores then undergo serials of cell proliferation and differentiation that give 

rise to multicellular gametophytes, which produce the male and female gametes (sperm 

and egg cells). By the union of two haploid gametes of the opposite sex in the process 

of fertilization, a diploid zygote is formed which will eventually develop into a 

sporophyte and thereby completing the life cycle (Gifford and Foster, 1989). 

Angiosperms are heterosporous, which means their sporophytes produce two types of 

spores: microspores that develop into male gametophytes, and megaspores that develop 

into female gametophytes (Gifford and Foster, 1989). The angiosperm gametophytes 

are developed within the reproductive organs of the flower.  The female gametophyte, 

also knowns as the embryo sac or megagametophyte, develops within the ovule, where 
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a single diploid megasporocyte (spore mother cell) undergoes two phases of 

development referred to as megasporogenesis and megagametogenesis to give rise to 

haploid female gametophyte which typically consists of three antipodal cells, one central 

cell, two synergid cells, and one egg cell (Maheshwari, 1950; Yadegari and Drews, 

2004). The male gametophyte, which usually referred to as the pollen grain or 

microgametophyte, develops inside a structure known as the microsporangium or pollen 

sac, which locates within the anther of the stamen. Each microsporangium contains 

hundreds of microspore mother cells. During microsporogenesis, a diploid microspore 

mother cell undergoes meiosis to form a tetrad of haploid cells and thus give rise to 

microspores. The microspores then undergo microgametogenesis to develop into male 

gametophytes that consist of two sperm cells encased within the cytoplasm of a 

vegetative cell.  Upon maturity, the microsporangia burst and release the partially 

dehydrated pollen grains from the anther. When land on a receptive stigma, the pollen 

grain absorb water from stigma and rehydrate (further discussed in the Chapter 4), the 

vegetative cell extends to form a pollen tube that grows through the style and eventually 

reach the ovule to release the two sperm cells into the embryo sac. The resulting double 

fertilization, during which one sperm fertilizes the egg cell while the other fuses with 

the central cell, marks the initial of the sporophyte generation (McCormick, 2004). 

It is suggested that adoption of sexual reproduction through the alternation of 

generations has offered seed plants evolutionary advantages that helped them colonizing 

the land. Through the meiosis and fertilization, the parental traits are mixed by 

recombination, independent assortment, and random union of gametes, thus give rise to 

genetic diversity and evolutionary novelties that made seed plants adaptable with the 

everchanging terrestrial environments. The heterospory allows high degree of 

specialization of the male and female sexes which provided a stable sex determination 
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mechanism that promotes outcrossing and help fulfilling the diversity-generating 

potential of meiosis and fertilization. (Reviewed in QIU et al., 2012)  

1.1.1 Diversity of angiosperm mating systems 

Mating systems affect gene flow within and between populations in both spatial and 

temporal manners and therefore play a key role in determining populations’ genetic 

diversity and their evolutionary dynamics (Dickinson et al., 2003). Seed plants are 

known to apply a broad range of breeding strategies. In general, the options of plant 

reproduction, as proposed by Richards, 1996, can be described by a triangular interface 

with each apex representing a single mating strategy as follows: 

 (a) Panmixis. Plants that reproduce through outcrossing only (xenogamous), and 

randomly mate within a theoretically infinitely large population without asexual 

reproduction. Population with panmictic mating strategy is likely to be genetically 

variable and presents high level of heterozygosity at each polymorphic locus, which 

means more potential in evolution and therefore able to occupy more niches within a 

complex community. 

 (b) Autogamy. Plants reproduce through self-fertilizing (selfing) without asexual 

reproduction. Self-fertilizing populations are considered as genetically invariable and 

have low heterozygosity, thus more prone to inbreeding depression (Charlesworth and 

Charlesworth, 1987). 

 (c) Asexuality. Plants completely abandon sexual reproduction (or be sexually sterile) 

and utilize asexual reproduction mechanism to breed such as vegetative propagation. 
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Asexual populations will be genetically invariable with an evolutionary potential near 

to none. 

In practice, most plants have evolved at least two, sometimes all three of these mating 

strategies for reproduction (Richards, 1996; Charlesworth, 2006a); In angiosperms, a 

mixed mating strategy between outcrossing and selfing has been observed at all 

taxonomic level, and a wide diversity in outcrossing to selfing rates has been found at 

both intraspecific and interspecific level (Goodwillie et al., 2005; Whitehead et al., 

2018). The mating strategy choice of angiosperms are affected by several of their 

distinctive biological features: The sessile nature of plant means male gametes (pollen) 

require agents (animals, wind, water) to transfer between individuals; Most flowing 

plants are hermaphrodite, having both male and female reproductive organs within the 

same flower which enables self-pollination and self-fertilisation; The modular structure 

of plant body and multiple reproductive structures increase the chance of geitonogamy 

at the expense of outcrossing (Barrett and Harder, 1996). Selfing has long been 

considered as an evolutionary ‘dead end’ (Dobzhansky, 1950; Stebbins, 1957; Lande 

Panmixis 

Asexuality Autogamy 

Mixed 
Mating 
Systems 

Figure 1.1 The "eternal triangle" interface of mating systems in plants. (Figure modified from 

Richards 1996) 
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and Schemske, 1985) as it limits the ability to adapt to a changing environment and leads 

to accumulation of deleterious mutations which will eventually reduce the fitness of 

subsequent generations (Stebbins, 1957),  It is worth noticing, however, around 20% of 

flowering plants are self-fertilizing, and many inbreeding plants are found to have 

evolved from outcrossing ancestors (Stebbins, 1957; Jain, 1976). Darwin (1876) was the 

first to appreciate that when a deficiency in pollinators or mates occurred, selfing has 

the advantage over outcrossing due to the assurance of reproduction for the individual. 

In addition, Fisher (1941) suggested that due to an extra copy of ‘self’ chromosomes 

being passed through self-fertilized seeds, the genes for selfing have a natural advantage 

in transmission compared to genes for outcrossing. Later in 1967, Baker (1955,1967) 

announced his famous model, later known as Baker’s rule: that uniparental reproduction 

(selfing) should have an advantage in establishing new populations (colonies) in an 

environment that lacks pollinators or mating partners, for example on oceanic islands 

(Stebbins, 1957). Furthermore, researchers have found that when selfing rate is high, the 

genetic load or inbreeding depression may decrease due to a ‘purging’ of deleterious 

recessive alleles in the populations (Wright, 1977; Lorenc, 1980; Bryant et al., 1990; 

Barrett and Charlesworth, 1991). The evolutionary significance of self-compatibility has 

been wide debated , nevertheless the shift from outcrossing to selfing is prevalent across 

angiosperm species and has occurred several independent times in many taxonomic 

groups (Stebbins, 1974; Schoen et al., 1997; Takebayashi and Morrell, 2001; Barrett, 

2002; Igic et al., 2008). 

Regardless of the choice of mating strategies, it is of great importance for flowering 

plants to maintain the specificity of pollination in order to maintain species adaptive 

fitness and limit gene flow between evolutionary divergent populations as well as avoid 

wasting precious female reproductive resources. Flowering plants have developed a 
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range of reproductive barriers which operate at interspecies and intraspecies levels 

acting both before and after pollination with the latter being grouped into prezygotic and 

postzygotic barriers (Rieseberg and Willis, 2007). Prezygotic barriers, which act after 

pollination but before fertilization, are considered to contribute more to total 

reproductive isolation in plants than do postzygotic barriers. (Rieseberg and Willis, 

2007). 

1.2 Self-incompatibility (SI) in Angiosperms 

1.2.1 Self-incompatibility (SI) as prezygotic discrimination mechanism 

Some plants employ early prezygotic discrimination mechanisms through 

communication between male and female cells to enable rejection of incompatible 

pollen and acceptance of compatible pollen, with such systems operating at the intra and 

inter species levels. Self-incompatibility (SI) systems, been estimated to present in ca. 

60% of all flowering plants (Hiscock and Kües, 1999),  are arguably one of the best-

defined examples of prezygotic discrimination mechanisms to avoid self-fertilization 

and promote outbreeding and has been reported in nearly one-half of angiosperm species 

(Raduski et al., 2012). SI is a genetically regulated (by genetic locus termed as the 

“S locus”) system that prevent inbreeding through stigma/style regulated exclusion of 

self-pollen or pollen from close relatives that inherited the same incompatibility type 

(Doyle &Donoghue, 1986; Hiscock and Kües, 1999; Takayama & Isogai, 2005; Rea and 

Nasrallah, 2008). The evolution of SI is thought to have contributed significantly to the 

success of the angiosperms (Rea and Nasrallah, 2008), and plants from at least 100 

angiosperm families possess SI systems of widely different mechanisms, which were 

estimated to have evolved independently for at least 35 times in angiosperms (Igic et al., 

2008).   
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SI can be classified morphologically into heteromorphic SI and homomorphic SI 

(Watanabe et al., 2012). Plant with heteromorphic SI (for example, buckwheat) produce 

flowers of different shapes controlled by a single S locus with two alleles, S and s, and 

only cross pollens from a difference flower type are compatible to the stigma, for 

example  (Watanabe et al., 2012). In contrast, homomorphic flower species have a single 

flower shape and their SI can be categorized in two distinct forms: gametophytic SI 

(GSI) and sporophytic SI (SSI), based on how incompatibility phenotype of the pollen 

is determined by the SI mechanism (Hiscock and Tabah, 2003). In GSI species, for 

example Papaveraceae and Solanaceae, the incompatibility type of the pollen is 

determined by its own haploid genotype, whereas in SSI species such as Brassicaceae, 

the diploid (sporophyte) genotype of the parental anther determines the incompatibility 

type of the pollen produced (Nettancourt, 1977). Importantly, the dominance 

relationships between S alleles are key to the regulation of SSI, as explained in Fig 1.2: 
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Pollen incompatibility 
phenotype 

Pistil diploid 
genotype  

Pollen haploid 
genotype 

Pollen incompatibility 
phenotype 

Pistil diploid 
genotype  

Pollen haploid 
genotype 

 

 

B. Sporophytic Self-Incompatibility (SSI) 

A. Gametophytic Self-Incompatibility (GSI) 

Figure 1.2 Genetic control of GSI and SSI self-incompatibility system.  

(A) In Gametophytic self-incompatibility, the incompatibility phenotype of the pollen is 
determined by its own haploid genotype. Pollen rejection occurs when the S allele of the 
pollen matches either allele present in the pistil. In the example shown, S1 pollen grains from 
an S1S2 plant will not germinate on an S1S2 or S1S3 pistil but S2 pollen grains will germinate 
on a S1S3 pistil. In GSI species (e.g. Solanaceae), the inhibition of pollen tube growth 
generally occurs in the upper part of the style as illustrated. (B) Sporophytic self-
incompatibility. The incompatibility phenotype of the pollen is determined by the diploid 
genotype of the S1S2 parent plant and pollen rejection occurs when the pistil and the pollen 
parent have an S allele in common. In the example shown, both S1 and S2 pollen grains from 
an S1S2 plant will not germinate on the S1S2 or S1S3 pistil because the S1 allele is present in 
both plants. Both pollen grains are fully compatible on the S3S4 pistil. In SSI species like 
Brassica and Arabidopsis the pollen rejection occurs at the stigma surface.  
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Molecular studies on species of Solanaceae and Papaveracea have revealed two 

different GSI mechanisms in these two families. The GSI of Papaveraceae is based on 

a self-recognition mechanism, in which the specific interaction between the 

male specificity determinants (S-determinant) PrpS (P. rhoeas pollen S) and female S-

determinants PrsS (Papaver rhoeas style S) from the same S-haplotypes leads to 

activation of a cascade of physiological responses that leads to programmed cell death 

in pollen (Wheeler et al., 2010). Interestingly, in Solanaceae the SI system achieves self-

rejection through non-self-recognition mechanism: The female S-determinate of 

Solanacae is a glycoprotein S-RNase present in the style tissue that inhibits the pollen 

tube growth in the style. The specific interaction between male and female S-

determinants from different S-haplotypes leads to degradation of S-RNase and thus 

ensures continuous growth of the pollen tube through the style, therefore allows only 

cross-pollen to fertilize the ovules (Fujii et al., 2016). Additionally, it has been shown 

that Rosaceae and Plantaginaceae, whose female S-determinants encoding genes share 

the same origin with that of Solanaceae, possess similar non-self-recognition SI systems 

(Steinbachs and Holsinger, 2002; Vieira et al., 2008; Kubo et al., 2015)  On the other 

hand, SSI has been identified in multiple species of different families of angiosperms 

including the Brassicaceae, Asteraceae, Convolvulaceae, Betulaceae, Caryophyllaceae, 

Sterculiaceae and Polemoniaceae (Goodwillie et al., 2005; Allen and Hiscock, 2008). 

The molecular mechanism of SSI has been investigated mainly in Brassicaceae, 

Asteraceae and Convolvulaceae (Kowyama et al. 2000; Hiscock 2000; Hiscock and 

Tabah, 2003), and it has been found that the SSI system in these three families are of 

different origins (Hiscock and Tabah, 2003). In this study we focus mainly on 

Arabidopsis and other species of Brassicaceae hence the SSI in Brassicaceae will be 

further discussed in the following section. 
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1.2.2 S-locus regulates SI in Brassicaceae 

Brassicaceae, formerly known as Cruciferae, contains over 3700 species including many 

of our most familiar vegetables such as cabbage, mustard and radish. The model plant 

Arabidopsis thaliana (thale cress) is an inbreeding member of the Brassicaceae, which 

is thought to have lost its SI shortly after its split from its nearest SI common ancestor 

shared with A. lyrata and A. halleri approximately 5 million years ago (Bechsgaard et 

al., 2006). Although A. thaliana has lost SI, approximately half of the species in the 

genus Arabidopsis are SI (Kusaba et al., 2001). Previous research has revealed that in 

Brassica, and more widely in the Brassicaceae, the SI system is determined 

sporophytically in which the diploid genotype of the sporophyte (the anther tapetum) 

determines the SI phenotype of the pollen (Hiscock and Tabah, 2003).  The system acts 

early in the pollination process whereby the hydration and germination of self-pollen 

grains on specialised stigmatic papilla cells is blocked. 

Research over the last two decades has revealed much of the molecular mechanism of 

SI in the Brassicaceae  (Kachroo et al., 2002) and has demonstrated that two S-locus 

encoded proteins, the S-locus receptor kinase (SRK)  and S-locus cysteine-rich protein 

(SCR),also known as S-locus protein 11 (SP11) are acting as a receptor ligand pair that 

determine the SI response (Takayama and Isogai, 2003). SRK is a transmembrane 

protein principally located in the plasma membrane of stigma papillae, while SCR/SP11 

is specifically expressed in the anther tapetum and microspores and the mature protein 

locates in the pollen coat (Takayama et al. 2000; Shiba et al. 2001; Iwano et al. 2003). 

Based on sequence data and analyses of dominance relationships between S‐haplotypes, 

SCR/SP11s can be classified into two haplotype groups, namely Class‐I and Class‐II S-

haplotypes (Shiba et al., 2002). Class I SCR/SP11 alleles are generally dominant over 

those in Class‐II, and exhibit co-dominance relationships with other members in Class‐
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I. In comparison, the members of Class‐II SCR/SP11s are always recessive to Class I 

haplotypes and exhibit linear dominance relationships within the class (Nasrallah and 

Nasrallah, 1993; Shiba and Takayama, 2012). Epigenetics studies have demonstrated 

that the dominance of SCR/SP11 alleles is regulated through recessive allele-specific 

DNA methylation induced by small RNAs derived from the dominant allele (reviewed 

by Shiba and Takayama, 2012). The SI phenotype of pollen is therefore determined by 

a complicated dominance hierarchy between the two S‐haplotypes of the anther tapetum 

cell (Shiba and Takayama, 2012). During pollination, SCR/SP11 molecules are 

transferred from the pollen coat to the papilla cell wall and interact with the SRK, 

through which the ‘self’ SCR/SP11 that from the same S-haplotype binds SRK in an S‐

haplotype‐specific manner. This binding induces the autophosphorylation of SRK and 

triggers a signalling cascade that subsequently leads to self-pollen rejection (Nasrallah 

and Nasrallah, 1993; Kachroo et al., 2002). Previous studies on SP11/SCR–SRK self-

recognition rejection pathway have identified several candidates of downstream 

molecular components. M-locus protein kinase (MLPK) is  a membrane-anchored 

cytoplasmic serine/threonine protein kinase localized on the papilla cell membrane and 

has been reported to interact directly with SRK to transduce SI signalling (Murase et al., 

2004) SLG, a stigmatic protein that has high sequence homology with the receptor 

domain of SRK may also function as a co-receptor for SCR and is believed to have a 

non-essential role in the Brassica SI system (Suzuki et al., 2000; Takasaki et al., 2000), 

indeed SLG is not present in SI A. lyrata (Guo et al., 2011).  Plants with mutations in 

SRK lose the ability to reject ‘self’ pollen as do Brassica lines with down-regulated SLG 

transcripts (Goring et al., 1993; Nasrallah et al., 1994) 

Upon the landing of self-pollen grain, SRK on the stigmatic membrane is activated by 

the pollen coat-borne factor SCR. SRK then interact with AMR repeat containing 
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1(ARC1) through protein phosphorylation, which results in ubiquitination and 

proteasomal degradation of compatibility-related proteins such as Exo70A1 which has 

been found as a subunit of the plant exocyst complex (He and Guo, 2009) (further 

discussed in following section). Moreover, recent research has suggested a more 

complex model for the SI response, in which several parallel pathways other than the 

ARC1 linear ubiquitin–proteasome pathway coexist (Yang et al., 2018).  

1.2.3 Loss of SI in Arabidopsis. thaliana 

As previously mentioned, the most important transition in the evolutionary history of A. 

thaliana is the loss of SI and a move to a largely inbreeding reproductive strategy. Indeed 

A. thaliana has been reported as highly self-fertilizing in nature as well as in artificial 

environments (Charlesworth and Vekemans, 2005). In contrast to its closest SI relative 

A. lyrata, which has diverged from A.thaliana  around 5 million years ago (Kusaba et 

al., 2001), A. thaliana has several phenotypes that correlate with other inbreeding plants 

such as small unscented flowers and anthers and stigmas that are in close proximity to 

one another. Changes at the genotypic level are even more substantial: the chromosome 

number is reduced due to chromosome fusions, and the size of genome is also reduced, 

with fewer transposable elements and shorter introns (Charlesworth & Vekemans, 

2005).  In addition to these changes typical for inbreeders, some major changes are 

expected to be observed in the S-locus region, where the SI specificity in stigma and 

pollen is determined and regulated. Comparative mapping analysis of the S-locus region 

between A. thaliana Columbia-0 (Col-0) accession and its outcrossing relative A. lyrata 

has identified non-functional ΨSRK and ΨSCR sequences (pseudogenes), which 

indicates the SC in A. thaliana is related to inactivation of SI specificity genes (Kusaba 

et al., 2001). 
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Some plants employ early prezygotic discrimination mechanisms through 

communication between male and female cells to enable rejection of incompatible 

pollen and acceptance of compatible pollen, with such systems operating at the intra and 

inter species levels. Self-incompatibility (SI) systems are arguably one of the best-

defined examples of prezygotic discrimination mechanisms by which a plant’s female 

reproductive cells recognize ‘self’ pollen and reject them specifically to prevent selfing 

and encourage outcrossing leading to an increase in genetic diversity(Rea and Nasrallah, 

2008). The evolution of SI is thought to have contributed significantly to the success of 

the angiosperms (Rea and Nasrallah, 2008), and plants from at least 100 angiosperm 

families possess SI systems of widely different mechanisms, which were estimated to 

have evolved independently for at least 35 times in angiosperms (Igic et al., 2008).  

Brassicaceae, formerly known as the crucifer family, contains over 3700 species 

including many of our most familiar vegetables such as cabbage, mustard and radish. 

The model plant Arabidopsis thaliana (thale cress) is an inbreeding member of the 

Brassicaceae, which is thought to have lost its SI shortly after its split from its nearest 

SI common ancestor shared with A. lyrata and A. halleri approximately 5 million years 

ago (Bechsgaard et al., 2006). Although A. thaliana has lost SI, it is possessed by 

approximately half of the species in the Arabidopsis genus (Kusaba et al., 2001). 

Previous research has revealed that the SI system in Brassica, and more widely in the 

Brassicaceae, is determined sporophytically (sporophytic SI; SSI) in which the diploid 

genotype of the sporophyte (the anther) determines the SI phenotype of the pollen 

(Hiscock and Tabah, 2003).  The system acts early in the pollination process whereby 

the hydration and germination of self-pollen grains on specialised stigmatic papilla cells 

is blocked. 
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1.3 Pollination of Brassicaceae  

In the Brassicaceae, successful pollination process comprises six key stages of 

interactions between the pollen and stigma: pollen capture and adhesion, pollen 

hydration, germination of pollen tube, penetration of stigma by pollen tube, growth of 

the pollen tube through the stigma and style, ovule entry and release of sperm cells by 

the pollen tube (Edlund et al., 2004). In Brassica spp. and Arabidopsis thaliana, the 

series of events from pollen adhesion to fertilization has been carefully documented at 

the ultra-structural level (Hill and Lord, 1987; Elleman and Dickinson, 1990; Elleman 

et al., 1992; Nasrallah et al., 1994; Lennon et al., 1998; Goring, 2018). Once a pollen 

grain lands on the stigma surface, adhesion follows in a few seconds and  acts as the first 

selective ‘filter’ against foreign pollen grains (Zinkl et al., 1999). The pollen wall has 

two distinctive layers: an inner layer, the intine, which mainly consists of pectin and 

cellulose, and an elaborately sculptured outer layer termed exine. The exine is mainly 

composed of sporopollenin, a highly stable polymer constructed from long-chain fatty 

acids and phenolics, and amongst members of the Brassicaceae the exine is typically 

covered by a lipid and protein-rich matrix known as tryphine, or pollen coat (Dobson, 

1988; Bedinger et al., 1994). The composition of pollen coat plays an important role in 

both the pollen adhesion and hydration process, the latter will be examined in a 

following section. During the first few minutes following pollen capture the pollen coat 

flows out from the baculae of the exine and forms a foot-like structure at the stigma 

surface (Elleman and Dickinson, 1990; Nasrallah et al., 1994).  Formation of the ‘foot’ 

enhances pollen adhesion and forms a point of intimate contact between the pollen grain 

and the stigma. Numerous membranous inclusions are formed in the pollen coat in this 

adhesion region as it undergoes a physical reorganisation. This transformation is termed 
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coat conversion and it is hypothesised that this is required for subsequent pollen 

hydration (Dickinson and Elleman, 1985; Elleman and Dickinson, 1986). 

1.3.1 Pollen-stigma interaction and establishment of compatibility 

For a compatible pollen grain, the end of the adhesion stage is followed by pollen 

hydration, during which the pollen grain draws moisture from the surface of the 

stigmatic papillae and the shape of the pollen grain changes from ellipsoid to spheroid 

(Stead et al., 1979). The stigma of members of the Brassicaceae is of the ‘dry’ type, and 

its papillae cells are coated with a waxy cuticle layer overlaid by a proteinaceous pellicle 

(Elleman et al., 1992), making it difficult for pollen grains to absorb water from the 

stigma surface. This suggests the transfer of water relies on polarized secretory activity 

of stigma papilla cells and formation of water conducting structures at the pollen-stigma 

contact site (Dickinson et al., 1998). 

More recent research based on transmission electron microscopy (TEM) of post-

pollination events provides important insights into cytological responses of the stigmatic 

papillae to compatible pollinations in A. thaliana (Safavian and Goring, 2013). The 

research reports observation of vesicle-like structures forming at the stigma papilla cell 

plasma membrane directly under the pollen contact site just 5 minutes following a self-

compatible pollination. These vesicles appear to be carrying electron-opaque cargo and 

move towards the pollen grain to fuse with the ‘ruffled’ stigmatic papilla plasma 

membrane in the pollen-stigma contact area. Following by membrane fusion regulated 

by  soluble N-ethylmaleimide-sensitive factor attachment protein receptors (SNAREs), 

the unknown cargo of these vesicles is released to facilitate water release for pollen 

hydration (detailed in Chapter 4) (Safavian and Goring, 2013). This observation 

supports the idea that stigmatic exocytosis plays a crucial role in supplying water for 

pollen hydration, nevertheless little light has been shed on the basal pollen recognition 
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signalling pathway which leads to the assembly of the exocyst complex and docking of 

vesicles with the papilla plasma membrane.  Research to date has identified a stigmatic 

protein and several pollen coat-borne factors as putative early regulators of compatible 

pollination and these will be reviewed in the following sections.    

 

1.3.2 Stigmatic protein Exo70A1 regulating secretory activities 

During the delivery of post-Golgi vesicles to the plasma membrane, the exocyst complex 

plays a central role in regulating the docking of secretory vesicles at the target membrane 

(Whyte and Munro, 2002).  Exo70A1 is a putative subunit of the plant exocyst complex 

(He and Guo, 2009) and it is essential for plant growth and development (Synek et al., 

2006; Li et al., 2013). Transgenic studies have shown that the absence of Exo70A1 in 

Brassica and Arabidopsis stigmas leads to the rejection of compatible pollen, and this 

stigmatic defect can be rescued by introducing an RFP-tagged B. napus Exo70A1 

construct that drives its expression in the Arabidopsis stigma (Samuel et al., 2009). 

Work by the same group has also revealed that Exo70A1 can function as a substrate for 

Fig1.2 Illustration of the putative basal compatibility system. In Brassicaceae, once a pollen 
grain lands on a stigma papilla, compatibility between pollen and stigmatic papilla surface is 
established within minutes through unknown signalling pathway, following by the activation of 
the exocyst complex-mediated membrane trafficking in the stigmatic papilla, which permits 
pollen hydration through the passage of water from the stigma to the pollen. The process is 
considered as the first “checkpoint” in early pollen-stigma interactions and previous researches 
suggest that pollen coat-borne factors are essential for pollen-stigma recognition (Samuel et al., 
2009; Safavian and Goring, 2013; Safavian et al., 2015; Goring, 2018).  
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ARC1 an E3 ubiquitin ligase required for the rejection of self-incompatible pollen in the 

Brassica pistil. ARC1 functions to ubiquitinate target proteins and likely targets 

Exo70A1 for degradation by the proteasome. In addition, Exo70A1 was found to 

localise to the plasma membrane of the mature stigmatic papillae and disappears from 

the plasma membrane following compatible pollinations (Stone et al., 2003; Samuel et 

al., 2009). Thus, Exo70A1 may participate in the regulation of exocytosis to deliver the 

stigmatic factors required for pollen hydration. 

Besides Exo70A1, the remaining seven subunits of the exocyst complex, including 

SECRETORY3(SEC3), SEC5, SEC6, SEC8, SEC10, SEC15, and EXO84, were also 

tested and confirmed as essential factors for compatible pollen grain acceptance.  

Absence or knockdown of any one subunit leads to exocyst dysfunction and polarized 

secretion disruption, which results in reduced pollen hydration, pollen attachment, and 

pollen tube growth as well as decreased seed set compared with wild-type Col-0 

(Safavian et al., 2015). 

1.3.3 Role of pollen coat 

A number of studies have indicated that the pollen coat plays a crucial role in early 

pollen-stigma interactions in the Brassicaceae with the most compelling data coming 

from studies of mutants in A. thaliana. Early work indicated that the lipid composition 

of the coat is particularly important in mediating appropriate pollen-stigma interactions. 

For example  the  male-sterile pop1 A. thaliana mutant produces pollen that fails to 

hydrate when in contact with stigmatic papillae (Preuss et al., 1993). Later research 

based on genetic complementation and mapping experiments confirmed the coat defect 

is caused by alterations in eceriferum (CER) genes which regulate the biosynthesis of 

long-chain lipids (Hulskamp et al., 1995). Interestingly, the hydration of cer mutation 

pollen can be restored by increasing ambient humidity or by introducing large quantities 
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of exogenous triacylglycerols (Wolters-Arts et al., 1998). In addition to lipids, the 

second major constituent of pollen coat is the pollen coat proteome with proteins 

proposed to have roles relating to pollen maturation and pollination. Pollenins, a highly 

diverse group of proteins, make up 50–80% of the total protein mass. Pollenins are 

derived from a group of oleosin-like domain containing precursors termed as oleo-

pollenins (Murphy et al., 2001), The oleo-pollenins are structurally diverse and they 

appear to use tapetal lipid bodies and oleosin-like domains as a non-secretory 

extracellular targeting mechanism (Murphy, 2006a).  Less abundant proteins discovered 

in the pollen coat including esterases, kinases, caleosins (oleosin domain-containing 

proteins that bind calcium), and lipases (Murphy, 2006a). 

It is still unclear how the lipidic matrix and proteins in pollen coat help facilitate the 

uptake of moisture from the stigmatic papilla cells to pollen grain. It appears that during 

this process which has been previously described by Elleman and Dickinson (1986) as 

a ‘coat conversion’,  certain forms of water conducting structures or ‘channels’ are 

formed in the hydrophobic lipid matrix to guide the flow of water through the pollen 

coat and into the interior of pollen grain (Murphy, 2006b). Considering pollenins are 

relatively polar compared to lipids and have the potential to form a hydrophilic surface, 

plus the fact that most pollenins are glycine-rich proteins which are likely to adapt the 

conformation of structural motifs such as glycine loops or anti-parallel β-sheets 

(Sachetto-Martins et al., 2000), it is valid to assume that pollenins play a major role in 

the formation of water channels in the matrix of the pollen coat. Besides the structural 

proteins and lipids, several less abundant components of pollen coat are found as 

potential regulators of pollen hydration.  An oleosin-domain pollen coat protein GRP17, 

first discovered in a search for glycine-rich proteins in Arabidopsis thaliana, is reported 

to impair pollen hydration and compatibility when mutated  (Oliveira et al., 1993; 
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Mayfield and Preuss, 2000). GRP17 has a conserved oleosin domain and a highly 

divergent repetitive C terminus; while the oleosin domain may act as a governor of lipid 

properties during coat conversion, the highly divergent C terminus makes GRP17 an 

intriguing candidate for a species-specific signalling molecule (Mayfield and Preuss, 

2000).  

1.3.4 Role of CRPs in the pollen coat 

 Recent decades have seen increasing evidence pointing that small signalling peptides 

widely found in plant genomes could be important regulators of various biological 

processes (Simon and Dresselhaus, 2015). Of these, a group of small peptides (typically 

<20 amino acids in lengh) with a cysteine-rich C-terminal domain (Matsubayashi, 2011; 

Murphy et al., 2012), known as cysteine-rich peptides (CRPs), have been found to be 

involved in plant defences, stress response, development and reproduction, and cell–cell 

communication (Marshall et al., 2011; Ostrowski and Kowalczyk, 2015). Most 

interestingly, CRPs are found to be overrepresented in most reproductive processes, 

including pollen germination and growth, self-incompatibility, gamete activation and 

fusion as well as seed development (Bircheneder and Dresselhaus, 2016). 756 CRP-

encoding genes have been previously identified in the Arabidopsis genome, among 

which 27% have been found to be specifically expressed in in the female gametophyte 

(Huang et al., 2015). The same research also found that 139 CRP genes were up-

regulated in dry Arabidopsis pollen. A range of small cysteine-rich proteins, sometimes 

termed PCPs (for Pollen Coat Proteins) are found in the pollen coat of Brassica and 

Arabidopsis (Dickinson et al., 1998). One of them, the S-locus cysteine-rich protein 

(SCR), plays a direct role in sporophytic self-incompatibility (SSI). In self-incompatible 

Brassicaceae species, SCR is the male (pollen) determinant of SI (Hiscock and Tabah, 

2003) which functions as a ligand for the SRK (S-receptor kinase), the female 
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determinant located at the stigma epidermis plasma membrane ( (Stein and Nasrallah, 

1993; Takasaki et al., 2000).  The interaction of cognate SCR and SRK activates the 

incompatibility response by triggering a signalling cascade in the stigma that leads to 

pollen tube inhibition (Hiscock and Tabah, 2003; Takayama and Isogai, 2005). 

Interestingly, introduction of SRK and SCR from self-incompatible A. lyrata into self-

compatible A.thaliana resurrects SI (Nasrallah et al., 2002). 

PCP-A1 (pollen coat protein, class A, 1), a small cysteine-rich protein found in the 

pollen coat of Brassica oleracea,  was found to bind with high affinity to SLG (an 

abundant papilla cell wall protein with a high degree of homology to the extracellular 

domain of SRK) irrespective of S haplotype (Doughty et al., 1998; Doughty et al., 

2000). PCP-A1 is characterised by its plant defensin-like motif which consists of eight 

cysteine residues, a feature that is shared by a larger family of Brassica pollen coat 

specific proteins identified by subsequent studies (Doughty et al., 1998; Wang et al., 

2017) . This group of proteins, later termed the PCP-A class, is highly polymorphic 

around the conserved cysteine backbone, nevertheless several have been demonstrated 

to possess specific affinities for stigmatic S-locus and S-related proteins, which suggests 

that they may have unique roles in pollen recognition signalling (Doughty et al., 2000). 

The PCP-Bs are another newly characterized group of pollen coat cysteine-rich proteins 

found in both Brassica and Arabidopsis species which have a distinctive arrangement 

of eight cysteine residues compared to the PCP-A class. PCP-Bs have been reported to 

be represented by 4 distinct proteins present in the A. thaliana pollen coat termed PCP-

Bα, PCP-Bβ, PCP-Bγ, and PCP-Bδ.  Plants carrying multiple mutations for this gene 

family show dramatically lower pollen hydration rates and impaired pollen adhesion 

(Wang et al., 2017). These data indicate that PCP-Bs play an important role in 

compatible pollination mediating pollen hydration. 
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1.4 Aims and Objectives 

During sexual reproduction process of angiosperms, the recognition events arise from 

information transfers between male gametes (pollens) and the cells of stigmatic tissue is 

a prerequisite for establishment of pollen-stigma compatibility in initial stages of the 

pollen–pistil interactions and determines the fate of an attempted pollination (Ferrari et 

al., 1981). Previous researches have unveiled a range of pollen-borne factors that 

regulate the compatibility-related mechanisms such as self-incompatibility and pollen 

tube attraction to ovule. Nevertheless, little light has been shed on the putative basal 

compatibility system, which is thought to be responsible for recognizing the compatible 

pollen grain and facilitate the water transport from stigma to pollen to initiate the pollen 

hydration and germination. This PhD project aims to determine the nature of compatible 

pollination and to better understand the potential regulatory roles of newly discovered 

Arabidopsis PCP families in pollination through the following approaches: 

a) Identify and classification of small CRPs from the pre-generated Arabidopsis 

thaliana pollen coat proteomic data sets.  

b) Apply reverse genetic approaches to characterise the function of newly discovered 

small cysteine-rich pollen coat proteins in Arabidopsis pollination. Observe the 

phenotype and pollination behaviour of single and combined Arabidopsis PCP-Bs 

(AtPCP-Bs) genes knockout mutant lines through in vivo bioassay. 

c) Perform a broad phylogenetic analysis and the newly identified PCP-B family to 

gain an understanding of the evolution of Arabidopsis PCP-Bs. 

d) Identify the stigmatic targets (receptors) of PCP-B pollen coat proteins found to be 

influencing compatibility. 
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Chapter 2: Materials and Methods 

2.1 Plant materials  

2.1.1 Arabidopsis thaliana lines used in this study 

Details of the Arabidopsis thaliana lines used in this study are shown in Appendix 1 

Table S1.1. The Arabidopsis T-DNA insertion lines were obtained from the collection 

of the SIGnAL project (Salk Institute Genomic Analysis Laboratory) ordered via the 

Nottingham Arabidopsis Stock Centre (NASC, UK). Information on the individual T-

DNA insertions was obtained from the Salk Institute Genomic Analysis Laboratory 

website (http://signal.salk.edu). PCP-Bαβγ triple mutant line was generated by standard 

crossing between SALK_207087, SALK_062825 and SALK_072366 single 

homozygous mutant lines (Dr .Ludi Wang, pers. comm.). PCP-Bαβγε quadruple mutant 

line was created by crossing the pcp-bαβγ triple mutant with a homozygous 

FLAG_228A11single mutant line. PCP-Bαβγδ quadruple mutant line was created by 

CRISPR-mediated gene editing of the pcp-bαβγ triple mutant line (details provided in 

section 2.4). PCP-Bαβγδε quintuple mutant line was created by crossing pcp-bαβγε and 

pcp-bαβγδ homozygous lines. Mutant alleles and their respective T-DNA insertion sites 

or CRISPR edited sites are detailed in Fig. S1. A. thaliana ecotypes Columbia (Col-0) 

and Wassilewskija (Ws-0) were originally sourced from the European Arabidopsis 

Stock Centre (Harder et al.) and held by the Doughty lab (University of Bath) and were 

used as wild-type control plants where appropriate. The A. thaliana A9-barnase male 

sterile line generated from Col-0 was kindly provided by the late Prof. Rod Scott, 

University of Bath, UK (Paul et al., 1992) and was used as pollen receptor for all 

hydration assays. 
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2.1.2 Growth conditions 

A. thaliana plants were propagated in Levington F2+S compost (Soils HS Limited, 

Wotton-Under-Edge, UK) in a controlled environment room maintained at 21±1°C, with 

a 16 hour light /8 hour dark photoperiod  (light intensity set at 130 μmol m-2 s-1), and 

60% relative humidity. 

2.2 Genotypic analyses of T-DNA insertion lines 

2.2.1 Plant DNA extraction 

DNA extraction from A. thaliana was performed using modified protocol based on that 

by Edwards et al. (Edwards et al., 1991). Samples were excised from mature green 

leaves and ground in 1.5ml microfuge tubes on ice with 50 μl extraction buffer made 

with 0.14M d-Sorbitol, 0.22M Tris-HCI (pH8.0), 0.22M EDTA (pH 8.0), 0.8M NaCI, 

0.8% CTAB and 0.8% n-Lauroyl sarcrosine per 100ml.  The homogenised tissue was 

then incubated at 65°C for 5 mins. following which 100 μl of chloroform was added per 

tube and vortexed for 1 min. The mixture was then centrifuged for 5 mins. at 13000g for 

5 mins to separate the aqueous and organic phases. The upper aqueous phase was 

transferred to a new microfuge tube and DNA was precipitated by adding 100 µL 

isopropanol and incubated at room temperature for 15 mins. The sample was then 

centrifuged at 13000g for 20 mins. at room temperature. The pelleted DNA was 

resuspended in pure water and stored at -20°C.  

2.2.2 Plant direct PCR 

Direct PCR was performed using Thermo Scientific™ Phire™ Plant Direct PCR Kit 

(insert supplier here) to amplify DNA directly from A. thaliana samples without prior 

DNA purification. Following the sampe preparation protocol provided with the kit, a 

small piece of fresh leaf tissue (approximately 2 mm in diameter)  was  placed in 20 µL 

of dilution buffer and crushed with a 100 µL pipette tip by pressing it briefly against the 
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tube wall until the dilution buffer became greenish in colour. The total lysate was then 

briefly centrifuged to pellet debris and the supernatant was used as ‘template’ for 

subsequent PCR. 

2.2.3 T-DNA insert screening  

T-DNA insertions in all plant lines were confirmed by PCR-based genotyping with 

appropriate T-DNA left border primers (LBb1.3, 5`-ATTTTGCCGATTTCGGAAC-3` 

for SALK lines and Tag 5, 5`-CTACAAATTGCCTTTTCTTATCGAC -3` for FLAG 

lines ) and gene-specific primers (LP and RP) designed by the iSect tool 

http://signal.salk.edu/isect.2.html (see Appendix 1 Table S1.2). By performing PCR on 

DNA samples using two paired reactions, one with primer mix A (LB+RP) to amplify 

the T-DNA insertion allele, and another with primer mix B (LP+RP) to amplify the wild 

type allele WT, heterozygous and homozygous plants can be disctinguished. Using this 

approach PCR products generated from a WT allele (Wild Type - no insertion) will 

typically have a size of 900-1100 bps (from LP to RP) whilst homozygous lines typically 

generate a PCR product of 410+N bps (from RP to insertion site 300 + N bases, plus 

110 bases from LBb1.3 to the left border of the vector) – shorter than the WT allele PCR 

product., Heterozygous lines produce PCR products of both sizes. Plants homozygous 

for T-DNA insertions were thus isolated from heterozygous or nonmutant plants and 

were taken forward for subsequent tests.  

2.3 Transcriptional analysis by reverse transcription polymerase chain reaction 

(RT-PCR) 

2.3.1 RNA isolation  

Fresh anthers from the stage 12 A. thaliana flower buds wer used for RNA extraction. 

Harvested anthers were flash frozen in liquid nitrogen and stored at -80°C in an RNase-

free 1.5 ml microfuge tube. Total RNA was obtained from the frozen sample using a 
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PureLink® RNA Mini Kit (ThermoFisher Scientific) with the manufacturer’s protocol 

being followed Total RNA samples were stored at -80°C. RNase AWAY® Reagent was 

used to remove RNase contamination from work surfaces and non-disposable items 

prior to starting the extraction protocol. 

2.3.2 cDNA Synthesis  

Purified, intact total RNA samples were used to synthesize first-strand cDNA. DNase I 

was added to the RNA samples prior to amplification to ensure removal of all genomic 

DNA contamination. cDNA synthesis was carried out using the SuperScript® III First-

Strand cDNA Synthesis system (Thermo Fisher Scientific) and Oligo(dT)20 primers 

with the manufacturer’s protocol being followed with. The incubation step was 

performed in a PTC-200 Thermal Cycler (MJ Research). The completed cDNA 

reactions were stored at -20°C or used for subsequent PCR immediately.  

2.3.3 Reverse transcription polymerase chain reaction (RT-PCR) 

Reverse transcription–polymerase chain reaction (RT-PCR) was performed to verify the 

knockout of target genes in T-DNA insertion mutant lines. The cDNA synthesis 

products were tested by PCR with two primer pairs for each line, one designed to 

amplify the full length of the exon sequence, another for amplifying the flanking exon 

sequence downstream of T-DNA insertion site. The house-keeping gene GAPC 

(At3g04120) was used as a positive control to confirm cDNA quality and as a loading 

control. GAPC-specific primers were as follows (Forward: 5’- 

TCAGACTCGAGAAAGCTGCTAC-3’; Reverse: 5’- 

GATCAAGTCGACCACACGG-3’).  Genomic DNA extracted from leaves of the A. 

thaliana (Col-0) was also used as a positive control to verify the effectiveness of the 

gene specific primers. Phusion® High-Fidelity DNA Polymerase (New England Biolabs) 

and Phire® Green PCR Master Mix (Thermo Fisher Scientific) were used for RT-PCR. 
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The reaction was carried out in a PTC-200 thermal cycler (MJ Research). Primers used 

for DNA amplification can be found in Appendix 1 Table S1.2. 

2.3.4 DNA Agarose gel electrophoresis 

The results of PCR amplifications were verified by performing gel electrophoresis with 

a 1% agarose gel at 120V for 30 minutes in TBE buffer (0.089M Tris; 0.089M Boric 

acid; 0.002M EDTA, pH8.0).  

2.4 Generation of the AtPCP-B quadruple knockout line by CRISPR-Cas9 gene 

editing 

The CRISPR (clustered regularly interspaced short palindromic repeats)-Cas system 

was first identified within prokaryotic organisms as an adaptive immune system that 

used short RNA molecules known as guide RNAs or gRNAs to detect exogenous nucleic 

acids (e.g., viral/phage DNA) and induce site-specific DNA cleavage (Horvath and 

Barrangou, 2010). In recent years, the CRISPR-Cas9 system has been developed as a 

versatile genome editing tool and can be used in many different organisms(Hsu et al., 

2014). An engineered CRISPR-Cas9 system is a RNA-enzyme complex with two major 

components: a DNA endonuclease Cas9, and a single guide RNA (sgRNA) that consists 

of a 5′ end with a ~20 nucleotide spacer which is complementary to the target DNA and 

a 3′ end which serves as a binding scaffold Cas protein. The gRNA-Cas9 complex 

recognizes target DNA adjacent to a 3 nucleotide (usually NGG) protospacer-adjacent 

motif (PAM) by gRNA-DNA pairing between the 5’-end complementary spacer of 

gRNA and the target DNA strand (referred as the protospacer). Following this the Cas9 

nuclease acts to create a site-specific double-strand break (DSB) 3-4 nucleotides 5' to 

the PAM site (Bortesi and Fischer, 2015) 
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Previously, attempts to generate a AtPCP-B αβγδ quadruple mutant failed due to the 

close genetic linkage of pcp-bγ (At2g16535) and pcp-bδ (At2g16505) genes/T-DNA 

insertions.  Thus CRISPR-Cas9 methodology was used in this study to overcome the 

issues presented by the close proximity of PCP-Bγ and PCP-Bδ. A AtPCP-B αβγδ 

quadruple mutant plant line was generated by inducing a 240 bp deletion in the coding 

region of gene At2g16505 (AtPCP-Bδ) of the AtPCP-Bαβγ triple mutant following an 

established CRISPR workflow being established in the lab at Bath. 

Detailed descriptions of the vector construction are provided in Appendix 1: Figure S1.3. 

All primers used in this report are listed in Appendix 1: Table S1.3.  

2.4.1 Design of dual gRNA expression cassettes  

In order to enhance the chances of achieving a functional knockout of At2g16505 

(AtPCP-Bδ), a dual gRNA CRISPR-Cas9 system was designed utilising two gRNAs to 

direct simultaneous Cas9-mediated cleavage of two sites within the second exon of the 

gene . Using such a strategy it would be possible to generate some plant lines that would 

carry a deletion between the two target sites. An additional advantage of this approach 

over single site edits is that it facilitates screening of plants as lines that carry the deletion 

can readily be identified by PCR. 

When designing the gRNA sequences it was essential to ensure that the gRNA spacer 

sequence was highly specific to the target sequence to avoid off-target editing. CRISPR-

P 2.0 (http://crispr.hzau.edu.cn/CRISPR2/ ), a web service-based tool with a scoring 

system to rate the off-targeting potential and on-targeting efficiency of gRNAs, was used 

to help select the gRNA guide sequences (i.e. complementary spacer). To optimise the 

chance of target gene editing, four different gRNA guide sequences that targeted 

different sites across both intron and exon regions of At2g16505 (details in Appendix 1 
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Figure S1.2) were picked to form a total of four combinations for the dual gRNA 

expression cassettes. The structure of the final CRISPR construct is shown as Appendix 

1 Figure S1.3 (b) 

2.4.2 Assembly of the CRISPR-Cas9 binary vector construct  

For assembly of the dual gRNA expression cassettes, two gRNA guide sequences were 

incorporated into two forward and two reverse primers; DT1-BsF, DT1-F0 and DT2BsR, 

DT2-R0 respectively. CRISPR gRNA-expressing modules were assembled using PCR 

amplification of template plasmid pCBC-DT1T2 with the four forward and reverse 

primers. The resulting 626bp PCR product was gel purified following agarose gel 

electrophoresis (insert name of kit) and mixed with the binary vector pHEE401E in a 

Golden Gate reaction (Engler and Marillonnet, 2014) with BsaI and T4 Ligase (New 

England Biolabs) to generate the dual gRNA expression cassettes.  

2.4.3 Transformation of CRISPR constructs into E.coli and clone validation 

The fully assembled CRISPR-Cas9 expression construct generated following Golden 

Gate cloning was transformed into competent E. coli DH5alpha cells by heat shock at 

42°C for 30 secs.. Transformed cells were selected on LB-Kanamycin (50 µg/ml) agar 

plates overnight at 37 °C. Colony PCR was performed on putative transformants using 

the promoter-specific primer U6-26p-F and U6-29p-R to verify the integrity of the 

expression construct.  

Colonies that were confirmed to carry the CRISPR constructs were cultured in LB broth 

(containing 50 µg/ml kanamycin) overnight at 37°C with shaking at 180 rounds per 

minute (rpm). The cells were harvested by centrifugation (insert details) and the 

plasmids were isolated using the GeneJET plasmid miniprep kit (Thermo Fisher 

Scientific). CRISPR constructs were verified by enzyme digestion using restriction 

enzymes NcoI and HindIII (New England Biolabs) (See Appendix 1, Figure S1.4). 
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2.4.4 Transformation of CRISPR constructs into Agrobacterium tumefaciens 

Electro-competent A. tumefaciens GV3101 strain was prepared by culturing the cells in 

50ml 2xYT medium (1.6% Triptone, 1% yeast extract and 0.5% NaCl) with 100μg/ml 

ampicillin, 25μg/ml gentamicin, and 15μg/ml rifampicin. The culture was incubated at 

28°C with shaking at 220 rpm until the optical density measured at 600nm (OD600) 

reached 0.6-0.8. The cells were then pelleted at 8,500 rpm for 5 min at 4°C and re-

suspended in 50ml of ice cold 10% glycerol. The cells were pelleted again and re-

suspended in 2ml ice cold 10% glycerol. This was repeated once more and the cell pellet 

was then re-suspended in 1ml of ice cold 10% glycerol and then stored as 50 µL aliquots 

at -80°C for later use. 

The recombinant vector verified to contain CRISPR binary expression constructs was 

transformed into A. tumefaciens competent cells by electroporation. 2 µL of purified 

plasmid DNA was used to transform 50 µL of competent cells using a 0.1cm 

electroporation cuvette and a MicroPulser Electroporator (Bio-Rad), operated with the 

pre-set program “Ec1”. The electroporated cells were immediately re-suspended in 1ml 

of 2xYT medium without antibiotics and incubated at 28°C for 3 hours. Cells were then 

spread on 2xYT agar plates containing 100μg/ml ampicillin, 25μg/ml gentamicin, 

15μg/ml rifampicin, and 50μg/ml kanamycin and incubated at 28°C for 2-3 days until 

colonies became visible. 

2.4.5 Generation of transgenic Arabidopsis plants  

A. tumefaciens harbouring the CRISPR-Cas9 binary expression vector was used to 

transform the A. thaliana AtPCP-Bαβγ triple mutant line using a standard floral dipping 

protocol (Clough and Bent, 1998). To obtain a higher frequency of transformation, floral 

dipping was performed twice on the same batch of plants with a 7-day interval. T1 Seeds 

collected from the dipped plant were sowed on soil sprayed with 0.1% Basta® herbicide 
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in petri dishes. Transgenic seedlings resistant to Basta were identified by their ability 

tocould grow normally and develop true leaves, whereas non-transformed seedlings 

turned yellow and were not able to develop true leaves. To avoid the selection of mosaic 

mutant lines which occasionally occur in the T1 generation, selfed seeds (T2) from T1 

generation were collected and selected on 0.1% Basta again. The transgenic T2 plants 

were then genotyped by PCR and the target region sequenced to confirm gene editing.  

2.4.6 Identification of CRISPR induced mutations using PCR and sequencing 

analyses 

The presence of CRISPR-Cas9 induced deletions in the T2 plants was confirmed by 

PCR amplification of genomic DNA using the gene-specific forward and reverse 

primers ( Forward: 5’- GGATCACCATATAACAAAAACCAC -3’; Reverse: 5’- 

GTAGACCGCAACATACTCTG -3’) designed to flank the upstream and downstream 

regions of the edited areas (covering a 584 bp region). PCR of selected lines was verified 

by gel electrophoresis (see 2.3.4) and amplicons that suggested deletions were checked 

by DNA sequencing. PCR amplification and sequencing results of from T2 mutants are 

detailed in Appendix 1, Figure S1.5 and Appendix 1.2.  All primers designed for PCR 

genotyping and sequencing are presented in Appendix 1, Table S1.4  

2.5 Bioinformatics: identification and functional characterisation of AtPCPs 

2.5.1 Proteomic and Genomic data retrieval for small cysteine-rich PCPs 

A collection of 48 cysteine-rich proteins (CRPs) (with masses less than or equal to 

12kDa) were manually retrieved from 3 independent pollen coat protein mass 

spectrometry (MS) data sets generated by LC-MS/MS analysis using LTQ-Orbitrap 

Velos mass spectrometer (Thermo Fisher Scientific) (data provided by Ludi Wang, 

University of Bath, pers. comm.). Full-length amino acid sequences of each protein were 

obtained from the UniProt (Universal Protein Resource) database. The cysteine-rich 
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proteins (CRPs) were then characterised primarily based on their C-terminal cysteine-

rich region and their sequence length. The genomic data of CRP coding genes, including 

lists of gene names, map locations, gene structures and transcripts, splice variants, as 

well as the full length genomic sequences /cDNAs /coding sequences (CDS) were 

obtained from The Arabidopsis Information Resource (TAIR) 

(https://www.Arabidopsis.org/index.jsp) and EnsemblePlants databases 

(https://plants.ensembl.org/index.html ). 

2.5.2 Gene Ontology (GO) Analyses 

The functional annotation for the newly identified PCPs obtained from the MS data sets 

was done by gene ontology (GO)-based analysis using Blast2GO suite (version 5.2) 

(Conesa et al., 2005). Protein sequences of 48 PCPs were used for blastp-based 

homology searches with default settings for blast expectation values (E-value) and hit 

number thresholds. GO Mapping (retrieval of Gene Ontology terms) was performed 

using the Gene Ontology database supported by the EMBL-EBI and Gene Ontology 

Annotation project. GO Annotation describes gene functions in three distinct classes: 

cellular component, biological process or molecular function. Visualization of 

annotation data and statistical analyses were generated using the Blast2GO suite. 

2.5.3 GO Overrepresentation Tests 

For PCPs with GO annotations, over-representatation of GO terms was verified by 

performing GO enrichment analysis using a web-based service provided by the Gene 

Ontology Consortium (GOC) at http://geneontology.org/. The service utilises the 

analysis tool from the PANTHER (Protein ANalysis THrough Evolutionary 

Relationships) Classification system (version 14.1) (Mi et al., 2005; Mi et al., 2019). 

Over-representation analysis was performed to compare the listed PCP genes to the 

reference Arabidopsis thaliana gene list in the database to determine whether particular 
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GO terms (e.g. molecular function, biological process, cellular component)  were 

present a a greater frequency than would be expected (overrepresented). Fisher’s exact 

test with Benjamini-Hochberg False Discovery Rate (FDR) correction was performed 

for the statistical over-representation analysis.  

2.5.4 Protein structural prediction and modelling  

The PCP-B protein models were built by SWISS-MODEL (Biasini et al., 2014). The 

three-dimensional cartoon models and electrostatic potential surface models were 

produced by PyMOL (version 1.7.4). 

 

2.6 Selection pressure analysis for PCP-B genes 

2.6.1 Homology search for PCP-B genes 

To identify putative homologues of PCP-B family genes in other species, sequence 

similarity-based searching was performed by applying the TBLASTN search algorithm 

which uses a protein query to search against translated nucleotides in NCBI nucleotide 

collection (nr/nt) databases. The search was performed using default TBLASTN 

searching parameters and were done across all available taxonomic groups in public 

databases. A collection of 145 genes encoding PCP-B like proteins were found by the 

BLAST search in 13 land plant species (replicated hits, poor-quality alignments and 

pseudogenes were excluded from the search result). 

2.6.2 Phylogenetics 

Protein sequences of PCP-like protein sequences retrieved by pan-taxonomic BLAST 

searches were used to build an amino acid alignment using the MUSCLE multiple 

sequence alignment algorithm (Edgar, 2004). Coding sequence (CDS) alignments were 

constructed by converting the corresponding protein sequences alignment to codon 
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alignment using the PAL2NAL suite (available at http://www.bork.embl.de/pal2nal/) 

(Suyama et al., 2006). Phylogenetic trees were constructed from the CDS alignment by 

MEGAX software (version 10.0.2) (Kumar et al., 2018) using the Maximum Likelihood 

method (Guindon and Gascuel, 2003) with Jukes-Cantor substitution model (Jukes and 

Cantor, 1969; Erickson, 2010) and nearest-neighbor-interchange (NNI) tree as the 

starting point. The reliability of the tree was tested by 1000 bootstrap replicates.  

2.6.3 Estimation of the gene gain and loss events  

A taxonomic tree of all plant species found by homology BLAST was generated by 

using NCBI Taxonomy Database "Common Tree" tool 

(https://www.ncbi.nlm.nih.gov/Taxonomy/CommonTree/wwwcmt.cgi ). The phylogenetic 

tree of PCP-B-like genes were rooted and reconciled with the species tree using Notung 

(version 2.8) (Chen et al., 2000) to reveal gene gain (duplication) and loss events over 

evolutionary time.  

2.6.4 Detection of positive selection using codon alignment 

Genomic signatures of positive selection in the evolutionary history of PCP-B-like 

genes were detected by analyses of nucleotide sequences using the CodeML program in 

the PAML package (Yang, 2007) The nonsynonymous/ synonymous substitution 

(dN/dS) ratios generated from multiple sequence alignment data were compared using a 

branch-site model (Zhang et al., 2005) and a likelihood ratio test (LRT) was conducted 

for pairwise comparisons (Anisimova et al., 2001) The test results were used to indicate 

signals of positive selection occurring along a specified branch after gene duplication. 

In addition Bayes empirical Bayes (BEB) method (Yang et al., 2005) was applied to 

detect amino acid sites under selective pressure. 
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2.6.5 Detection of selection using population genomic data  

The genomic DNA sequences from 855 inbred strains (ecotypes) of A. thaliana were 

obtained from the 1001 Arabidopsis Genomes Project 

(The_1001_Genomes_Consortium, 2016) accession data available at 

http://signal.salk.edu/atg1001/3.0/gebrowser.php (for the list of accession IDs and 

ecotype information see supplementary data on the compact disc attached). The data 

were used to perform population genetic tests including the McDonald and Kreitman 

test (MKT) (McDonald and Kreitman, 1991) and Tajima’s D (Tajima, 1989), Fu and 

Li’s D and F (Fu and Li, 1993) as well as Fay and Wu’s H test (Fay and Wu, 2000) using 

the DnaSP v6 programme (version 6.12.03) (Rozas et al., 2017) to test the neutrality of 

evolution. 

2.7 Functional study of PCP-Bs 

2.7.1 Pollen hydration assay 

Pollen grains derived from stage 15+ mature freshly dehiscent anthers (Scott et al. 2004) 

of A. thaliana wild-type and AtPCP-B mutant lines were used for in vivo hydration 

assays. Open flowers from A9-barnase male sterile plants were mounted on a 

microscope slide (with the flower remaining attached to the plants throughout the 

experiment) using double-sided tape. An individual pollen grain was placed on a 

stigmatic papilla using an eyelash. The pollen grain was then monitored under an 

inverted compound microscope (Nikon Eclipse TE2000-S) immediately after the pollen-

stigma contact (set as time point zero), and images of the pollen grain was acquired with 

a Nikon Digital Sight DS-U1 camera every minute over a 10-minute time period. The 

equatorial diameter of pollen grains was measured using a ‘5 point ellipse’ measurement 

tool incorporated in the NIS element 3.0 Software. The diameter was measured in pixels 

and the pollen hydration level was calculated by the equation:  



44 
 

𝐏𝐨𝐥𝐥𝐞𝐧 𝐡𝐲𝐝𝐫𝐚𝐭𝐢𝐨𝐧 (%)  

=  (𝐩𝐨𝐥𝐥𝐞𝐧 𝐝𝐢𝐚𝐦𝐞𝐭𝐞𝐫 –  𝐢𝐧𝐢𝐭𝐢𝐚𝐥 𝐩𝐨𝐥𝐥𝐞𝐧 𝐝𝐢𝐚𝐦𝐞𝐭𝐞𝐫)/𝐢𝐧𝐢𝐭𝐢𝐚𝐥 𝐩𝐨𝐥𝐥𝐞𝐧 𝐝𝐢𝐚𝐦𝐞𝐭𝐞𝐫  

Box-whisker plots were produced based on pollen diameters changes at time points, 5 

minutes and 10 minutes. TAn analysis of variance (ANOVA) test was conducted for all 

mutant line compared to wild-type to test the significance of the difference.  

 

2.8 Heterologous Expression of AtPCP-Bε 

2.8.1 Gene cloning 

cDNA synthesised from total RNA derived from stage 12 floral buds of Arabidopsis 

thaliana were used as template for PCR cloning of the target gene At2g41415. PCR-

cloning primers that incorporated appropriate restriction sites for subsequent steps were 

used for amplification of a 182 bp fragment that captured the coding sequence for the 

52 amino acid secreted mature AtPCP-Bε protein (for primer details and gene structure 

see Appendix 1, Table S1.5 and Appendix 1.3. PCR amplicons of correct size were gel 

purified and cloned into the pJET1.2 vector (see Appendix 1, Figure S1.6) using the 

CloneJET PCR cloning kit (Thermo Fisher Scientific) following the standard cloning 

protocol provided. The recombinant cloning vector was then transformed into 

TransforMax™ EC100™ E. coli competent cells by electroporation. The electroporated 

cells were selected on LB agar plates containing 100μg/mL ampicillin or carbenicillin 

with overnight incubation at 37℃. Colony PCR was performed the following day on 

using the pJET1.2 Forward Sequencing Primer and reverse cloning primer to check the 

presence and orientation of the DNA insert. Primers used in gene cloning and 

genotyping are listed in Appendix 1, Table S1.5. 
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2.8.2 Amplification of recombinant DNA in host cells 

E. coli cells carrying recombinant vector were cultured in LB broth medium containing 

100μg/mL ampicillin at 37℃ with shaking at 180 rounds per minute (rpm) overnight. 

The cells were harvested the following day by centrifugation and plasmids were 

extracted using the GeneJET plasmid miniprep kit (Thermo Fisher Scientific) or 

Monarch® Plasmid Miniprep Kit (New England Biolabs). Recombinant plasmids were 

sequenced (insert sequencing details)  to verify the integrity of the AtPCP-Bε sequence 

and associated cloning regions. The result of sequencing is shown in Appendix 1.4. 

2.8.3 Cloning of  AtPCP-Bε into pET-32a(+) 

Recombinant pJET1.2 carrying the AtPCP-Bε amplicon was restriction digested at sites 

flanking the insert. Digestion was carried out utilising FastDigest XhoI and NcoI 

restriction enzymes with FastDigest Buffer (Thermo Fisher Scientific). Restriction 

digestion products were separated by 1% agarose gel electrophoresis and the fragments 

containing the AtPCP-Bε coding sequence were gel-purified using a Monarch® DNA 

Gel Extraction Kit (New England Biolabs). The purified fragments were then ligated 

into predigested pET-32a(+) vector (Novagen) using T4 DNA ligase (5 U/μl; Thermo 

Fisher Scientific) to assemble the AtPCP-Bε expression construct (following the 

manufacturer’s protocol). The vector map of pET-32a(+) is shown in Appendix 1, 

Figure S1.7 and the schematic diagram of the recombinant fusion protein is shown in 

Figure 2.1  

Figure 2.1 Schematic diagram of the recombinant fusion protein (provided by PhD Yui Lau) 
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2.8.4 Transformation of AtPCP-Bε expression construct into E.coli 

The pET-32a(+): AtPCP-Bε construct was transformed into Rosetta-gami B (DE3) 

competent cells (Novagen/Merck) by heat shock (42℃ for 30 sec). Transformed cells 

were plated on LB agar plates containing 100μg/mL ampicillin and incubated overnight 

at 37℃. Colony PCR was performed using modified T7 primers (Forward: 5’-

CCCGCGAAATTAATACGACTCAC-3’; Reverse: 5’-

CTAGTTATTGCTCAGCGGT-3’) to verify the presence of the AtPCP-Bε expression 

construct. 

2.8.5 Heterologous expression of recombinant AtPCP-Bε in E. coli 

Rosetta-gami B (DE3) cells containing the recombinant expression vector were cultured 

in LB medium containing 50µg/mL ampicillin and 50µg/mL streptomycin at 37℃ with 

shaking until OD600 reached 0.8-1.1. The expression of target protein was achieved by 

inducing the cells with 0.4M Isopropyl β-d-1-thiogalactopyranoside (IPTG) followed by 

a further 4 hours incubation with shaking at 37℃. Cultures were then processed 

immediately for recovery of recombinant protein. 

2.8.6 Protein extraction from cell culture 

Induced bacterial cells were collected by centrifugation for 20 minutes at 8000 x g and 

4 ℃ and then washed and resuspended in 1x PBS buffer containing 1x cOmplete™ 

EDTA-free protease inhibitor cocktail (Roche). Cells were disrupted and lysed in a 

sonication bath (model FB15046, Fisher Scientific). The lysate was ultracentrifugated 

for 30 minutes at 60,000 x g and 4℃ and the supernatant, containing the total soluble 

protein fraction, was then processed to retrieve the His-tagged recombinant AtPCP-Bε 

protein. 
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2.8.7 Protein Purification by immobilised metal affinity chromatography (IMAC) 

Protein purification was performed on an ÄKTA™ start chromatography system (GE 

Healthcare. Life Sciences) using HisTrap™ FF columns (GE Healthcare Lifescience). 

The system was set up according to the manufacturer’s operating manual. HisA buffer 

(50mM Tris-HCl, pH7.4; 300mM NaCl; 20mM imidazole) was used to equilibrate the 

system prior to sample loading. After loading the sample onto the HisTrap columns, 

HisB buffer (50mM Tris-HCl, pH7.4; 300mM NaCl; 1M imidazole) was used to elute 

bound proteins using a programme-controlled gradient run. The elution was collected 

by Frac30 Fraction collector (GE Healthcare Lifescience). The UV absorbance of 

column elution was recorded with the systems built-in UV Monitor. All peaks were 

collected and the recombinant protein, with a predicted molecular weight of 

approximately 25kDa, was verified by SDS-PAGE. 

2.8.8 Protein Concentration and Buffer Exchange 

Fractions containing the protein of interest were pooled and the protein was concentrated 

using Amicon® Ultra-15 Centrifugal Filter Units (Merck) with a molecular weight cut-

off (MWCO) of 10KDa. The filter unit containing the protein solution was centrifuged 

at 5,500 x g for 15 minutes at 4°C and the concentrated sample was then buffer-

exchanged by dilution with enterokinase buffer (20mM Tris-HCl, pH8.0; 50mM NaCl; 

2mM CaCl2) followed by a second round of centrifugation and further addition of 

enterokinase buffer.. The proteins were then resuspended with 500μl 1X S-protein 

wash/bind buffer (diluted from 10X Bind/Wash Buffer: 1.5 M NaCl, 200 mM Tris-HCl, 

1% Triton®X-100, pH 7.5) and stored at -20°C or proceeded to enterokinase cleavage.  

2.8.9 Enterokinase cleavage 

The concentrated recombinant protein samples were loaded onto an S-protein agarose 

column (being immobilised on the column by virtue of the S-tag) along with 
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enterokinase light chain (New England BioLabs) and Enterokinase buffer. The column 

was incubated at room temperature for up to 16 h.  Fusion Tags (containing a S-Tag) on 

the N-terminal end of the recombinant protein were removed and retained on the S-

protein agarose and the cleaved portion of the protein containing AtPCP-Bε linked to a 

His-tag was eluted from the column by centrifugation at 500 x g for 5 minutes. 

2.8.10 SDS-PAGE 

12% Tris-glycine polyacrylamide gels were used for general protein electrophoresis. 

16.5% Tris-tricine polyacrylamide gels were used for separation of low molecular 

weight proteins (MW less than 15-20kDa). Detailed recipes for the production of gels 

and associated buffers used are listed in Appendix 1, Table S1.6. Protein samples were 

mixed with 2x SDS loading buffer in a 1:1 ratio and heated at 95°C for 4 minutes prior 

loading. For plant membrane fractions, the samples were heated at 65°C for 10 minutes 

to avoid the aggregation of H+ ATPase. Gel electrophoresis was conducted in a Bio-

Rad Mini-PROTEAN II Cell gel tank (Bio-Rad) using TGS running buffer (25mM Tris, 

192mM glycine, 0.1% SDS),with 65 to 75 minutes running time at a constant voltage of 

200V. Gels were stained with Commassie blue staining solution (40% ultrapure water, 

50% methanol, 10% acetic acid, 10% Commassie Brilliant blue R-250) to visualize the 

protein bands. A PageRuler™ unstained broad range protein ladder (5 to 250 kDa, 

Thermo Fisher Scientific) was used for estimation of protein sizes and PageRuler™ 

prestained markers were used for applications where Westerm blotting was to be carried 

out. 

2.8.11 Western blotting 

Followed electrophoresis polyacrylamide gels were equilibrated in transfer buffer 

(25mM Tris, 192mM glycine, 15% v/v methanol) for 20 minutes. Immobilon-P 

polyvinylidene difluoride (PVDF) membranes (Milipore) were pre-soaked in absolute 
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methanol and washed and equilibrated in transfer buffer before use. The wet transfer 

method was used for electroblotting. The gel was placed in a “transfer 

sandwich” structure (fibre pad-filter paper-gel-membrane-filter paper-fibre pad) held by 

a gel holder cassette. The cassette was placed vertically in a Mini-PROTEAN® II tank 

(Bio-Rad) with pre-cooled transferred buffer. A Bio-Ice Cooling Unit (Bio-Rad) filled 

with crushed ice was placed in the tank during electrotransfer to mitigate the heat 

produced. The electrotransfer was run at 100V for one hour. After the transfer, the 

membrane was stained with Ponceau S solution (0.1% Ponceau, 3% trichloroacetic acid) 

to check for the presence of transferred protein bands. The membrane was then destained 

and washed with ultrapure water before blocking in 50 ml blocking buffer (0.3% w/v 

casein; 0.5M NaCl; 20mM Tris-HCl, pH7.4; 1% v/v Tween-20) for one hour. After 

blocking, the membrane was incubated in 5 mL of 1:1500 diluted primary antibody 

(Rabbit Anti-6-His, Sigma-Aldrich) solution for one hour at room temperature with 

shaking. The membrane was then washed with TBS-T (20mM Tris, pH7.6; 150mM 

NaCl; 50mM KCl; 0.2% Tween-20) and incubated with a 1:30000 dilution of secondary 

antibody (Goat HRP-conjugated Anti-Rabbit IgG, Sigma-Aldrich) for 1-1.5 hours at 

room temperature. After incubation the membrane was washed by TBS-T and treated 

with Amersham™ ECL prime western blotting detection reagent (GE Healthcare) or 

Clarity™ Western ECL Substrate (BioRad) to generate chemiluminescence signals. The 

signal was detected and captured in images using a Fusion SL chemiluminescence 

imaging system (Analis).  

2.8.12 BCA total protein quantification assay 

Protein concentrations were measured using a Pierce™ BCA (bicinchoninic acid) 

Protein Assay Kit (Thermo Fisher Scientific). A 2mg/mL bovine serum abumin (BSA) 

solution was used to produce a series of protein standards with a working range of 20 -
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2,000 µg/mL. Samples were loaded into Pierce™ 96-Well Plates and the linear 

absorbance at 562 nm was measured in a TECAN Spark® (Life Sciences) microplate 

reader (see Appendix 1, Figure S1.8). 

2.9 Preliminary AtPCP-Bε interaction studies 

2.9.1 Plant membrane protein extraction by SMA-lipid particles (SMALP) 

Approximately 600 mature stigmas and around 1 g fresh leave tissues collected from 

four week-old Arabidopsis thaliana plants were snap-frozen and pulverized in liquid 

nitrogen with a micro-pestle. The ground tissue was transferred on dry ice to allow liquid 

nitrogen to evaporate. The frozen tissue was immediately homogenised in freshly 

prepared membrane extraction buffer (100mM Tris-Cl, pH8.8; 150mM NaCl; 1mM 

EDTA; 10% Glycerol; 1mM PMSF; 1 tablet cOmpleteTM protease inhibitor per 50mL; 

Polyvinylpolypyrroidone (PVPP) was added to membrane extraction buffer to a final 

concentration of 0.75% w/v just prior to use) and sonicated by a ultrasonic probe on ice 

for 10 seconds. The homogenate was centrifuged at 5,000 x g for 5 minutes at 4℃, the 

supernatant containing the total protein fraction was subsequently ultracentrifuged at 

134,275 x g using a Beckman Coulter L-100XP Ultracentrifuge for 30 minutes at 4℃ 

to pellet the membrane fraction. The supernatant was removed and the pellet was 

resuspended in 450µL of membrane solubilisation buffer (100mM Tris-Cl, pH8.8; 

150mM NaCl; 1mM EDTA; 10% Glycerol; 1mM PMSF; 1 tablet cOmpleteTM protease 

inhibitor per 50mL; 1% v/v Triton X-100)  containing 1.5% (w/v) styrene maleic acid 

(SMA) by sonicating for 5 seconds in an ice-cold sonication bath. The resuspended 

sample was ultracentrifuged at 134,275 x g for 30 minutes at 4℃ to separate the 

microsomal membrane fractions (in supernatant) and insoluble material fractions (in 

pellet). Samples from both fractions were collected and analysed by SDS-PAGE and 

Western-blotting to validate isolation of plasma membrane fractions – validation was by 
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detecting the presence of the plasma membrane marker plant P-type H+ATPase (Duby 

and Boutry, 2009; Justesen et al., 2013).  Western blotting was carried out as described 

in 2.8.11 with anti-P-type H+ATPase (Agrisera) as the primary antibody and Goat HRP-

conjugated Anti-Rabbit IgG (Sigma-Aldrich) as secondary antibody. 

2.9.2 Protein pull-down assay 

His tag-based affinity pull-down was conducted to detect the putative stigmatic 

membrane binding target of the AtPCP-Bε. His Mag Sepharose® Ni magnetic 

beads (GE Healthcare) were used to immobilise the His-tagged recombinant AtPCP-Bε 

protein that act as a bait protein. 100 µL of His Mag Sepharose® Ni slurry was pipetted 

into an Eppendorf ™ Protein LoBind Tube (Eppendorf AG) and resuspended in 500 µL 

of equilibration buffer (50mM Tris-HCl, 0.3M NaCl, 20mM imidazole; pH8.0),the tube 

is then placed on a magnet rack for rapid sedimentation of the beads and the buffer liquid 

was removed. The His-tagged AtPCP-Bε proteins (obtained from 2.8.9) were diluted in 

equilibration buffer to 1ml and loaded into the tube. The tube was removed from the 

magnet rack and the His Mag beads were resuspended with the protein sample and 

incubate at room temperature for 30 minutes on a rotating mixer. The tube was then 

placed back on magnet rack to sediment the beads and the supernatant was removed. 

The beads were washed three times with 500 µL of equilibration buffer. After washing, 

200 µL of SMALP prep containing plant plasma membrane fractions was loaded into 

the tube. The beads were resuspended with the SMALP prep and incubated at room 

temperature for 30 minutes on a rotating mixer. The beads were then washed three times 

with 500 µL of equilibration buffer again and proceeded to elution step. 150 µL of 

elution buffer (50mM Tris-HCl, 0.3M NaCl, 500mM imidazole; pH8.0) was used to 

elute the putative "prey" proteins that interacted with AtPCP-Bε protein. The eluted 
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products were collected and stored at -20°C for further analyses including SDS-PAGE 

and mass spectrophotometry (MS). 

 

2.10 Accession Numbers 

All AtPCP sequence identifiers (see Table.S1 in the Appendix 1) that matched the mass 

spectrometry data set can be found in the GenBank/ EMBL/UniProt data libraries. The 

genes whose T-DNA knockout lines were tested by the pollen hydration assay in this 

report can be found with the accession numbers as shown in Table 2.1:  

 

UniProt ID Gene Name Gene ID 

Q1G3R6 ESFL4 At2g41415 

O82377 ESFL6 At2g29790 

A8MR88 ESFL8 At2g16535 

A8MQY8 ESFL9 At2g16505 

Q1PDG8 ESFL10 At5g61605 

 

Table 2.1 Accession numbers AtPCP genes with UniProtKB identifiers and Gene Name  
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Chapter 3: Identification and classification of CRPs in pollen coat 

3.1 Introduction 

3.1.1Cysteine-rich proteins and their role as regulators of biological processes in 

plants 

As sessile organisms, plants are constantly exposed to multiple environmental pressures 

during their lifetime. As an adaptation to the changing environment, plants have evolved 

a variety of long-range (e.g. plant hormones) and short-range (e.g. signalling molecules 

like peptide ligands and membrane receptors) cell–cell communication mechanisms to 

co-ordinate their life activities and rapidly respond to environmental stress (De Smet et 

al., 2009; Wolters and Jürgens, 2009; Marshall et al., 2011). Research principally carried 

out over the past two decades has uncovered the important  role played by small proteins 

in plant cell signalling with several families identified as key regulators of plant growth 

and development (Butenko et al., 2009; Matsubayashi, 2011; Murphy et al., 2012; 

Czyzewicz et al., 2013; Roberts et al., 2013). The majority of the small signalling 

peptides fall into two large groups: C-terminally encoded secreted peptides (CEPs) and 

cysteine-rich secreted peptides (CRPs) (Matsubayashi, 2011; Murphy et al., 2012; 

Roberts et al., 2013). CRPs are characterized by a typical mature peptide length of <160 

amino acids with a cysteine-rich C-terminal domain usually containing 4–16 cysteine 

residues and a conserved N-terminus which includes secretion peptide signal (Marshall 

et al., 2011). CRPs have been shown to take part in a variety of cellular biological 

processes, including pathogen defence, stress responses, plant development (including 

reproductive development), reproduction (including pollination, pollen tube guidance, 

attraction, and rupture) as well as general cell–cell communication (Schweizer, 2008; 

Marshall et al., 2011; Ostrowski and Kowalczyk, 2015).  
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Plant defensins are a class of highly stable, small (typically less than 5 kDa in size) 

cysteine-rich peptides which comprise an important part of the plant innate immune 

system that acts primarily against fungal pathogens (Stotz et al., 2009a). Plant defensins 

are widely distributed in plant tissues including leaves, pods, tubers, fruits, roots, bark 

and floral organs (Carvalho and Gomes, 2009; Stotz et al., 2009a; Parisi et al., 2019). 

They are mainly concentrated in peripheral cells and stomatal cells and are most 

abundant in seeds where they are produced as a frontline defence against soil fungi 

(Stotz et al., 2009a). Studies on Raphanus sativus antifungal protein 2 (RsAFP2) from 

radish seeds has shown that this defensin operates by eliciting rapid ion changes across 

hyphal membranes, including Ca2+ influx leading to rapid alkalinization of growth 

media (Terras et al., 1992; Thevissen et al., 1996) Other studies have revealed that some 

defensins cause increases in membrane permeability (Thevissen et al., 1999) with others 

even entering the target cells (van der Weerden et al., 2008). Several models have been 

proposed to explanation the antimicrobial action of defensins: it is assumed that 

defensins can either interact with pathogen cell membrane components to increase ion 

permeability, or form pores into the cell membrane through self-oligomerization 

(Wilmes et al., 2011; Hegedüs and Marx, 2013; Lacerda et al., 2014). It is now 

recognised that defensins and defensin-like peptides are a large multifunctional family 

of protein with roles also outside of plant defence, including regulating plant growth and 

development and acting as ligands for cellular recognition and signalling (Preuss et al., 

1993; Stotz et al., 2009b). 

As mentioned above several CRPs have been identified as important regulators of plant 

development. The Rapid Alkalinization Factor (RALF) family is a group of cysteine-

rich proteins found throughout the plant kingdom (Campbell and Turner, 2017). RALFs 

were discovered to inhibit root growth (Pearce et al., 2001; Srivastava et al., 2009) by 
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binding to a plasma membrane receptor-like kinase (RLK)  FERONIA which lead to 

repression of cell elongation (Haruta et al., 2014). In A. thaliana a RALF-like peptide 

AtRALF23 was found not only to be essential for root development but also to regulate 

plant growth by counteracting some brassinosteroid (BR) growth-promoting effects 

(Pearce et al., 2001; Srivastava et al., 2009). This suggests that RALFs may also have 

wider roles in regulating basic aspects of plant development (Srivastava et al., 2009; 

Campbell and Turner, 2017). In recent years three CRPs including two Epidermal 

Patterning Factors (EPF1 and EPF2), and STOMAGEN, have been identified as 

antagonistic regulators of stomata formation (Hara et al., 2009; Kondo et al., 2010; 

Sugano et al., 2010). EPF1 and EPF2 have been shown to be components of the receptor-

like protein TOO MANY MOUTHS (TMM) and ERECTA (ER), ERECTA-LIKE1 and 

ERECTA-LIKE2 signalling pathway (Shpak et al., 2005) and negatively regulate 

stomata density in A. thaliana. STOMATAGEN is shown to positively regulate stomatal 

density by competing with EPF peptides for the TMM receptor (Kondo et al., 2010; 

Sugano et al., 2010).   

3.1.2 CRPs as important regulators of plant reproduction 

Importantly, in recent years CRPs have been found to be central to a wide range of 

reproductive processes in plants including cellular communication during fertilization, 

pollen tube germination, guidance and bursting, gamete activation as well as early 

embryo and seed development (Schopfer et al., 1999; Chae et al., 2009; Okuda et al., 

2009; Marshall et al., 2011; Costa et al., 2014; Qu et al., 2015). Moreover, it has been 

shown that CRPs comprise the majority of small proteins reported to be involved in 

signalling processes during fertilization and seed development (Bircheneder and 

Dresselhaus, 2016). Hundreds of CRP genes are found to be up-regulated within hours 

or a few days after pollination (Huang et al., 2015). In the Brassicaceae, the pollen coat-
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derived ligand S-locus cysteine-rich protein (SCR/SP11) acts as the male determinant 

of self-incompatibility (SI) (Schopfer et al., 1999; Shiba et al., 2002). SCR interacts 

with the membrane-spanning S-locus receptor kinase (SRK) (Takasaki et al., 2000) in 

the early stage of the pollen-stigma interaction to activate a signalling cascade leading 

to self-pollen rejection (Stone et al., 2003; Samuel et al., 2009; Nasrallah and Nasrallah, 

2014).  Work in the Doughty Lab (University of Bath) has revealed that the pollen coat 

of members of the Brassicaceae contains a wide range of CRPs that fall into a number 

of families (Doughty et al., 2000; Wang et al., 2017). Members of two groups, the PCP-

As and PCP-Bs, have emerged as likely important regulators of the early pollen-stigma 

interaction.  During pollen tube growth, several CRPs have been found to be essential 

for guiding pollen tubes towards the ovule. These defensin-like cysteine-rich proteins 

termed  LUREs are secreted from the synergid cells within the embryo sac and act as  

pollen tube attractants in Torenia fournieri and A. thaliana (Okuda et al., 2009; 

Higashiyama, 2010; Takeuchi and Higashiyama, 2012). In A. thaliana, the LURE1 gene 

family (AtLURE1) contains a cluster of species-specific homologous AtLURE1 genes. 

AtLURE1 proteins have been reported to function through the tip-localized pollen-

specific receptor-like kinase 6 (PRK6) to attract and guide the pollen tube towards the 

ovule at short range (Takeuchi and Higashiyama, 2016). Furthermore, the other PRK 

family receptors, PRK1, PRK3 and PRK8 were also find to cooperate with PRK6 to 

facilitate the sensing of AtLURE1.  It is suggested that PRK6 acts as a key membrane 

receptor for external AtLURE1 attractants, and to help recruit the core tip-growth 

machinery like ROP signalling proteins (Takeuchi and Higashiyama, 2016 ).  

Recently, a group of evolutionarily ancient AtLURE1-related Brassicaceae-conserved 

cysteine-rich peptides named XIUQIU peptides were reported to attract pollen tubes 
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independently of the PRK6 receptor in a non–species specific manner in the 

Brassicaceae (Zhong et al., 2019). 

Besides LURE-related peptides, LAT52, a Kunitz trypsin inhibitor-like CRP found in 

tomato pollen (Muschietti et al., 1994) has been reported to interact with pollen tube 

surface localized receptor-like kinases LePRK2 to facilitate the germination of pollen 

(Tang et al., 2004). Interestingly, LeSTIG1, a CRP specifically expressed in the 

stigmatic secretory zone also binds LePRK2 to promote pollen tube growth and appears 

to compete with LAT52 for binding to LePRKs (Tang et al., 2004). Several members of 

plant non-specific lipid transfer proteins (LTPs), including SCA in lily and its 

orthologue LTP5 in Arabidopsis are found to play major roles in pollen tube tip adhesion 

and haptotactic (adhesion-mediated) growth guidance (Chae et al., 2010; Chae and Lord, 

2011). 

After successfully reaching the embryo sac (the female gametophyte), the pollen tube 

bursts and discharges the two sperm cells for double fertilization. In maize, pollen tube 

rupture is mediated by defensin-like EMBRYO SAC (ES) peptides via opening of the 

potassium channel KZM1 localized at the pollen tube tip plasma membrane (Cordts et 

al., 2001; Amien et al., 2010). In Arabidopsis, EGG CELL1 (EC1) proteins among the 

ECA1 subfamily of CRPs accumulate in egg cell vesicles and are secreted after arrival 

of the sperm cells, and are required for sperm cell activation to enable the gamete fusion 

event (Sprunck et al., 2014). 

Beyond their prezygotic roles CRPs continue to operate during seed development. The 

endosperm-derived EMBRYO SURROUNDING FACTOR1 (ESF1) peptides are 

expressed in the central cell and accumulate in the embryo surrounding region of the 

endosperm after fertilization. They act synergistically with the receptor-like kinase 

SHORT SUSPENSOR (SSP) to promote zygote elongation and suspensor development 
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through the YODA mitogen-activated protein (MAP) kinase pathway (Costa et al., 

2014). ESF1 is related to the maize endosperm transfer cell-specific CRP MATERNAL 

EXPRESSED GENE1 (MEG1), which controls development of transfer cells during 

early seed development (Gutiérrez-Marcos et al., 2004; Costa et al., 2014). 

Recent work in the Doughty lab, including the previous studies on the plant defensin-

like PCP-A1 and ESF-like PCP-B protein families (Doughty et al., 1998; Wang et al., 

2017), has led to the discovery of several groups of small cysteine-rich proteins in the 

pollen coat of A. thaliana. These protein families, based on their pollen surface 

localisation, homology to other signalling molecules and high degree of polymorphism, 

make them compelling candidates for pollen-stigma compatibility factors that may 

operate at both intra and interspecific levels. Previous work in the Doughty lab utilising 

mass spectrometry (MS) to analyse the pollen coat extract of A.thaliana has generated 

three independent LC-MS/MS datasets of pollen coat components (Wang et al., 

unpublished data), among which a large number of previously uncharacterised small 

CRPs has been unveiled. To explore the potential functions and help characterizations 

of these newly identified CRPs, proteomic and genetic studies were performed on them 

and the results of which are described in this chapter.   
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3.2 Results 

3.2.1 Identification and classification of A. thaliana pollen coat CRPs 

A total of 298 proteins from three independent pollen coat protein mass spectrometry 

(MS) data sets was manually screened by retrieving full-length sequences of each 

protein from the UniProt (Universal Protein Resource) database. Cysteine-rich peptides 

(CRPs) were identified based on their C-terminal cysteine-rich region and their 

molecular weight (CRPs are typically less than 20kDa). A data set containing 48 CRPs 

was thus generated. To help identify structurally similar CRPs for classification, 

multiple sequence alignment was performed by using MUSCLE multiple sequence 

alignment algorithm (Edgar, 2004) on all protein sequences. The alignment results, as 

shown in Fig 3.1-3.6, revealed high levels of polymorphism around broadly similar 

features amongst these CRPs (for instance similar secretory signal peptides at the N-

terminus of the proteins and the positioning of cysteine residues in the sequences). It is 

also shown that several large groups of proteins can be distinguished by their unique 

number and arrangement of conserved cysteine residues. Most of the pollen coat CRPs 

identified in the MS data set are uncharacterized and lack a known protein function (see 

Appendix 3 Table S3.1). In order to decipher the functions of these proteins and find 

potentially functionally related CRPs within the dataset, sequence similarity searching 

was performed by running BLASTP searching algorithm against Arabidopsis thaliana  

protein databases (GENCODE/Ensembl) to identify proteins that share significant 

similarity with these CRPs, which indicates similar functions and a common ancestry 

(homologous). The intraspecific homology search results (supplementary data), 

combined with the protein sequence alignment, shows that the 48 CRPs can be further 

divided into 6 main classes, which are defensin-like proteins (DEFLs), non-specific lipid 

transfer proteins (nsLTPs), S locus cysteine-rich (SCR)-like proteins, ESF-like proteins, 
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Gibberellin-regulated proteins (GASAs) and SUEL lectin proteins (Table 3.1,A).  Each 

of the class largely reflects a unique pattern of conserved cysteine residues (Table 3.1,B).  

In order to further understand their evolutionary relationship and find potentially 

functionally related PCPs within the dataset, a phylogenetic analysis using mature 

protein-encoding gene regions (cDNA sequences) based on the multiple sequence 

alignment results was conducted using MEGAX software. From the phylogenetic tree 

generated (Fig.3.1) it is clear that the PCP sequences fall into four large clades. A closer 

look at clade 1, the largest group which includes 17 proteins, reveals that this family 

shares the same cysteine residue pattern as the Brassica PCP-A family. Three members 

of Arabidopsis PCP-B family, including AtPCP-Bα, AtPCP-Bγ, and AtPCP-Bδ (encoded 

by At5g61605, At2g16535, At2g16505 respectively) are identified on close branches 

together with a newly identified PCP-B-like protein named here as AtPCP-Bε (encoded 

by At2g41415) in clade 2. These groupings might indicate functional specialization 

amongst different classes of PCPs. When observing a single clade, it is noteworthy that 

genes that are physically closely linked, for example At4g32714 and At4g32717 which 

lie just 1168 bp apart on Arabidopsis chromosome 4, tend to locate in close branches 

and usually have a high percentage bootstrap values. This indicates that these PCPs are 

very likely to share a common ancestor, be the result of tandom duplication and might 

possess similar functions or act redundantly. The polymorphic nature of PCP sequences 

proved troublesome for the construction of a more ‘convincing’ tree structure, as 

reflected by generally low (≤50%) bootstrap values on most branches.  By combining 

the proteomic alignment results with the groupings identified from phylogenic analyses 

the proteins were regrouped into six families, each of which largely reflects a unique 

pattern of conserved cysteine residues (Table 3.1).   
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Multiple sequence alignment was performed on each group to observe the uniformity of 

proteins within the same group, the result (see Fig 3,2-3.7) shows that apart from the 

conserved cysteine residues, high level of sequence polymorphism exists between the 

proteins of the same family. The homologous regions, which are usually found around 

cysteine residues, might indicate cysteine-stabilized motifs consisting of beta sheets and 

alpha helices in the 3D structure of the protein, as previously discovered for the 3D 

structures of the PCP-A and PCP-B class pollen coat proteins (Wang et al, 2016). 

Furthermore, the patterns of cysteine backbones vary considerably between each protein 

group. Since the folding of PCP peptides is strongly influenced by intramolecular 

disulphide bonding between cysteine residues. This suggests that the structures, and 

therefore possibly the functions of the proteins from different groups are likely to differ 

and that their putative targets also fall into different molecular classes. 
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Group 
Protein 

code 
Gene Protein  Sequence 

DEFL 
/LCR 

P82739 At4g29305 MAKLSCSYFLVLILVFSAFLMVERAEGKRCHLTIDKATACSLSDCRLSCYSGYNGVGKCFDDPKVAGPSNCGCIYNC 

Q8S8H3 At2g28355 MMKKLIQLSFTVMIIFTILVLGVVANEGLGKPKKQCNEILKQSNCVAAECDSMCVKKRGKGAGYCSPSKKCYCYYHCP 

Q9ZUL8 At2g02140 MKLSLRLISALLMSVMLLFATGMGPVEARTCESPSNKFQGVCLNSQSCAKACPSEGFSGGRCSSLRCYCSKAC 

P82749 At4g09984 MKKSFLFTFTVLTIFTILVIGVAPEKLTTCSRFLSQKSGKCVKEDCDRMCKQKWPGKYTVGHCYGQFKDAKRCLCSVCGPDRQPP 

Q9C947 At1g61070 MKVSPRLNSALLLLFMILATVMGLVTVEARTCETSSNLFNGPCLSSSNCANVCHNEGFSDGDCRGFRRRCLCTRPC 

Q2V3K0 At4g10603 MKKTFSFTVLILFVIPLLVTGLMDSMPQRHPVEGWCKRPLPNQKPGPCNNDRCSARCKEQKQFEFKGGKAMGICSSENRCLCTFRCR 

Q9T0E3 At4g11760 MKKPSQLSATILTIFVILAIGVMVKETLGQAPSTCFEALKDASKGASCDSELCASLCKKKSGGGVGTCRTKTTQPSKGQPECHCRFWCKSDGTPYK 

Q8S8H9 At2g15535 MKNSFRFSFTVITTFIICVLVSGAMVNGQCSFPQPVGPNGKCVPKDCKSLCHKKYKGGSICTTGKPNICMCLVCRRRSPEV 

P82729 At2g25344 MKKYFQPSFVILIIFTVLVLGVVGNMSVDQKRCWATLKENNCVHDECRSMCLKKNPKGHGRCIKSSKGRIICLCGYDCP 

P82719 At3g25265 MIKSFQLSFTVLIVFTVLILGVVGNVEQKSQDWCWSIVNKDRCLQKECESLCSKKHPKGKFMCIPSTPGGPFQCHCRHPCR 

O22866 At2g43520 MAMKSVSTLAVFAILFLVIVEMPEIKAQGSKCLKEYGGNVGFSYCAPRIFPSFCYRNCRKNKGAKGGRCRSGGAGAGSMICLCDYCSDKP 

Q2V466 At2g22941 MAKSVNATGFITYMVIFLILTGISRVKAKKPPCLEGRTAYVSPGPCSNSLCTQDCRPAGYHTGKCKVEWSTPICKCYGCRKV 

P82747 At2g28405 MMGKHIQLSFAILIMFTIFVLGAVGDVDQGYKQQCYKTIDVNLCVTGECKKMCVRRFKQAAGMCIKSVPSAPAPNRCRCIYHC 

O22867 At2g43530 MAMKSVSNFAIFLILFLVTSEISEIEAKDKECLKGYIDAPLSYCMARIYPSLCYRNCRFYKGAKGGKCDGLKCFCDFCSDKPF 

P82746 At1g28335 MKNVSQVSVAVLLIFSILVLGIGVQGKVPCLSRMFNKNNTCSFLRCEANCARKYKGYGDCRPGDRPHDKKDSLFCFCNYPC 

P82716 At5g48543 MKKIFQLSFTVFIIFISLVLGVVGNVQQKRSNRCIDFPVNPKTGLCVLKDCESVCKKTSKGLEGICWKFNAKGKDPKQCKCCGLWPPLY 

P82748 At3g43083 MKRSFLLLLTILTIFIILGQGVMGNDEQLRGNRCFQIKFKTGKCVPKECQTACQEKLRKPKLKGEGFCMKECTCCFYT 

Q2V2W7 At5g60615 MASSRFQLVALLVVFSLVISITANSVEKDVMDGPCRLRGTCNNDGDCDKHCHRSTDAAAMDGHCLFDKPTGPVCCCLFD 

nsLTP 

Q9C9N7 At1g66850 MKIVTLVLVVFVILSTSFPAAIKAEDTGDTGNVGVTCDARQLQPCLAAITGGGQPSGACCAKLTEQQSCLCGFAKNPAFAQYISSPNARKVLLACNVAYPTC 

Q9LE56 At1g18280 MEAVRFAVAVVLVFCYVTSSNAQMTSPPSGGAGGDAHSLPCIQKLMPCQPYLHLATPPPATCCMPLNEIVAKDATCLCAVFNNVDMLKSLNLTKENALDLPKACGAKADV
SLCKTSAGTNSSSTPPATPKTPPASSTSTGTGSGSTGNAAPSTAKPTSSAPAINFGGLSFASAVVATLFF 

Q2V3C1 At4g33355 MRNITTTTRKMLLLVITILLGIAYHGEAIACPQVNMYLAQCLPYLKAGGNPSPMCCNGLNSLKAAAPEKADRQVACNCLKSVANTIPGINDDFAKQLPAKCGVNIGVPFSKT
VDCNSIN 

Q8GT78 At5g62080 MAIMASFKSFAAVLSVLFLAMTAIETVVQAQECGNDLANVQVCAAMVLPGSGRPNSECCAALQSTNRDCLCNALRAATSLPSLCNLPPVDCGINA 

Q9LTK4 At5g52160 MAASSKYSSMSFMKVAMMVALVLVVAATVVDGQSCNAQLSTLNVCGEFVVPGADRTNPSAECCNALEAVPNECLCNTFRIASRLPSRCNIPTLSCS 

Q00762 At5g07230 MVSLKSLAAILVAMFLATGPTVLAQQCRDELSNVQVCAPLLLPGAVNPAANSNCCAALQATNKDCLCNALRAATTLTSLCNLPSFDCGISA 

Q9LLR6 At5g59310 MAFALRFFTCFVLTVFIVASVDAAITCGTVASSLSPCLGYLSKGGVVPPPCCAGVKKLNGMAQTTPDRQQACRCLQSAAKGVNPSLASGLPGKCGVSIPYPISTSTNCATIK 

A8MQR9 At3g11825 MKIIPLMSIALVIFMTSFPAPIKVAGGVGNCEKDMQWCIDKTEFFTHGYIYERCCYNMIMKKKCMCLFLKSPKLKIAARNVNNACGRGGLPKDAFSEFKC 

A8MQL3 At3g01328 MKPKQIKMMFFLLIVVAAMIFRPSEAQLKTSICTSKQTTPITQVAGCFNAVRLAADKDSKLLTRVCCRAVKTLDDCLLLVYPDRAYNTYIFKGICFEKFNESLL 

A8MR90 At3g59455 MKNISLMFIALVVLLTSFPTPTLSYCKESLHLCMQHLKLNDRPTWLKCCDRLIIPGPCMCKYIKDPVQWKEAYRLMASCGKTVPLNQSLKSYFKCG 

A8MQE7 At2g16592 MKTIPLIFIATIIILTSFPATIKVVGAKKDLPFCNVELLPCVLPFKVRGHGSKLPNGCCEKMKKSTSCMCRFLMAKERDLNAAAHRIFWFCKISVPNCPKI 

SCRL 

P82644 At4g32714 MKFATCFLVSYVLVFLVLSVCKEVEAKELCNRIEDIDGNCDFEGEKGCLKFMTNKYKKERHVSCTCTNLYMLHKTKRFCDCKHRCSG 

P82643 At4g32717 MRSVIWFIVSYTLMLLVLRGGKEVEAEKLCTTIGDLDGKCSQDGEKLCMRYMTDQSKKKFLSCTCNNVVMLHKYKHYCECQSHCTPKQT 

P82622 At1g08695 MMKSAILLMVSCVFMFLVVSYIQDVEGANKRCHLNQMFTGKCGNDGNKACLGDFKNKRFRYDLCQCTDATQISPSLPPQRVCNCSRPC 

P82639 At4g10115 MKNATSLIIYCFLMFLLMNNVKGQGKKKPPCPLGLSANGKCGHDGPKLCFSEMERKFNKDVVKTITHCKCWDDRRNNVDKHRCTCYLKHGFPCTNG 

P82635 At2g06983 MRSITWFIVFCVFMFIALNHVKGQVKPTGCQGGQRYRGKCGTNGTKTCVKDMMLPKLFKTKRCDCQDMLGTFKGWHFCTCYSGRPGC 

P82642 At4g14785 MRCTTLIMVSFVVSCLLLSLVEESEAGAPPVECWSEILFSGKCGFHGKKKCYKEMESKLKQRVLKCRCEDVKKDSNTSKDEHYCGCQRENPYECN 

P82638 At3g27503 MRYTTSFIVFCFLIFLQTNLVKGRTIRICDRKVEGNGTCGPNSNNICLDEFWKNPPSPRLAKSLEGCTCEPRGKRPKFKGLSHVCWCCWSYNSSNPAG 

P82641 At4g33465 MGMWCTTLFMVSCVSICLILSHVQEVEAGAPPQDCWNLVTFPAKCGIHGKKKCFKEMESKYQQRFLQCTCKNLKPEPKSPKDEHDCTCQRANPYECNS 

P82646 At5g45875 MKSTTLFMVSCVLIFCVLSHVREVKSVETKAKRVKKVCEKAQVFEQNCGWDGNKTCIRGFNKIKEYPFHCECGIYDAPNSRRICKCKFPYSPC 

P82621 At1g65113 
(SCRL2) 

MKCGVLFMISCLLITFLVLSHVREVESKTKWGCDMNRPFPGKCGTNGKDTCISDIKKMPGAPKDLVVRCECSQRFVWKGYPPERLCKCQYDC 

 PCP-B 

A8MQY8 At2g16505 MSSSRFLILCIILISFFPLHECENGKSVESNKAMKPVCMPVNCNNKDKKLTCACCIGANPRNRCYNSRSQCTADCKL 

A8MR88 At2g16535 MSSSQFFILCIILISSFPLHECENGKSVEASNAAKTLCMSVNCDNKDRNLTCACCLAKSKNRCYSSKSECVADCKD 

Q1G3R6 At2g41415 MKSSHAYLVCILLLSLFSLHQCVRLERSNKIDMSVCVHEICGGVFDGGCYCCPKTPALCWADIQFCTTYCQSQT 

Q1PDG8 At5g61605 MSSLYFAILCLFMIFLVPLHEFGNAQGSEAELQLDPSMCLRVECAKHRNQKWCFCCAGLPRTCFLDKRGCTSVCKRESPSMA 

GASA 
Q8LFM2 At5g59845 MKFPAVKVLIISLLITSSLFILSTADSSPCGGKCNVRCSKAGRQDRCLKYCNICCEKCNYCVPSGTYGNKDECPCYRDMKNSKGTSKCP 

F4IQJ4 At2g18420 MAVFRVLLASLLISLLVLDFVHADMVTSNDAPKIDCNSRCQERCSLSSRPNLCHRACGTCCARCNCVAPGTSGNYDKCPCYGSLTTHGGRRKCP 

SUEL 
lectin 

B3H4Y0 At3g53065 METSHYFRRHCFIILLLVMFLSSVSNLASKINNSSFDARGTKINSDPKHISNSKSGGSPQRDKEYPLCGSNNPSEDGIIYAPFCDKGYVFSRIKFADYGQPGGSSCETLKRGNCG
APATLRLVKENCLGKERCRIYITDEMFGPTHCKGPGK 

B3H6K7 At3g53075 MKTSHTFRRRNGFVLLLVLIHFSVFGFSSNIDVSYRARGIKINGDQKRVLSNSNHPRSDFRKSLQHGKEHSACTNHKSVRGPITRIFCQDGYVITNINFADYGNPTGTCEHFRH
GKCGAPATLRLVKKNCLGKPKCVFLVTDEMFGPSHCKGPPTLAVDATCTKT 

A 
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CRP classes Sizes Cysteine-patterns 

PCP-A/DEFL/LCR 54-101 CX(3-12)CX(4-8)CXXXCX(5-15)CX(3-16)CXCX(1-4)C 

ESFL/PCP-B 74-126 CXXXXCX(6-9)CXCCX(6-9)CX(6-12)CXXXC 

SCR/SCRL 73-108 CX(9-10)CX(7-8)CX(13-23)CX(1-2)CX(12-27)CXC(3-7)C 

nsLTP 91-265 CX(6-9)CX(10-16)CCX(8-19)CXCX(12-25)CX(5-14)C 

Gibberellin-regulated 
protein (GASA ) 

89-94 CXXCXXXCX(8)CXXXCXXCCXXCX(11)CXCX(12)C 

SUEL lectin 162-165 CX(15)CX(20-21)CX(8)CX(13)CXXXXXCX(13)CX(11)C 

 
 

Table 3.1 (A) All cysteine-rich protein groups found in Arabidopsis thaliana pollen coat 
proteomic data. The grouping of proteins is mainly based on the distribution of conserved 
cysteine residues and has been refined by considering data obtained from phylogenetic analyses.  
The conserved cysteine residues are highlighted by yellow backgrounds, the N-terminal signal 
peptide sequences are predicted using SignalP-4.1 (Peterson et al., 2011) and marked by green 
text colour. (B) Classification of CRPs present in the proteomes of A.thaliana pollen coat The 
CRP class names were defined by the UniProtKB annotated members in each class. Sizes: The 
range of amino acid residue numbers (including signal peptides) in each class. Cystein pattern: 
Conserved cysteine residues that define each CRP class. The bold C represents a conserved 
cysteine. X represents any amino acid; numbers in brackets represents the range of variable 
residue numbers between conserved cysteines. 

 

 

 

  

B 
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Figure 3.1 . Molecular phylogenetic analysis of all 47 pollen coat CRP genes found in 
Arabidopsis thaliana. The unrooted phylogenetic tree was constructed based on the protein 
alignment-aided gene coding sequence (CDS) alignment of 47 PCP genes using the Neighbor-
Joining method. The tree shown here is a bootstrap consensus tree inferred from 1000 replicates 
is taken to represent the evolutionary history of the taxa analyzed. Branches corresponding to 
partitions reproduced in less than 50% bootstrap replicates are collapsed. The percentage of 
replicate trees in which the associated taxa clustered together in the bootstrap test (1000 
replicates) are shown next to the branches. The evolutionary distances were computed using the 
number of differences method and are in the units of the number of base differences per sequence 

(a bootstrap consensus tree cannot have meaningful branch lengths because the it only indicates 
the topology of the most frequently appearing branch groupings). Families of CRP are 
differentiated by color-coding and the four major clades are indicated alongside the tree. 

PCP-
A/DEFL/LCR 
nsLTP 

SCR/SCRL 

ESFL/PCP-B 

GASA 

SUEL lectin 

Clade 1 

Clade 2 

Clade 3 

Clade 4 
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3.2.1.1 Defensin-like (DEFL) proteins 

Amongst the 6 classes of CRPs identified in our pollen coat protein data set, the largest 

component is the defensin-like (DEFL) /LCR (Low-molecular-weight cysteine-rich) 

proteins, which has 18 members and takes up 37.5% of the total identified pollen coat 

CRPs in our data set. Previously, 317 genes that encode DEFLs have been identified in 

Arabidopsis genome (Silverstein et al., 2005a; Silverstein et al., 2007) and 11 of the 

identified DEFLs are also found in our collection. DEFLs are known to constitute a part 

of the plant innate immune system that fight against fungal pathogens (Stotz et al., 

2009a). DEFLs in plants are distinguished by an α-helix and a three or two-strand 

antiparallel β-sheet motif, which is stabilized by a conserved 8-cysteine residue through 

the formation of two disulfide bridges (Dias and Franco, 2015).  Furthermore, the DEFL 

family appears to share a similar cysteine residue pattern with the previously identified 

Brassica PCP-A proteins family (Doughty et al., 1998), which has been reported to show 

specific affinities with S-locus related 1 (SLR1) and S-locus glycoprotein (SLG) 

(Dickinson et al., 1998; Doughty et al., 2000). 

 

Figure 3.2 Protein sequence alignment of all DEFLs identified in pollen coat proteome of 
Arabidopsis thaliana (Col-0). Sequence conservation, quality consensus and occupancy is 
displayed below. Colour coding follows the default output for Clustal X 
(http://www.jalview.org/help/html/colourSchemes/clustal.html) 
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3.2.1.2 Non-specific lipid transfer proteins (nsLTPs) 

A group of 11 CRPs was identified as non-specific lipid transfer proteins (nsLTPs) and 

together they form the second largest CRP class in our data set. The nsLTPs are a part 

of the prolamin superfamily and are characterized by a conserved 8-cystein motif which 

forms four disulfide bridges that stablelize four or five α-helices (Edstam et al., 2011). 

The high content of α-helices enable the formation of a tunnel-like hydrophobic cavity, 

which allows the nsLTPs to transfer various lipid molecules between lipid bilayers in 

vitro (Edstam et al., 2011).  The expression of nsLTPs has been detected in numerous 

plant species in different tissues and at different stages of development (Liu et al., 2015). 

In Arabidopsis thaliana, 79 nsLTPs were previously identified and classified into nine 

groups, namely type 1, 2, C, D, E F, G, H and J (Boutrot et al., 2008; Edstam et al., 

2011). Amongst the eleven nsLTPs identified in our data set, seven are found to be 

previous reported AtLTPs (Edstam et al., 2011), including two type 1 (LTP4, LTP11), 

three type C (MTG10.3, At5g52160/AtLTPc2, A9), one type 2 (At1g66850/ AtLTP2.5) 

and one type G (LTPG3) of the AtLTP. It has been revealed that type C nsLTPs 

(AtLTPc) are expressed in Arabidopsis thaliana anther tapetum and are secreted via the 

endoplasmic reticulum-trans-Golgi network machinery into the locule, where they are 

suspected to participate in pollen exine development (Huang et al., 2013; Quilichini, 

2014). RNA interference knockdown of two AtLTPcs, AtLTPc1 and AtLTPc3 

generated morphological changes in the intine (presumably caused by changes in the 

exine) which made the pollen susceptible to dehydration damage (Huang et al., 2013).  

AtLTP1.4 (previously named AtLTP2) has been found essential for maintaining the 

adhesion between the mainly hydrophobic cuticle and the underlying hydrophilic cell 

wall (Jacq et al., 2017) while AtLTPgs are found to be involved in the in the synthesis 

or deposition of cuticular waxes, suberin and sporopollenin (Edstam et al., 2013). The 
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detection of multiple nsLTPs of different types in our pollen coat proteomic data is 

consistent with the previous studies and  indicates that LTPs might play important roles 

in the development of pollen grains.  

 

 

Figure 3.3 Protein sequence alignment of all nsLTPs identified in pollen coat proteome of 
Arabidopsis thaliana (Col-0). Sequence conservation, quality consensus and occupancy is 
displayed below. Colour coding follows the default output for Clustal X.  
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3.2.1.3 S locus cysteine-rich like (SCRL) proteins 

Ten SCR-like proteins were found among our pollen coat CRPs. S-locus and S-locus 

related proteins in Brassicaceae species have been extensively studied for their roles in 

the self‐incompatibility (SI) response. S-locus cysteine-rich (SCR) protein, the male 

determinant of SI, is a small cysteine-rich protein with a conserved 8 cysteine residues 

that helps stabilize a tertiary structure similar to that of plant defensins (Sato et al., 

2004). SCR is sporophytically expressed in the anther tapetum and then transferred to 

the pollen coat. Most SCRLs are characterized by the eight cysteine residues, a glycine 

between the first and second cysteines, and an aromatic amino-acid residue, usually sits 

between the third and fourth cysteines (Naithani et al., 2013). Previously, 28 SCRL 

genes were identified and mapped in the A. thaliana genome (Vanoosthuyse et al., 

2001). It was shown that the SCRL genes are scattered throughout the Arabidopsis 

genome whereas closely linked SCRL genes were found in several clusters presumably 

generated by local gene duplication events (Vanoosthuyse et al., 2001). Of all 28 SCRLs 

identified in the A. thaliana genome, 25 were predicted to be potentially functional 

(Naithani et al., 2013). However, little light has been shed on their biological functions 

and expression patterns as well as cellular localization of expression. Previous research 

has revealed SCRL genes exhibit differential expression in various tissues while the 

majority of them are predominantly expressed in flowers, which suggests that SCRLs 

possibly functioning in some aspect of reproduction (Naithani et al., 2013). Our data 

showing 10 members of A. thaliana SCRLs in pollen coat indicates that SCRLs may 

have unknown roles in regulation of the pollen-stigmatic recognition events other than 

the SI response.  
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Figure 3.4 Protein sequence alignment of all SCRLs identified in pollen coat proteome of 
Arabidopsis thaliana (Col-0). Sequence conservation, quality consensus and occupancy is 
displayed below. Colour coding follows the default output for Clustal X  

 

3.2.1.4 ESF-like proteins (PCP-Bs) 

Previously, in Arabidopsis a group of small cysteine-rich proteins termed as EMBRYO 

SURROUNDING FACTOR 1 (ESF1) was found to be expressed in the central cell and 

accumulate in embryo-surrounding endosperm cells after fertilization,  and were 

demonstrated to be critical for normal development of early embryos (Costa et al., 

2014). Previous studies in the Doughty lab have led to the identification of a novel group 

of CRPs that share a high homology with ESF1, so called as PCP-B class proteins. PCP-

B class protein-encoding genes were found in Brassica and Arabidopsis species. Four 

PCP-B genes AtPCP-Bα (At5g61605), AtPCP-Bβ (At2g29790), AtPCP-Bγ (At2g16535), 

AtPCP-Bδ (At2g16505) were found in the genome of Arabidopsis thaliana and 

expression analyses has shown that these four genes are specifically expressed in the 

anther (Wang, 2017; Wang et al., 2017). In this research, three members of Arabidopsis 

PCP-B family, including AtPCP-Bα, AtPCP-Bγ, and AtPCP-Bδ were identified from the 

A. thaliana pollen coat proteome together with a newly identified PCP-B-like protein, 

named here as AtPCP-Bε (encoded by At2g41415). Hydration assay-based phenotypic 

analysis on gene knock-out mutants of AtPCP-Bs has revealed that PCP-B family being 
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important regulators of pollen hydration. Furthermore, our study showed the newly 

identified AtPCP-Bε could play a more essential role than other members of AtPCP-Bs 

during establishment of pollen-stigma compatibility (details further covered in Chapter 

4). 

 

 

Figure 3.5 Protein sequence alignment of all PCP-Bs identified in pollen coat proteome of 
Arabidopsis thaliana (Col-0). Sequence conservation, quality consensus and occupancy is 
displayed below. Colour coding follows the default output for Clustal X  

 

 

3.2.1.5 Gibberellin-regulated proteins (GASAs) 

GASA (Gibberellic Acid-Stimulated Arabidopsis) protein, also known as Snakin, is a 

class of CRPs characterized by an N-terminal signal peptide and a C-terminal conserved 

with 12 conserved cysteine residues (the GASA domain). GASA gene family proteins 

have been identified in a wide range of plant species and most members are regulated 

by gibberellin (GA) (Nahirñak et al., 2012). A multiple gene family of 14 GASAs has 

been identified in Arabidopsis thaliana (Roxrud et al., 2007) and two members of which, 

AtGASA10 and AtGASA11, were detected from our pollen coat proteomes. Most GASA 
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genes are regulated by plant hormones and participate in hormonal signal transduction, 

and are reported to play important roles in the regulation of various plant growth and 

development activities, including seed germination, lateral root formation, stem 

elongation, flowering, flower and fruit development (Zhang and Wang, 2017). In 

Arabidopsis, AtGASA4 has been reported to promote gibberellin responses to regulate 

floral and seed development (Roxrud et al., 2007; Rubinovich and Weiss, 2010) and 

also seed germination by promoting GA signalling and inhibition of redox activity 

(Rubinovich and Weiss, 2010). Interestingly, It has also been found that Arabidopsis 

AtGASA4 and AtGASA14 protein can interact with cell membrane-localized receptor-

like kinase protein VH1/BRL2 (Ceserani et al., 2009), suggesting that GASAs may 

participate in the plant growth and development processes as a signal peptide. The 

detection of two GASAs suggested that some members of GASAs might be regulating 

development of reproductive tissues or even participate in signalling events during plant 

reproduction by binding to stigmatic membrane target receptor. 

 

 

Figure 3.6 Protein sequence alignment of all GASAs s identified in pollen coat proteome of 
Arabidopsis thaliana (Col-0). Sequence conservation, quality and consensus is displayed below. 
Colour coding follows the default output for Clustal X  
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3.2.1.6 SUEL lectin proteins 

Two proteins retrieved from our pollen coat proteomes dataset, being slightly larger in 

size (162-165 aa) than most of the CRPs of other classes were annotated as D-

galactoside/L-rhamnose binding SUEL lectin proteins. The SUEL-related lectins belong 

to a superfamily of proteins that is characterised by a carbohydrate-recognition domain 

(CRD) consisting of approximately 100 amino acid residues and contain eight conserved 

cysteine residues, which is structurally similar to sea urchin egg lectin (SUEL) (Ozeki 

et al., 1991; Tateno, 2010). The SUEL lectins were reported to show binding 

specificities to sugars (including monosaccharide and polysaccharide) such as L-

rhamnose and β-galactose through the formation of hydrogen bonds (Tateno, 2010). 

Interestingly, although the SUEL-like domain is widely distributed throughout 

organisms, including higher and lower animals, plants and bacteria (Tateno, 2010), most 

of the studied SUEL-related lectin proteins were identified in animals, especially marine 

organisms (Tomohisa Ogawa, 2011). The discovery of SUEL lectin-like proteins in our 

pollen coat CRPs may provide some potentially valuable insights into their role in 

regulating biological process in plant species and further elucidating the complex 

function of pollen coat proteins.   
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Figure 3.7 Protein sequence alignment of all SUEL lectin proteins identified in pollen coat 
proteome of Arabidopsis thaliana (Col-0). Sequence conservation, quality and consensus is 
displayed below. Colour coding follows the default output for Clustal X 

 
 
 
 
 
3.2.2 The Gene Ontology (GO) analysis 

In order to obtain a functional interpretation of the newly identified CRPs in our pollen 

coat proteome data and identify the biological processes and pathways they are 

potentially involved in, Gene Ontology (GO) analysis was performed on all six classes 

of CRPs using Blast2GO suite. The Gene Ontology project 

(http://www.geneontology.org) has been developed to provide a controlled hierarchical 

vocabulary of terms along with logical definitions to annotate genes and gene products. 

GO terms are split into 3 categories that describe molecular functions, biological 

processes, and cellular components respectively (Gene Ontology, 2008). 

The hierarchical structure of the GO annotation for each PCP family is visualised in 

directed acyclic graph (DAG), where each node corresponds to a GO term and edges 

indicate their relations (“is a”, “part of”,etc.), and the arrowhead indicates the direction 

of the relationship. For each of the GO term categories (molecular functions, biological 

processes, and cellular components), a combined DAG is generated where the combined 
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annotation of a group of sequences is visualized together (result see Appendix 2). Each 

node is colored according to the nodescore computed by the formula:  

Where 𝑠𝑒𝑞 is the number of different sequences annotated at a child GO term and 𝑑𝑖𝑠𝑡 

the distance to the node of the child GO terms. The node color intensity is proportional 

to annotation density. A multilevel pie chart is made to summarise the DAG by plotting 

the number of sequences for each GO term of different GO levels jointly in a pie 

representation. The GO annotation results and statistic are shown in the following 

section.   
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Figure 3.8.1 The GO annotation results of defensin-like (DEFL) proteins 

(A) GO Mapping Distribution: These three horizontal bar charts present the distribution of 
GO terms categorized as biological process, cellular components or molecular functions, 
which represent the three main categories for GO annotation. GO terms have a 
hierarchical structure, in this chart the distribution of GO terms is shown level 4. 

(B)  Species distribution: This chart gives a listing of the different species to which most 
sequences were aligned during the BLAST step. 

 

 

A 

B 
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Figure 3.8.2 GO annotation data distribution of defensin-like (DEFL) proteins: 
Multilevel pie chart generated by plotting the number of sequences for each GO term of 
different GO levels jointly (a) Biological process (b) Molecular function (c) Cellular 
component 

a 

b 

c 
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        Figure 3.9.1 The GO annotation results of nsLTPs 

(A) GO Mapping Distribution: These three horizontal bar charts present the distribution 
of GO terms categorized as biological process, cellular components or molecular 
functions, which represent the three main categories for GO annotation. GO terms 
have a hierarchical structure, in this chart the distribution of GO terms are shown 
level 4. 

(B) Species distribution: This chart gives a listing of the different species to which most 
sequences were aligned during the BLAST step. 
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Figure 3.9.2 GO annotation data distribution of nsLTPs: Multilevel pie chart generated 
by plotting the number of sequences for each GO term of different GO levels jointly (a)  
Biological process (b) Molecular function (c)Cellular component 

b 

a 

c 
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Figure 3.10.1 The GO annotation results of SCRLs 

(A) GO Mapping Distribution: These three horizontal bar charts present the distribution of 
GO terms categorized as biological process, cellular components or molecular functions, 
which represent the three main categories for GO annotation. GO terms have a 
hierarchical structure, in this chart the distribution of GO terms are shown level 4. 

(B)  Species distribution: This chart gives a listing of the different species to which most 
sequences were aligned during the BLAST step. 
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Figure 3.10.2 GO annotation data distribution of SCRLs: Multilevel pie chart generated 
by plotting the number of sequences for each GO term of different GO levels jointly (a) 
Biological process (b) Cellular component 

b 

a 
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Figure 3.11.1 The GO annotation results of PCP-Bs 

(A) GO Mapping Distribution: These three horizontal bar charts present the distribution of 
GO terms categorized as biological process, cellular components or molecular functions, 
which represent the three main categories for GO annotation. GO terms have a 
hierarchical structure, in this chart the distribution of GO terms are shown level 4. 

(B)  Species distribution: This chart gives a listing of the different species to which most 
sequences were aligned during the BLAST step. 
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Figure 3.11.2 GO annotation data distribution of PCP-Bs: Multilevel pie chart generated 
by plotting the number of sequences for each GO term of different GO levels jointly (a) 
Biological process (b) Biological process (level 4) 

b 

a 
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Figure 3.12.1 The GO annotation results of GASAs 

(A) GO Mapping Distribution: These three horizontal bar charts present the distribution of 
GO terms categorized as biological process, cellular components or molecular functions, 
which represent the three main categories for GO annotation. GO terms have a 
hierarchical structure, in this chart the distribution of GO terms are shown level 4. 

(B)  Species distribution: This chart gives a listing of the different species to which most 
sequences were aligned during the BLAST step. 
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Figure 3.12.2 GO annotation data distribution of GASAs: Multilevel pie chart generated 
by plotting the number of sequences for each GO term of different GO levels jointly (a) 
Biological process (b) Molecular function (c) Cellular component 

b 

c 

a 
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Figure 3.13.1 The GO annotation results of SUEL lectins 

(A) GO Mapping Distribution: These three horizontal bar charts present the distribution of 
GO terms categorized as biological process, cellular components or molecular functions, 
which represent the three main categories for GO annotation. GO terms have a 
hierarchical structure, in this chart the distribution of GO terms are shown level 4. 

(B)  Species distribution: This chart gives a listing of the different species to which most 
sequences were aligned during the BLAST step. 
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Figure 3.13.2 GO annotation data distribution of SUEL lectins: Multilevel pie chart 
generated by plotting the number of sequences for each GO term of different GO levels 
jointly (a) Biological process (b) Molecular function (c) Cellular component 

b 

a 

c 
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3.3 Discussion 

3.3.1 Pollen coat CRPs are structurally and functionally diverged 

Pollen coat is the outermost layer of the pollen grain, which directly contacts stigmatic 

papillae during pollination. During the adhesion phase the pollen coat-borne materials 

flow out of the exine baculae and form an interface between pollen and papilla cell. It is 

suspected that during this phase the signalling factors responsible for establishing the 

compatibility between pollen and stigma make contact with the target receptors, 

presumably located in the papilla cell plasma membrane. As previously discussed in the 

introduction to this chapter, the small cysteine rich peptides (CRPs) have been reported 

to participate in a wide range of plant signalling activities, and many are identified as 

important regulators for various stages of plant sexual reproduction. Although an 

abundance of CRP-encoding genes has been previously identified in the genome of 

Arabidopsis thaliana (Silverstein et al., 2007; Huang et al., 2015), few proteomic studies 

have been done specifically focusing on detection of CRPs, especially the ones with 

small sizes (typically less than 10-15k Da) from pollen coat. Thus, our pollen coat 

proteomic study revealing the existence of a large number of small CRPs (mostly < 

15kDa) may provide valuable information for future research. Among the 298 proteins 

detected in our MS data set, around 16% (48) of identified proteins are small CRPs, 

which corresponds with previous research that showed around 18% of genes enriched 

in dry mature Arabidopsis pollen grains are CRP genes (Huang et al., 2015). Further 

classification of these CRPs, based on sequence homology (mainly based on conserved 

cysteine motif pattern) and putative protein functions predicted through Gene Ontology 

(GO) analysis has demonstrated astonishing variance in both structural and functional 

aspects of the 6 major classes of CRPs. The multiple sequence alignment of each CRP 

class has revealed high levels of polymorphism around broadly similar features (for 
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instance similar secretory signal peptides at the N-terminus of the proteins and the 

positioning of cysteine residues in the sequences) amongst these CRPs. It is worth 

noticing  that even for the CRPs encoded by closely linked genes, for example 

At4g32714 (SCRL25) and At4g32717 (SCRL24) from SCRL family which lie just 1168 

bp apart on Arabidopsis chromosome 4 (presumably on a tandem array generated by 

gene duplication), shows only 46.7% identity and 67.8% similarity in pairwise 

comparison; while in comparison the protein product of the Arabidopsis GAPC1 gene 

and its homologous gene, Bra026904, in the distant relative species Brassica rapa, share 

an identity of 96.2% and similarity of 98.8% (generated by pairwise alignment 

EMBOSS Needle algorithm, data not shown). The sequence diversity is also reflected 

by the mean pairwise distance of the proteins from the same class. The high level of 

amino acid sequence diversity suggesting that CRPs from different classes are of distant 

evolutionary origins (Koonin EV, 2003); Additionally, the divergence within the same 

CRP family suggest that CRPs of the same class could be evolved under a positive 

Darwinian selection (adaptive evolution), which is considered a common feature for 

proteins involved in regulation of sexual reproductive processes (Swanson and 

Vacquier, 2002) (further discussion see chapter 5).  

The result of GO term mapping showed a good uniformity with our protein classification 

system, as most of the PCPs in the same family have largely similar enriched GO 

annotations in at least one GO term category (molecular functions/biological 

processes/cellular components), which in turn supported the reliability of sequence 

similarity-based identification for homologous proteins. Nevertheless, some GO 

annotations suggest functional diversification among members of the same CRP class, 

for example the GO annotation for biological process of SCR-like family showed 

enriched annotations for both defence response and signal transduction. Another 
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example is the GO annotation of nsLTPs, where the molecular function showed lipid 

binding as well as peptidase (hydrolase) activity. Previously, AtLTPd1 (DIR1), a 

member of Arabidopsis nsLTPs D family, has been demonstrated to play a role in 

systemic resistance signalling (Maldonado et al., 2002), while several members of 

AtLTPds are found to be mainly involved in the development of pollen and seed (Edstam 

et al., 2013). This functional divergence is likely to be the result of gene 

neofunctionalization (acquisition of new function) or subfunctionalization (partition of 

original gene functions) after the gene duplication event (Taylor and Raes, 2005; Ganko 

et al., 2007; Teshima and Innan, 2008). 

3.3.2 The functions of CRPs in reproduction and immunity are evolutionarily 

related  

During the functional study of the pollen coat CRPs, one  intriguing discovery is more 

than half of the total identified CRPs, including 18 DEFLs and 10 SCRLs were 

annotated with functions related to immune responses, among which the top 

overrepresented GO terms are “disruption/killing of cells of other organism” and 

“defence response to fungus”. Other CRPs found with antimicrobial activity including 

the lipid-transfer proteins (LTPs), knottins, thionins, heveins and snakins (GASAs) 

(Tavormina et al., 2015). In other words, 4 of the 6 major CRP classes identified from 

our pollen coat proteome are functionally related to immune or pathogen defence 

response. In nature environment, plants are continually confronted by harmful fungi and 

bacteria pathogens, so it is necessary for plants to have abundant antimicrobial peptides 

that provide resistance to a broad spectrum of plant pathogens (Hammami et al., 2009), 

and CRPs are likely to be constitutively produced in nutrient-rich structures such as 

flowers and seeds as a frontline defence (Silverstein et al., 2007). The coevolutionary 

arms race between the rapidly evolving pathogens and CRPs involved in defence 
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mechanisms can be used to explain the observed divergence among CRPs, which is 

usually a sign of adaptive evolution. Nevertheless, it has been observed that some 

intriguing similarities exist between the penetration of pollen tubes into the style and the 

invasion of plant tissues by fungal hyphae (Zerzour et al., 2009; Mondragón-Palomino 

et al., 2017), as well as the downstream processes in targeted cells provoked by CRP 

signalling, which generally involves ion influx, Ca 2+ transients and ROS production 

(Bircheneder and Dresselhaus, 2016). For example, ZmES1-4, a DEFL found in maize 

is reported to mediate pollen tube burst through depolarization of the plasma membrane, 

which leads to opening of the potassium channel KZM1(Amien et al., 2010), and 

induces the swelling and rupture of the fungal cells at high concentrations presumably 

by altering solute transport across the plasma membrane and/or increased membrane 

permeability (Woriedh et al., 2015). Another example is from members of the Rapid 

Alkalization Factor (RALF) family, which were found to regulate root elongation by 

binding to a plasma membrane receptor-like kinase (RLK) FERONIA (FER) (Haruta et 

al., 2014). The receptor FER was found to be playing a similar role in the processes of 

pollen tube reception and fungal hyphae invasion (Kessler et al., 2010). Moreover, it has 

been found that some fungal pathogens, for example Ustilago maydis, apply similar 

routes for infection as pollen tubes and can grow via the stigma and style towards the 

ovule to form tumours (Snetselaar et al., 2001). This suggests that the stigmatic 

mechanism responsible for resisting fungal hypha growth might share similar molecular 

signalling components with the mechanism that mediates the reception and guidance of 

pollen tubes, the latter is known to be regulated by several members of DEFL CRPs 

known as LUREs (see Introduction chapter). It has been proposed that CRP signalling 

system involved in some reproduction processes could have evolved from ancient 

defence mechanisms (Bircheneder and Dresselhaus, 2016). The fact that the DEFL motif 
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is highly conserved in most multicellular organisms suggests that defensin and DEFLs 

have originated before the divergence of animals and plants (Dias and Franco, 2015). It 

is thus reasonable to assume that some reproduction-related functions of CRPs, 

especially for DEFLs and SCRLs are likely to have evolved from ancient defence 

mechanisms to protect gametes and gametophytes, as well as the reproductive organs, 

from pathogen attack. 

Collectively, the proteomic and genetic study of small cysteine-rich proteins identified 

in our pollen coat proteome has identified a wide array of structurally and functionally 

diverged families of CRPs which can be distinguished by their unique conserved 

cysteine patterns. This collection of CRPs has provided important information on the 

components of the pollen coat that has never been descripted in details by previous 

researches, and will be useful for future studies aimed at identifying factors that mediate 

the pollen-stigma interactions.  
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Chapter 4: Mutational analysis of the Arabidopsis thaliana PCP-B gene 

family  

4.1 Introduction 

For most angiosperm species, pollen development involves a phase of dehydration 

during which the maturing pollen grains lose a considerable amount of water. Thus the 

mature pollen grain is typically released from the anthers in a highly desiccated state, 

with water content ranging from 15 to 35%. Pollen grains remain effectively dormant  

until coming into contact with a receptive stigma (Heslop-Harrison, 1979). 

It has been observed that when a compatible pollen grain contacts the stigmatic surface 

it will undergo a phase of swelling as it gains access to stigmatic water. This results in 

the pollen grain changing its shape from ellipsoid to spheroid, and depending on the 

species, this can take from several minutes to several hours after contacting the stigma 

(Gilissen, 1977; Stead et al., 1979; Zuberi and Dickinson, 1985). The rehydration of 

pollen grains on the stigma has long been recognised as an essential step for pollen 

germination and for the subsequent emergence of the pollen tube (Kroh, 1966; 

Mascarenhas and Bell, 1969; Heslop-Harrison, 1979). Stigmas for most plant species 

can be divided into two major morphological classes, termed ‘wet’ or ‘dry’, based on 

the presence or absence of a superficial fluid secretion known as stigma exudate (Rejón 

et al., 2014).   Dry stigmas have been considered as being evolutionarily more advanced 

than the wet stigmas as they are inherently more discriminatory in terms of permitting 

pollen or pathogenic spore development on their surfaces as water needs to be acquired 

for their germination. By contrast wet stigmas can permit partial development of 

interspecific pollen which in turn can potentially deplete female resources and 

physically obstruct the passage of compatible tubes (Heslop-Harrison and Shivanna, 

1977; Hodgkin et al., 1988; Dickinson, 1995). Interestingly, all members of Asteraceae 
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possess a “semidry” stigma that shows features intermediate between dry and wet 

stigmas, with a discontinuous surface cuticle layer and a small amount of extracellular 

secretion found in the basal regions between papillae. Study of pistil transcriptome data 

suggest that pistil functions of dry, wet and semi-dry stigma species are inherited from 

the common ancestor of monocots and eudicots  (Hiscock et al., 2002, Allen and 

Hiscock, 2008; Allen et al., 2010 ). Members of the Brassicaceae typically have a ‘dry’ 

type stigma, and the waxy cuticle of their papilla cells provides little moisture for the 

interacting pollen grains to utilise. It has been observed that in ‘dry’ stigma Brassicaceae 

species, within minutes of pollen grains making contact with the stigma surface, the 

pollen coat flows out from the exine and forms a meniscus at the contact site, known as 

the ‘foot’, which facilitates pollen adhesion. The pollen coat is also observed to undergo 

physical reorganisation as hydration is initiated, a process termed ‘coat conversion’ with 

numerous membrane-like structures appearing within it (Elleman and Dickinson, 1990; 

Nasrallah et al., 1994). It has been assumed that in the ‘foot’ region, capillary forces at 

the interface and the solute potential of the pollen coating materials are the main drivers 

of water uptake from the stigmatic papilla cell in the early stages of pollination. 

Following this initial phase the flow of water is likely governed by the water potential 

gradient between the pollen grain and the papilla cell (Heslop-Harrison, 1979). An 

simplified model of this water flow pathway is demonstrated in Fig. 4.1 

Fig.4.1 Pathway of water transfer from the stigma into the pollen grain; dry-type stigma (figure 
modified from Heslop-Harrison, 1979) 
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Later research, particularly studies on the self-incompatibility (SI) system of Brassica 

species, has revealed more complexity in the processes that are initiated early in the 

pollen-stigma interaction (Hodgkin et al., 1988; Nasrallah et al., 1994; Dickinson, 

1995). It appears that during the very early stages of the pollen-stigma interaction, just 

following adhesion, pollen coating-derived signals trigger a stigmatic recognition 

system that ‘decides’ the fate of the pollen grain via regulation of stigmatic water 

availability. This system provides members of the Brassicaceae (having dry stigmas) 

with an efficient early pre-zygotic reproductive isolation mechanism, by which a single 

stigma papilla can hydrate a compatible pollen grain whilst rejecting an incompatible 

one (Zuberi and Dickinson, 1985; Nasrallah et al., 1994; Dickinson, 1995). It has been 

reported that in the self-incompatible species Brassica oleracea, vesicle-like structures 

form in the outer layer of the stigmatic cell wall after compatible pollination or treatment 

with isolated pollen coating (Elleman and Dickinson, 1990; Dickinson, 1995; Elleman 

and Dickinson, 1996). This finding has been confirmed by more recent research by 

Safavian and Goring (2013) who used transmission electron microscopy (TEM) to 

observe post-pollination stigmatic cytological events following pollinations on self-

compatible Brassica napus and Arabidopsis thaliana and self-incompatible Arabidopsis 

lyrata. The authors observed that in all three species, vesicle secretion occurred in the 

papilla cytoplasm 5- 10 minutes after compatible pollination. The secretory vesicles, or 

multivesicular bodies (MVBs) in the case of B. napus, appeared to be targeted to the 

stigmatic papilla plasma membrane under the pollen attachment site, where they would 

fuse to release their electron-opaque cargo. This study also demonstrated that by 

disruption of Exo70A1, a gene that encodes an putative component of the exocyst 

complex which functions in the regulation of vesicle-membrane docking (Whyte and 

Munro, 2002; He and Guo, 2009), exo70a1 mutant plants had an  impaired response to 
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compatible pollen. Mutant stigmas displayed accumulation of vacuoles in the cytoplasm 

and vacuoles were not orientated towards the pollen grain (Safavian and Goring, 2013). 

These data provide strong evidence for the existence of a basal pollen recognition 

pathway operating in stigmatic papillae in response to pollen. This pathway would be 

activated within first few minutes of pollen-stigma contact under the adhesion site to 

facilitate assembly of the exocyst complex, which would guide vesicle/MVB fusion to 

the plasma membrane. Presumably their cargo would contain compatibility factors, 

some of which must mediate release of water, that would permit development of 

compatible pollen (Safavian and Goring, 2013; Doucet et al., 2016). In this model, 

activation of basal compatibility must be by a factor or factors carried by a compatible 

pollen grain. Due to the speed of the stigmatic response and the intimate interaction 

between the pollen surface and stigma it seems likely that these activators are pollen 

coat components. 

Previous research in the Doughty lab (University of Bath) aimed at identifying pollen 

coating-borne ‘compatibility factors’ has led to the discovery of a novel class of PCPs, 

termed the PCP-Bs. These CRPs, found in the pollen coat of Arabidopsis thaliana, have 

highly polymorphic amino acid sequences around a conserved pattern of cysteine 

residues (Wang et al., 2017). Interestingly PCP-Bs have homology to the ESF1 (Embryo 

surrounding factor 1) family of proteins that play a role in early embryo development 

(Costa et al., 2014). Phenotypical analyses of T-DNA insertion knockout mutants for 

four PCP-B genes revealed different degrees of pollen hydration defects for single, 

double and triple knockout lines. Compared with wild-type pollen grains, the pollen 

grains of pcp-bα/β/γ triple knockout lines showed significantly reduced hydration rates 

(Wang et al., 2017). Pollen grains derived from mutant plants were found to be 

phenotypically normal and were able to hydrate in humid chambers in a manner identical 
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to WT pollen. The observed hydration defect in the context of the pollen-stigma 

interaction strongly suggests that PCP-B proteins function as a putative signalling ligand 

in an early post-pollination pollen-pistil recognition system. Thus the PCP-Bs can be 

thought of as compatibility factors that act in the very first line of potential prezygotic 

barriers in species of the Brassicaceae. 

In the research reported here further characterisation of single and combined A. thaliana 

pcp-bs mutant lines is described, with the addition of a newly identified PCP-B class 

protein member, namely PCP-Bε. In order to determine the roles of different members 

of the PCP-B family during early pollen-pistil recognition, in vivo pollen hydration 

assays were carried out using pollen from wild-type, pcp-bε single, pcp-bα/β/γ triple, 

pcp-bα/β/γ/ε and pcp-bα/β/γ/δ quadruple and pcp-bα/β/γ/δ/ε quintuple mutant lines. 

Importantly, to achieve complete knockout of all pollen coat PCP-Bs a CRISPR-Cas9 

directed knockout of pcp-bδ had to be generated. The results of this analysis are 

presented in this chapter. 
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4.2 Results 

4.2.1 Plant material preparation 

4.2.1.1 Generation of PCP knock out mutant lines library 

The Arabidopsis T-DNA insertion lines used in this experiment were all obtained from 

the collection of the SALK institute ordered via NASC. Most mutant lines acquired were 

mixed seed batches containing seed predominantly generated by heterozygous parents 

– thus progeny should contain a mixture of WT, heterozygous and homozygous 

individuals. Screening based on PCR genotyping was performed to identify 

homozygous individuals. Total genomic DNA was extracted from each individual plant 

and tested for their genotype by performing PCR using specifically designed primers as 

explained in Chapter 2. In addition, a number of stock centre lines reported to be 

homozygous were also screened using the same method. A collection of 58 T-DNA 

insertion single knockout lines for 46 of the 48 CRPs identified in the pollen coat 

proteome was thus generated. To date, 32 of these lines have been taken forward for 

pollen hydration assay analysis. From the preliminary hydration data we have found that 

one single knockout mutant line of the gene At2g41415 (T-DNA insertion line 

FLAG_228A11), which encodes an ESF-like CRP later named as AtPCP-Bε, showed a 

dramatic impact on pollen hydration rate comparing with most of other single knockout 

mutant lines. Therefore we decided to focus our study on this newly identified member 

of the PCP-B protein family, and try to find its putative functional relation with other 

previously identified PCPs using a series of multiple pcp-b mutant lines. 

4.2.1.2 Generating multiple pcp-b knockout lines 

In this research, pcp-bαβγ triple mutant line was previously created in our lab by 

hybridization between SALK_207087, SALK_062825 and SALK_072366 (Wang, 

2017). The pcp-bαβγδ quadruple mutant line was specifically created by CRISPR gene 
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editing of pcp-bαβγ triple mutant (detailed in Chapter 2, 2.4). The pcp-bαβγε quadruple 

mutant line was created by crossing between pcp-bαβγ triple mutant line and 

FLAG_228A11 (see Chapter 2, 2.1). It is worth noticing that FLAG mutant lines was 

built in the Ws (Wassilewskija) background instead of Colombia (Col-0) accession: 

while Ws and Col-0 have identical alleles for At2g41415 (AtPCP-Bε), different levels 

of polymorphisms exist in the alleles of the other 4 genes of PCP-Bs between Ws and 

Col-0, which can be found in the accession data of 1001 Arabidopsis Genomes Project 

data base: http://signal.salk.edu/atg1001/index.php. Considering the allelic 

polymorphism among different ecotypes of A.thaliana could have impact on the pollen 

hydration rate, we use both Ws and Col-0 pollens as wild-type controls in our hydration 

assays. The A9-barnase male sterile line, provided by Rod Scott, University of Bath, 

UK (Paul et al., 1992) was built in the Col-0 background and was used as universal 

pollen recipient in hydration assays. Finally, we generated a pcp-bαβγδε quintuple 

mutant line by crossing between pcp-bαβγε and pcp-bαβγδ homozygous lines.  

 

4.2.2 Pollen hydration is significantly impaired in pcp-b single and multiple 

mutants 

To investigate the impact of knocking out AtPCP-B genes on the early stages of the 

pollen-stigma interaction in Arabidopsis thaliana, in vivo pollen hydration assays were 

carried out by observing the diameter changes of pollen grains derived from wild-type 

and pcp-b mutant plants after manually deposition on the stigmatic papilla of the male 

sterile A9-barnase Col-0 line. 

Pollen hydration data was obtained from five confirmed homozygous mutant lines 

including single and multiple pcp-b knockout lines as well as wild-type control plants. 

For each mutant line the hydration assay was repeated with at least 15 different pollen 
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samples from more than 3 individual plants to ensure the statistical validity of the final 

result.  The average pollen hydration % for WT and each line was measured every 

minute for the first 10 minutes after the deposit of pollen on the stigma, as shown in Fig. 

4.3.1. From the plotted data it can be seen that the Ws line has a similar rate of hydration 

over the first 10 minute comparing with Col-0, while the rest of the mutant lines appear 

to hydrate at a slower rate than wild-type. By observing the linear regression of the slope 

of line chart (Fig.4.3.2-Fig.4.3.3), it can be observed that pcp-bαβγ line showed the least 

decrease in hydration rate and the pcp-bαβγδε quintuple mutant showed the most. By 

performing Welsh’s t-test (two tailed) to compare the data for each mutant line at two 

time point (5min, 10 min) with that of the WT, the results (Fig. 4.4.1-Fig. 4.4.2) show 

that at 5 minutes only the data from pcp-bε, pcp-bαβγδ, pcp-bαβγε and pcp-bαβγδε are 

significantly different from that of WT, while at 10 minutes the means of pollen diameter 

change %  of all mutant lines are significantly different from WT. The distribution 

normality of the data was verified by Anderson-Darling (AD)/D'Agostino-Pearson 

(Ronen et al.)/Shapiro-Wilk (SW)/Kolmogorov-Smirnov (KS) test (reviwed by  Yap 

and Sim, 2011), the result shows that data from all tested lines have all passed at least 

one normality test. The parametric ANOVA was then performed on the data to reject 

the null hypothesis that all means are the same and Dunnett’s test was performed for 

multiple comparisons of the pcp-b mutants and Ws line data with the control (Col-0) 

(See Fig. 4.3.3, Fig. 4.4.1-Fig. 4.4.2).   
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Figure 4.2 Images of in vivo pollen hydration taken at 0min, 5 min and 10 min post 
deposition. Hydration assays were carried out by pollinating stigmas of the male sterile A9-
barnase Col-0 line with pollen grains derived from the wild-type ( Col-0 and Ws) and pcp-b 
mutant lines,. Scale bar =100 pixles; 1pixle = 0.2μm 

0 min 5 min 10 
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Ws 
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Figure 4.3.1 Plot of pollen hydration assay based on time and pollen hydration rate (diameter 
change %) with standard error of the mean (Alonso et al.) error bars. Pollen diameter (wide 
axis of ellipsoid pollen) of pcp-bε pcp-bαβγδ, pcp-bαβγε, pcp-bαβγδε and pcp-bαβγδε 
homozygous pcp-b knockout lines and wild-type (Col-0, Ws) control plants was measured 
each minute for the first ten minutes post pollen deposit and used to calculate pollen diameter 
change.  
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C 

Figure 4.3.3 Comparing linear regression slopes of mutant lines and WT lines. (A) Bar 
plot of the value of best-fit slope for pollen curve during the first 10 min of each mutant and 
WT line with standard error of the mean (Alonso et al.) error bars. Sample size is shown at the 
top of each bar. (B) Plot of Dunnett's test performed by comparing the means of the slop of 
testing groups (pcp-b mutants and Ws) to a single control group (Col-0). (C) The Dunnett's 
multiple comparison result shows the slope of Ws is not significantly from that of Col-0; while 
the slope of all pcp-b mutants are significantly different from that of Col-0. 

Figure 4.3.2 Plot of linear regression performed on the pollen hydration rate (pollen diameter 
increase %) data to find the best-fit slope for pollen hydration curve during the first 10 minute 
post pollen deposition. Regression line with standard deviation (SD) error bars is plotted by 
Prism 8. The equation for each regression line and the corresponding R square value for 
goodness of fit is shown alongside the legends. 

 

y = 4.523*x R2= 0.3804 

y = 4.738*x R2= 0.6684 

y = 3.237*x R2= 0.5949 

y = 3.898*x R2= 0.4963 

y = 3.155*x  R2= 0.4139 

y = 3.163*x  R2= 0.4594 

y = 3.175*x  R2= 0.5295 

A B 

Dunnett's multiple comparisons test Mean Diff. 95.00% CI of diff. Significant? Summary Adjusted P Value 

Col-0 vs. Ws -0.215 -0.7417 to 0.3117 No ns 0.7701 

Col-0 vs. pcp-bε 1.286 0.7805 to 1.792 Yes **** <0.0001 

Col-0 vs. pcp-bαβχ 0.625 0.1253 to 1.125 Yes ** 0.008 

Col-0 vs. pcp-bαβχδ 1.36 0.8866 to 1.833 Yes **** <0.0001 

Col-0 vs. pcp-bαβχε 1.368 0.8228 to 1.913 Yes **** <0.0001 

Col-0 vs. pcp-bαβχδε 1.348 0.8361 to 1.860 Yes **** <0.0001 
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Fig. 4.4.1 (A) Pollen diameter change % measured 5 minutes post-pollen deposition. 
Average results from repeated assays were graphed in box-and-whisker plot. Box plots 
display the first quartile (25%), median and third quartile (75%), with full data range bars. 
Sample size (n) is indicated above each box. The significant difference between the means 
of mutant and wild-type (Col-0) data was verified by two tailed T-test, *, p<0.05, **, 
p<0.005. (B) Plot of Dunnett's test performed by comparing the means of the pollen diameter 
change %  of testing groups (pcp-b mutants and Ws) to a single control group (Col-0). The 
Dunnett's multiple comparison result shows the pollen diameter change % of Ws, pcp-bε, 
and pcp-bαβγ pcp-bαβγε and pcp-bαβγδε is not significantly from that of Col-0 5 minutes 
post-pollen deposition; while the pollen diameter change % of pcp-bαβγδ mutants is 
significantly different from that of Col-0. 
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Fig. 4.4.2 (A) Pollen diameter change % measured 10 minutes post-pollen deposition. 
Average results from repeated assays were graphed in box-and-whisker plot. Box plots 
display the first quartile (25%), median and third quartile (75%), with full data range bars. 
Sample size (n) is indicated above each box. The significant difference between the means 
of mutant and wild-type (Col-0) data was verified by two tailed T-test, *, p<0.05, **, 
p<0.005. (B) Plot of Dunnett's test performed by comparing the means of the pollen diameter 
change % of testing groups (pcp-b mutants and Ws) to a single control group (Col-0). The 
Dunnett's multiple comparison result shows the pollen diameter change % of Ws, pcp-bε, 
and pcp-bαβγ is not significantly from that of Col-0; while the pollen diameter change % of 
pcp-bαβγδ, pcp-bαβγε and pcp-bαβγδε mutants are significantly different from that of Col-0. 
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4.3 Discussion 

4.3.1 PCP-Bs being the regulators for pollen-pistil compatibility in Arabidopsis 

Establishment of compatibility between pollen and the stigmatic surface is the 

preliminary step for successful pollination. It has been previously reported that by 

regulating the availability of water for pollen hydration, plant stigmatic papillae can 

decide the fate of the pollen landing on its surface proactively. It has been long proposed 

that a “basal” recognition system that presumably exists within stigmatic papilla cell is 

crucial for regulating such a recognition process, and several attempts has been made by 

previous researches in elucidating the mechanism and potential regulators of this 

recognition system (Elleman et al., 1992; Dickinson et al., 1998; Stone et al., 2003; 

Samuel et al., 2009; Safavian and Goring, 2013; Wang et al., 2017). 

Previously studies in Doughty’s lab has provided some exciting discoveries on one of 

the candidates for regulator of the earliest stages of pollen-pistil compatibility, which is 

a group of CRPs that shares homology with the central cell-derived Arabidopsis Embryo 

Surrounding Factor 1 (ESF1) proteins. This group of CRPs, later known as PCP-Bs, 

showed a curious pattern of impact on the pollen hydration rate when been knocked out 

from Arabidopsis thaliana genome. The single knock-out mutants of the AtPCP-Bα 

(At5g61605), AtPCP-Bβ (At2g29790), AtPCP-Bγ (At2g16535) and AtPCP-Bδ 

(At2g16505) genes showed different level of defects on pollen hydration over the first 

10-minute period of the pollen-stigma contact, among which the pcp-bα showed 

minimum degree of impact with no significant difference with the wild-type pollens, 

whereas pcp-bγ showed most significantly impaired hydration rate which reaches a level 

of around 25% slower than that of wild-type. Interestingly, when combining different 

single PCP-B mutation line together to form double and triple mutation lines the severity 

of the hydration defects also changes with different combination, and the pcp-bα/β/γ 
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triple mutant showed a dramatically decreased hydration rate to almost one third that of 

wild-type (See Wang et al., 2017). The combinatorial effects of PCP-Bs on pollen 

hydration has provided us with a complex picture of the functional relation between each 

member of PCP-Bs and has raised some challenging questions on their putative roles in 

the stigmatic basal recognition system.   

4.3.2 PCP-Bε is an important regulator of pollen hydration 

By comparing the hydration assay data of single PCP-B knock-out mutants with that of 

the multiple PCP-B knock out mutants, it is demonstrated the single T-DNA knock-out 

line of the newly identified PCP-B class protein-encoding gene PCP-Bε (At2g41415 ) 

generated a strong phenotype that showed dramatically decreased pollen hydration rate 

in comparison with the wild-type, and the severity of the hydration defects in pcp-bε 

single mutant is statistically identical to that of the pcp-bα/β/γ/ε and pcp-bα/β/γ/δ  

quadruple knock-out mutants. Assuming that all PCP-Bs share a similar function as 

signalling molecules in the putative basal compatibility signalling pathway within 

stigmatic papilla cell, it appears that PCP-Bε could potentially be one of the more 

essential components of the compatibility signalling system or possess a higher binding 

affinity than other members of PCP-Bs to the target stigmatic receptor. Interestingly, 

although an additive impact on the pollen hydration rate has been observed on pcp-

bα/β/γ/δ/ε quintuple mutant line, which being statistically more significant than that of 

the pcp-bα/β/γ/ε and pcp-bα/β/γ/δ  quadruple mutants over the first 5-minute period, the 

fully hydrated pollen grains of the quintuple mutant were still able to germinate and 

produce a pollen tube that can penetrate outer layers of the papilla wall and grow through 

the stigma to reach the ovule like normal wild-type pollen grains. No developmental 

defect or phenotypical abnormality has been observed on the offspring of all the mutant 

lines (See Appendix 5, Figure S5.1). The fact that knocking out all 5 known members 
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of PCP-Bs could not fully stop the pollen hydration may suggest the existence of other 

unknown pollen coat-borne factors responsible for compatible pollen recognition.  It 

could also suggest that the regulation of hydration relies on multi-stage biological 

processes, where the PCP-Bs only contribute to one of the ‘checkpoints’. 

The finding of PCP-Bε as an important regulator of pollen hydration has provided some 

exciting insights into the potential functional differentiation of PCP-B class genes and 

their transcriptional products; nevertheless it has generated more questions on what the 

roles that PCP-B proteins might play in establishment of the early pollen-stigma/papilla 

compatibility and what has caused their functional divergence.  

4.3.3 PCP-Bs could be functionally redundant or working synergistically 

Several models can be proposed to explain the observed patterns of pollen hydration 

defect on different PCP-B single and multiple gene knock-out mutants. Paralogous 

genetic redundancy can be used to explain the lack of a significant knockout phenotype 

on some of the pcp-b single mutants, In this case the PCP-B genes can be regarded as 

paralogous genes (or paralogs) that derived from gene duplication of a common 

ancestral sequence and retained the original function after duplication, meaning each of 

the PCP-B proteins could have identical or similar functions and act as redundant ligands 

that target the same stigmatic receptor(s). Genetic redundancy is commonly found in 

sexual reproduction related CRP families. The EMBRYO SURROUNDING FACTOR 

1 (ESF1) peptides, the central cell derived CRPs which share a high sequence homology 

with PCP-B proteins, are found to regulate early embryo development in Arabidopsis. 

ESF1 genes (ESF1.1–1.3) are tandemly duplicated on Arabidopsis chromosome 1. It 

has been demonstrated that the single-knockout mutants of ESF1 genes show no visible 

phenotype while the simultaneous down-regulation of ESF1.1–1.3 genes 

expression resulted in embryo abnormalities in seeds, suggesting that ESF1.1–1.3 are 
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functionally redundant (Costa et al., 2014). Another example is short-range pollen tube-

attracting LURE peptides of the DEFL subfamily of CRPs (Okuda et al., 2009; Takeuchi 

and Higashiyama, 2012; Huang et al., 2015). In Arabidopsis, AtLURE1 (Arabidopsis 

thaliana LURE1) peptides are encoded by a cluster of eight homologous AtLURE1.1–

1.8 genes (AtLURE1.6 being a pseudogene) (Takeuchi and Higashiyama, 2012; Zhong 

et al., 2019). The AtLURE1 peptides were considered functionally redundant when first 

discovered, due to each peptide showing attraction activity in vitro and no combination 

effect observed among them (Takeuchi and Higashiyama, 2012). This is supported by 

later research, where it was demonstrated that by introducing a single AtLURE1 gene 

into an atlure1 null mutant the late pollen tube emergence defect phenotype of the null 

mutant can be rescued (Zhong et al., 2019). Interestingly, the same research also found 

that the signalling pathway that mediated by AtLURE1 and their target receptor PRK6 

is dispensable for successful fertilization in A. thaliana, as another group of AtLURE1-

related CRPs named XIUQIU peptides were found to attract pollen tubes independently 

of the PRK6 receptor (Zhong et al., 2019).  

Although the redundancy model can explain the weak or non-significant phenotypes 

observed for pcp-bα and pcp-bδ single mutants, it fails to explain the strong phenotype 

shown on the pcp-bε single mutant and the additive phenotypes shown by the triple, 

quadruple and quintuple PCP-B knock-out mutants. A more complex model can thus be 

proposed, where multiple PCP-B proteins could have overlapped yet diverged functions 

and work synergistically through interacting with a series of stigmatic hydration effector 

targets. Such a mode of interaction can be observed on some known regulatory CRPs 

with their target receptors, for example the Epidermal Patterning Factors (EPF) EPF1 

and EPF2, which are known to regulate the number and position of the cells that undergo 

stomatal development (see Chapter 3 introduction section). Despite the amino acid 
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sequence similarity between EPF1 and EPF2, they are not functionally redundant. The 

overexpression of either EPF1 or EPF2 both resulted in inhibition of stomata formation, 

however they did so through regulating different developmental processes: while EPF1 

enforces the one-cell spacing rule, EPF2 restricts the population of cells from acquiring 

the stomatal lineage fate (Hara et al., 2009). Nevertheless, the lacking of information on 

a putative target of PCP-Bs has made this assumption hard to confirm. It is thus 

important for us to find the putative membrane target of PCP-Bs, which is the focus of 

Chapter 6. 

 

4.3.4 PCP-Bs affect pollen competition and pollen selection in Arabidopsis 

The theory of gametophytic selection suggests that selection among (male) 

gametophytes could lead to changes in the traits of subsequent sporophytic generation 

(Harding and Tucker, 1969; Mulcahy, 1974; Mulcahy, 1979; Hoekstra, 1983; Ottaviano 

and Mulcahy, 1989). Because of the vast number of pollen grains and relatively limited 

number of pistils produced by each individual plant, it is common that an excess of 

pollen grains, which is far more than the amount of pollen that is required for fertilizing 

all the ovules in the ovary, are deposited on the stigma during pollination (Hormaza and 

Herrero, 1994). This allows direct competitions between the male gametophytes in two 

forms: either a physical competition through “races” between the pollen tubes growing 

in the style, or a chemical competition based on pollen inhibition (Palmer and 

Zimmerman, 1994). Moreover, floral features like long styles (allowing long “races” 

between pollen tubes), circular or spherical stigmas (allows pollens to be concentrated 

at the same starting point), and reduced number of ovules relative to numbers of arriving 

pollen have been considered as evolution adaptations that promote intense competition 

between pollen grains (Mulcahy, 1983). It has been proposed by Mulcahy (1987) that 
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the competition among pollen grains could lead to pollen selection, which has then been 

suggested to play an important role in evolutionary progress of angiosperms, resulting 

in a high evolution rate among angiosperm species (Mulcahy, 1979; Ottaviano and 

Mulcahy, 1989; Ottaviano and Sari-Gorla, 1993). Pollen competition has been largely 

viewed as in favour of the genetically superior (or compatible) sporophyte (diploid) 

fathers (Armbruster and Gobeille Rogers, 2004), Furthermore, it has been demonstrated 

by a range of studies that positive correlation exists between pollen competition ability 

and several sporophytic traits, such as seed dry weight, seedling weight, number of seeds 

per fruit, and root growth (Mulcahy, 1974; Ottaviano and Mulcahy, 1986; Winsor et al., 

1987; Snow, 1991; Hormaza and Herrero, 1992, 1996a). Our phenotypical study of pcp-

b single and combined mutants has demonstrated that the absence of AtPCP-Bs from the 

pollen coat can cause significant defect in pollen hydration. Previous mutational studies 

by PhD Ludi Wang in Doughty’s lab also reported shorter pollen tube growth observed 

amongst pcp-b single and combined mutants compared with that of the wild-types, 

primarily due to a delayed pollen tube emergence, which is largely dependent on the 

degree of pollen hydration (L.Wang, Phd thesis). Importantly, albeit possess a slower 

hydration phenotype than WT, all pcp-b single and combined mutants used in this study 

produced pollen tubes and proceeded to fertilization normally. Nevertheless, a follow-

up observation on the mature siliques of the mutant and WT lines suggests that pcp-bε, 

pcp-bαβχδ, and pcp-bαβχε mutant lines produced less seeds per silique in comparison 

with that of the WT (see Figure S5.2 in Appendix 5 ). Thus, it is evident that AtPCP-Bs 

could be considered as factors that controls the pollen selection on stigma by affecting 

the pollen competition ability, in a form of promoting AtPCP-Bs-bearing pollens to 

hydrate and germinate faster. This gives us a new perspective on inspecting the putative 

form of the “basal compatibility” signalling pathway in A.thaliana and what roles PCP-
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Bs might play in it: Instead of controlled by a single locus controlled compatibility 

signalling system as SI system in Brassicaceae, the compatibility of pollen on stigma 

could be regulated by multi-loci encoded factors responsible for controlling a range of 

pollen grain traits (for example competitive ability within the anthers, viability, 

germination time, tube growth rate, selective fertilization, etc; see Pfahler 1975) that act 

synergically to determining the outcome of the pollen competition, and thus giving the 

compatible (or genetically superior) pollen (tubes) an advantage in achieving 

fertilization. As AtPCP-Bs affect the competitive ability of the pollen at the very early 

stage of pollen competition on stigmatic surface, the genetic variation on AtPCP-Bs-

encoding genes are expected to be more effective on controlling pollen selection and 

hence are likely to under constant selective pressure. It is therefore useful for us to study 

the evolution histories of the PCP-B-like genes and observe the signs of selection at the 

genetic level, which would be further conducted in Chapter 5. 
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Chapter 5 Molecular evolution of PCP-B-like genes in the 

Brassicaceae 

5.1 Introduction 

Speciation, in the modern ‘general concept of species’ proposed by Ernst Mayr (1942), 

refers to the formation of reproductive isolating mechanisms or ‘reproductive barriers’. 

These prevent interbreeding from diverging populations, leading to separation and 

genetic divergence between metapopulation lineages ultimately giving rise to new taxa. 

It is widely accepted that for geographically isolated populations, natural selection and 

genetic drift can result in the accumulation of enough genetic variation between 

populations such that speciation will occur (Mayr, 1970; Lande, 1980; de Queiroz, 

2005). This phenomenon is known as allopatric speciation and has been considered to 

play a major role in the evolution of biodiversity (Rundle and Nosil, 2005). However 

speciation can also occur in populations that are not geographically isolated. This 

phenomenon, known as sympatric/parapatric speciation (Mallet et al., 2009), has raised 

challenging evolutionary questions and led to the proposal of new models to explain 

driving forces of speciation (Gavrilets, 2014; Servedio, 2016). In recent decades, the 

theory of sexual selection has seen increased popularity in speciation-related studies in 

both animals and plants (Panhuis et al., 2001; Rieseberg and Willis, 2007; Ritchie, 2007; 

Lankinen and Karlsson Green, 2015), and sexual selection and sexual conflict (Cameron 

et al., 2003; Arnqvist, 2004; Parker, 2006; Ritchie, 2007; Lankinen and Karlsson Green, 

2015) is now believed to play an important role in speciation which potentially could be 

even more influential than ecological selection (Gavrilets, 2014). Sexual selection, first 

described by Darwin (1871), refers to the concept that traits or variation that promote 

reproductive success are more favoured by selection. In other words, sexual selection 

favours traits that relate to mating or fertilization success, which involves within-sex 
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competition and mating preference, such as male-male competition and female mate 

choice (Ellegren and Parsch, 2007; Servedio, 2007). In most hermaphroditic plants, 

sexual selection can occur before pollination, for example through traits that can 

facilitate the attraction of pollinators, or through optimisation of the attachment of pollen 

to pollinators thus increasing the chance of pollen transfer to conspecific stigmas 

(Lankinen and Karlsson Green, 2015). Sexual selection can also act after pollination 

when pollen from different male donors arrive on the same pistil and compete for 

fertilization opportunities, and simultaneously female reproductive tissues can select for 

which pollen (tubes) will be allowed to fertilize the ovules (Moore and Pannell, 2011; 

Lankinen and Karlsson Green, 2015). It is considered that during the latter stage, which 

can be viewed as the equivalent to sperm competition and post-copulatory sexual 

selection in animals, the potential of sexual selection reaches its maximum (Lankinen 

and Karlsson Green, 2015). 

The signs of selection can be detected at the genetic level by observing changes in DNA 

sequences and allele frequencies over time.  The classic ‘neutral theory of molecular 

evolution’ (Kimura, 1968) claims that instead of natural selection, the major driving 

force of evolution at the molecular level is the random fixation of selectively neutral 

mutations resulting in a change in the frequency of an existing gene variant (allele) - a 

process known as genetic drift. In recent years however, it is becoming more evident 

that the imprint of natural selection, both positive and negative, is pervasive within the 

genomes of different species (Booker et al., 2017). Despite controversy and debate 

around this mode of evolution, the neutral theory has become the backbone of modern 

evolutionary genetics and serves as the basis of many selection tests, in which the 

empirical data is compared against data generated by simulations of genetic drift that 

serve as a null hypothesis (Vitti et al., 2013). 
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One of the most widely used methods of selection-detection is to compare the number 

of nonsynonymous substitutions per non-synonymous site (𝐾𝑎) and the number of 

synonymous substitutions per synonymous site (𝐾𝑠) between two homologous protein-

coding gene sequences (Yang and Bielawski, 2000).  The ratio of Non-

synonymous/Synonymous substitutions (𝐾𝑎/𝐾𝑠), also referred to as 𝑑𝑁/𝑑𝑆 or 𝜔, can 

help distinguish between genetic divergence driven by adaptive evolution (positive 

selection) and mutations caused by lack of purifying (negative) selection. A ratio 

significantly greater than 1 usually indicates positive Darwinian selection, where 

sequence diversification that results in the change of an amino acid is beneficial and 

fixed by selection. A ratio less than 1 indicates that a change to an amino acid is 

deleterious and thus quickly removed by negative selection. A ratio of exactly 1 implies 

a lack of functional constraint, in which case the gene could have lost its function or 

became a pseudogene (Hurst et al., 2002). However, statistical tests based on 𝐾𝑎/𝐾𝑠 

are sometimes considered too conservative, especially when applied to sequences 

sampled from a single population or species (Kryazhimskiy and Plotkin, 2008). Power 

can be gained by introducing test methods that utilise genetic data from populations 

within and between species. For example, the McDonald and Kreitman test 

(MKT) (McDonald and Kreitman, 1991) compares the amount of variation within a 

species (polymorphism) to the divergence between species (substitutions). Comparisons 

are carried out at neutral and non-neutral sites of the sequence, with the null hypothesis 

(neutral selection) that the ratio of nonsynonymous to synonymous variation within a 

species (𝑃𝑛 𝑃𝑠⁄ ) is equal to the ratio of nonsynonymous to synonymous variation 

between species (𝐷𝑛 𝐷𝑠⁄ ). The result can be depicted by the Neutrality Index (NI), as 

shown below: 

                                                           𝑁𝐼 =
/

/
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When the 𝑁𝐼 is < 1 (i.e. 𝐷𝑛/𝐷𝑠 > 𝑃𝑛/𝑃𝑠), it suggests that mutations under positive 

selection have spread through a population quickly generating high divergence between 

species but contributing little to polymorphism within the species. An 𝑁𝐼 of > 1 

indicates negative selection is at work to prevent fixation of harmful mutations 

contributing to divergence, which results in an excess of polymorphism. Apart from 

divergence-based tests like MKT, frequency-based tests using site-frequency spectra 

(SFS) such as Tajima’s D, Fu and Li’s D and F, as well as Fay and Wu’s H test statistics 

can also be applied to sequence data. These tests detect rare or common polymorphisms 

that are due to purifying or positive selection and find evidence of evolutionary events 

such as selective sweep or population expansion/contraction (Tajima, 1989; Fu and Li, 

1993; Fay and Wu, 2000). 

It has been demonstrated that genes that mediate sexual reproduction evolve more 

rapidly than genes related to other functions (Swanson and Vacquier, 2002; Tian et al., 

2009). This rapid divergence usually indicates adaptive evolution, which means that 

gene sequence diversification is beneficial to reproduction or survival and thus favoured 

by Darwinian selection (Yang and Bielawski, 2000). A group of pollen coating-borne 

glycine-rich proteins (GRPs) with possible roles in pollen germination amongst 

members of the Brassicaceae, are found to have undergone rapid evolution through gene 

duplications, deletions and sequence diversification with evidence of positive selection 

(Fiebig et al., 2004). In the Brassicaceae, the S-locus region which encodes the primary 

determinants of self-incompatibility (SI) - the stigmatic S-locus receptor kinase (SRK) 

and the male determinant S-locus cysteine-rich protein (SCR) - is also known to be 

highly divergent. Both SRK and SCR have been found to have an evolutionary history 

featuring extensive gene duplication, gene conversion and positive selection (Guo et al., 

2011).  Previous studies at the University of Bath by Dr Ludi Wang on cysteine-rich 
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pollen coat proteins (PCPs) in Brassica and Arabidopsis also found high sequence 

divergence amongst PCP-B family proteins, and phylogenetic and molecular 

evolutionary analyses revealed a large number of duplication events likely to be driven 

by positive selection (Wang et al., 2016). In the research reported in this chapter an 

evolutionary genetic study was performed on the newly identified PCP-Bε protein and 

the data compared to other members of the PCP-B family. Using phylogenetic analyses 

and multiple statistical selection tests utilising intra-species genomic polymorphism data 

for Arabidopsis thaliana derived from the 1001 genomes project, a more detailed 

evolutionary history of the PCP-B encoding genes has been obtained and is presented 

here. 
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5.2 Results 

5.2.1 Phylogenetic analysis of PCP-B-like genes in Brassicaceae reveals birth-and-

death evolution.  

Previously, 15 AtPCP-B related homologous gene sequences were found in the A. 

thaliana genome, among which 13 genes were functional genes that encode PCP-B-like 

proteins (Figure 5.1). In order to further understand their evolutionary relationship and 

determine the most likely cause of the observed function divergence among the PCP-B 

related genes, multiple orthologs for the PCP-B-like protein-encoding genes were found 

across land plant species by BLAST searches.  A phylogenetic analysis using mature 

protein-encoding gene regions (CDS sequences) based on the multiple sequence 

alignment results was conducted using MEGAX software. From the phylogenetic tree 

constructed by maximum likelihood algorithm, several homologous genes from the 

same species can be found clustering on close branches and clades (see Appendix 4 

Fig.1). However, it has been proposed that the classical phylogenetic tree constructing 

method, which is based on the sequence similarity scores, cannot explicitly reflect the 

macroevolutionary events, including speciation, gene duplication and loss, and 

horizontal gene transfer which can affect the number and distribution of genes among 

genomes (Durand et al., 2006). By applying the reconciliation approach to embed the 

gene tree into a corresponding species tree, the macroevolutionary events of the gene 

family can be revealed. Given that a robust gene tree with good confidence in each edge 

of a phylogeny has been offered, a sign of the evolution of the genes through processes 

other than speciation, such as duplication and loss can be found by observing the 

incongruence between the gene tree and species tree (Swenson et al., 2012). 

In our reconciled tree (Figure 5.2)  built upon a phylogenetic tree of 145 PCP-B-like 

genes found by the BLAST search and a species tree of 13 plant species (mainly in 
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Brassicaceae except Solanum chilense) hosting the genes, in total 67 gene duplication 

events and 30 gene losses has been observed. This indicates a birth-and-death model for 

the evolution of PCP-BL genes, in which new genes generated by gene duplication are 

either maintained in the genome throughout time or being rapidly deleted or becomes 

non-functional (pseudogenization) due to deleterious mutations. Among all 67 

duplication events, 37 were found on a species-specific clade of Brassica oleracea, 

another 10 were found on a species-specific clade of Brassica rapa. The extensive gene 

duplication indicates the PCP-BL genes in these two Brassica species have been 

evolving rapidly, which could be a sign of adaptive evolution where duplicated genes 

are favoured by positive selection and immediately fixed in the genome. This 

observation has provided us with some intriguing information on the possible functional 

diversification of PCP-BLs after divergence of Brassica and Arabidopsis, as such 

extensive gene duplication events were not observed in any single Arabidopsis species. 

Five member of ESF/ESFLs and two PCP-Bs were found clustered independently with 

their homologs in other species to form phylogenetically distinct groups. These distinct 

clades were separated by long branches with duplication events found on their basal 

nodes, suggesting the origin of these genes could predate the splitting of the species of 

Brassicaceae.  Three AtPCP-B genes, PCP-Bα (At5g61605), PCP-Bγ (At2g16535), and 

PCP-Bδ (At2g16505) and two ESFL genes were found to be clustered in a distinct 

phylogenetic clade, a closer observation see each gene locating on the end of a single 

branch with its orthologues genes in Arabidopsis lyrata. This suggests that these genes 

could be generated from relatively recent duplication event that predates the split 

between A. thaliana and A. lyrata, which is estimated to be around 5 million years ago 

(Kusaba et al., 2001). Interestingly, this clade, together with the species-specific clades 
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of Brassica rapa and Brassica oleracea that showed extensive gene duplications, 

formed a subtree where most of observed duplication events are found. 

PCP-Bε(At2g41415), a newly identified member of the PCP-BL genes which was 

shown in our previous pollen hydration assay-based study to be a potentially important 

regulator of pollen-stigma compatibility, is found on a branch closer to the root node of 

the tree comparing with other PCP-B genes. This indicates that PCP-Bε could be more 

evolutionarily ancient than the other PCP-B genes, and could potentially be more 

functionally conserved.  

No duplication events were found in most of Arabidopsis species after speciation except 

one in Arabidopsis lyrata. Gene loss events are mainly found in Brassica oleracea var. 

alboglabra, Brassica cretica and Raphanus sativus, however these are likely to be 

caused by a lack of comprehensive genomic data in the public databases for these 

species. Besides the duplication and loss events, no co-divergences or gene transfer were 

detected on the tree. Collectively, the observation on the reconciled tree indicates that 

the homologous sequences for most of the PCP-BL genes are found widely in 

Brassicaceae species, and the diversification of PCP-Bs and ESFs might therefore 

predate their speciation. Moreover, PCP-BLs might have undergone functional 

diversification or neofunctionalization in Brassica species after the speciation. 
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Figure 5.1. Evolutionary relationships of PCP-B/ESFL genes in Arabidopsis thaliana  

The phylogenetic tree is built for 13 PCPB/ESF-like protein genes identified in Arabidopsis 
thaliana. The evolutionary history was inferred using the Neighbor-Joining method. The 
percentage of replicate trees in which the associated taxa clustered together in the bootstrap test 
(1000 replicates) is shown next to the branches. The tree is drawn to scale, with branch lengths 
in the same units as those of the evolutionary distances used to infer the phylogenetic tree. The 
evolutionary distances were computed using the JTT matrix-based method and are in the units 
of the number of amino acid substitutions per site. Evolutionary analyses were conducted in 
MEGA X. 
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Figure 5.2 Reconciled tree of the phylogenetic relationship between the 145 PCP-B-like genes 
found by the BLAST search and a species tree of 13 plant species. Red D on branch node 
indicates duplication events. Leaf in grey colour indicates loss event. AtPCPBL/ESFL genes are 
marked by red IDs. 
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5.2.2 Population genetics reveals different selective pressures shape the evolution 

of PCP-B genes in Arabidopsis thaliana  

5.2.2.1 Neutral selection can be the driving force of adaptive evolution 

Previously, to investigate the evolutionary history of the PCP-B family a molecular 

evolutionary analysis was performed using the codeml programme in PAML (Wang et 

al., 2017). The algorithm applied by codeml detects the evidence of positive selection 

through estimation of synonymous and nonsynonymous rates (dN and dS) between 

protein-coding DNA sequences using three substitution models (M0, M7 and M8). By 

comparing the AtPCP-Bs with their orthologous genes, the analyses result showed signs 

of positive selection on three members of PCP-Bs, including PCP-Bα (At5g61605), 

PCP-Bδ (At2g16505), and PCP-Bε(At2g41415) (unpublished data).  However, the 

result of codon-based analysis should be taken with caution when used to detect adaptive 

processes.  According to the theory of adaptive evolution by gene duplication (Ohta, 

2000), natural selection promotes the fixation rate of beneficial mutations for protein 

coding genes after gene duplication. After the establishment of the new protein 

functions, positive selection ceases and purifying selection acts to maintain the new 

functions. Thus the nonsynonymous substitutions of the gene will be accelerated shortly 

after a duplication, and then slow down by the increasing purifying selection. However, 

in some situations, for example when selection pressure is relaxed but not completely 

lost after duplication, protein coding genes would also show an accelerated 

nonsynonymous substitution rate due to evolving under relaxed functional constraints 

by gene drift (neutral evolution) (Bielawski and Yang, 2003). After a certain period of 

time the mutations might become adaptive when the environment or genetic background 

changes, which result in neofunctionization (Lynch and Force, 2000; Rastogi and 

Liberles, 2005; Teshima and Innan, 2008). In this model, which was named the 
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“Dykhuizen-Hartl effect” by Kimura (1983), neutral mutation instead of positive 

Darwinian selection becomes the driving force of adaptive changes.  

5.2.2.2 McDonald-Kreitman test (MKT) shows the AtPCP-Bs could be evolving 

neutrally 

We conducted the McDonald-Kreitman test (see introduction) to verify whether genes 

encoding PCP-Bs could have evolved under neutral selection.  Coding sequences of the 

5 previously identified AtPCP-Bs obtained from 855 Arabidopsis thaliana ecotype 

accessions were used as the data source for calculating the intraspecific polymorphism. 

The AtPCP-B sequences were then compared with the closest orthologous sequences 

found in Arabidopsis lyrata to calculate the interspecific divergence. Under a neutral 

evolution model, the dN/dS values between the two species (divergence) should be 

equivalent to the rate of nonsynonymous to synonymous polymorphism within the 

species. The result of the test (Table 5.1) shows that, the test was not significant for all 

5 AtPCP-Bs, judging by the p-value from Fisher's exact test (p > 0.05), indicating that 

the null hypothesis, that the ratio of nonsynonymous to synonymous variation within a 

species is equal to the ratio of nonsynonymous to synonymous variation between 

species, i.e. Dn/Ds = Pn/Ps cannot be rejected. This suggests that AtPCP-B genes could 

have evolved by neutral genetic drift.  

Nevertheless, from the contingency table generated for each comparison performed, 

different patterns of substitution can be observed for AtPCP-Bs, For example PCP-Bβ 

shows a dramatically higher level of both nonsynonymous (55) and synonymous (21) 

divergence than that of other AtPCP-Bs (mostly <10), indicating PCP-Bβ has undergone 

relatively rapid sequence change after speciation, resulting in higher divergence of the 

sequences. This could either suggests neofunctionalization, which lacks supporting 

evidence from our phenotypic observation; or a sign of mutational decay due to the lack 



124 
 

of selection constrains, which is supported by the observed accumulation of short 

deletions within genic sequences throughout the 855 accessions. Furthermore, the 

sequence decay can be explain the fact that pcp-bβ mutant has a much weaker phenotype 

(in terms of pollen hydration defect) comparing with other pcp-b mutants. Interestingly, 

the genetically close linked PCP-Bγ (At2g16535) and PCP-Bδ (At2g16505), which are 

likely to be produced by a recent tandem duplication event, showed drastically different 

NI values between two genes: while the NI of PCP-Bγ (1.440>1) indicates an excess of 

polymorphism within the species compared to the divergence between species, the NI 

of PCP-Bδ (0.294<1) shows the opposite (high divergence and relatively low 

polymorphism). This indicates that PCP-Bγ and PCP-Bδ are under different selection 

pressure after the duplication event, which can possibly be explained by genetic 

neofunctionalization in the Duplication-Degeneration-Complementation (DDC) model 

introduced by Force et al. 1999, as demonstrated in Fig 5.3. Under this model, it can be 

assumed that PCP-Bδ and PCP-Bγ have experienced relaxed selection after duplication, 

during which the mutations by neutral genetic drift has caused some PCP-Bδ copies to 

acquire beneficial new functions, and these neofunctionalized alleles are being quickly 

fixed in the population by the positive selection, resulting in a selective sweep that leads 

to reduced allelic polymorphism within the population. As for PCP-Bγ, it is commonly 

believed that after duplication event, the duplicated gene copy will experience a period 

of relaxed selective constraints due to the back-up function provided by the redundant 

gene copy. Additionally, the original function of the ancestral locus for PCP-Bγ is 

probably not essential enough to induce a purifying (negative) selection (or the function 

has being replaced by other genes) on the remaining PCP-Bγ copy, thus the selection 

force remains relaxed on PCP-Bγ which is reflected by the high allelic polymorphism. 
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Figure 5.3 The duplication-degeneration-complementation (DDC) model 

In the general DDC model, gene duplication leads to genetic redundancy which allows 
accumulation of random mutations by genetic drift on redundant copy (Ohno, 1970). This period 
of neutral drift may eventually lead to three outcomes: Nonfunctionalization, 
neofunctionalization and subfunctionalization. In nonfunctionalization, a null mutation in 
coding region can lead to loss of all functionality (pseudogenization) or gene loss of one 
duplicate; whereas in neofunctionalization duplicate genes are preserved by positive Darwinian 
selection through acquisition of a new function. In subfunctionalization, the degenerative 
mutation on each duplicate results in loss or reduced expression of certain subfunction, therefore 
both copies are preserved by purifying selection to fulfill the funtion of the ancestral locus (Force 
et al., 1999).   
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Table 5.1 MKT test result for 5 PCP-B genes 

Neutrality Index: Indicates the extent to which the levels of amino acid polymorphism depart 
from the expected in the neutral model (Rand and Kann 1996). α value: Proportion of adaptive 
substitutions (Smith and Eyre-Walker 2002) that ranges from -∞ to 1 and is estimated as 1-NI. 
Sequences with large indels were excluded. * 0.01<P<0.05; ** 0.001<P<0.01;  *** P<0.001 

 

5.2.2.3 Frequency-based tests reveals microevolutionary processes and signs of 

positive selection 

Although the result from the MKT test suggested a neutral model for the evolution of 

AtPCP-B genes, it should be noticed that some non-random process, including 

directional and balancing selection or demographic changes including population 

expansion or contraction can cause significant bias for the MKT test result. To avoid the 

type II errors (a false null hypothesis is not rejected) which may lead to misinterpretation 

of the evolution pattern of our genes, several other neutrality tests including 

Tajima's D test, Fay and Wu’s H test and Fu and Li's D and F test were calculated over 

the population genetic data using DnaSP programme. The Tajima's D test is computed 

as the difference between the total number of segregating set and the average number of 

pairwise differences. The Fay and Wu’s H test uses a similar calculation approach as 

Tajima’s D test but also introduces an outgroup sequence (in our case the homologous 

Gene 
No. of 

accessions 
tested 

Substitutions Polymorphism Divergence 
Neutrality 
Index, NI 

α value 
(1-NI) 

Fisher's 
exact test 
P-value 

At5g61605 
(PCP-Bα) 855 

Synonymous 6 4 
1.000 0.000 1.000000 

Nonsynonymous 12 8 
At2g29790 
(PCP-Bβ) 834 

Synonymous 6 21 
0.445 0.555 0.202080 

Nonsynonymous 7 55 
At2g16535 
(PCP-Bγ) 849 

Synonymous 5 6 
1.440 -0.440 0.720682 

Nonsynonymous 12 10 
At2g16505 
(PCP-Bδ) 845 

Synonymous 12 4 
0.294 0.706 0.075207 

Nonsynonymous 15 17 
At2g41415 
(PCP-Bε) 849 

Synonymous 11 3 
0.576 0.424 0.718649 Nonsynonymous  19 9 
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sequences in A.lyrata) as a reference of ancestral allele to detect recent selective sweeps 

or population expansion/contraction (Fay and Wu, 2000).  Fu and Li's D and F tests use 

outgroup sequence to construct a genealogy and compare the total number of mutations 

in external branches of the genealogy with total number of mutations and the average 

number of pairwise differences respectively (Fu and Li, 1993). In all three tests, a 

positive value indicates a deficiency of low frequency alleles (rare polymorphisms), 

which is likely to be caused by balancing selection or sudden population contraction. A 

negative value in Tajima’s D test indicates an excess of low frequency allele variants, 

which could be caused by positive selection or a selective sweep, as well as population 

expansion after a recent bottleneck event. In Fay and Wu’s H test however, a negative 

value indicates excess of high frequency polymorphisms, which is usually caused by a 

selective sweep. In Fu and Li’s D and F test a negative value indicates an excess of 

singletons (variants seen only once in a sample). In all three tests, a value close to zero 

indicates a mutation-drift equilibrium which can be found in a neutrally evolving 

population of constant size (Simonsen et al., 1995; Yang and Bielawski, 2000; Jensen 

et al., 2005; Zeng et al., 2006; Booker et al., 2017).  
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Table 5.2 Frequency-based neutrality tests result  

k: Average number of pairwise nucleotide differences, 𝝅 : Nucleotide diversity, FL-D: Fu and 
Li's D test statistic, FL-F: Fu and Li's F test statistic, FW-H: Fay and Wu's H test statistic, FW-
Hn: Normalized Fay and Wu's Hn test statistic, n.d., not determined; #, P<0.10;  * P<0.05;  ** 
P<0.01;  *** P<0.001 

 

The test result showed that PCP-Bα (At5g61605), PCP-Bγ (At2g16535) and PCP-Bδ 

(At2g16505) have significantly negative values of all 3 tests (Fay and Wu’s H don’t use 

p-value to indicate significance), which suggest the sign of positive selection is found 

on the population. As for PCP-Bβ (At2g29790), although Tajima’s D test had a 

significantly negative value, Fu and Li's, D and F statistics did not show a significant 

result, which means the null hypothesis (neutral evolution) cannot be fully rejected for 

this test. Interestingly, Fay and Wu’s H test showed a positive value for PCP-Bε 

(At2g41415), meaning that many equally frequent polymorphisms are observed relative 

to high frequency variants in the population. This could be caused by a long-term 

balancing selection, in which genetic polymorphism is maintained in the gene pool of a 

population at frequencies larger than from neutral expectations or the gene is in the 

middle of a selection sweep event (Jensen et al., 2005).  

 

 

Gene No. of 
accessions  

k 𝜋 Tajima's 
D 

FW-H FW-Hn FL-D FL-F 

At5g61605 855 0.323 0.00155 -2.31761 
** 

-3.59017 -1.79740 -2.79229 
* 

-3.03689 
** 

At2g29790 834 0.083 0.00046 -2.09169 
** 

-5.88612 -4.78808 -0.56426 -1.30005 

At2g16535 849 0.174 0.00081 -2.25701 
** 

-3.82362 -1.76473 -6.06802 
** 

-5.45589 
** 

At2g16505 845 0.214 0.00096 -2.38061 
** 

-19.57439 -7.33727 -2.75745 
* 

-3.14681 
** 

At2g41415 849 0.330 0.00147 -2.31725 
** 

0.31997 0.10977 -7.77575 
** 

-6.54457 
** 
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5.3 Discussion 

Collectively, by applying the MKT test and three types of frequency-based neutrality 

tests on the population data of five PCP-Bs, we have found evidence of positive 

selection on all five genes, however the selective force on each member of PCP-Bs could 

be different.  For PCP-Bα (At5g61605), the selection strength appears to be largely 

relaxed on this allele, indicating that PCP-Bα probably has become less essential to 

survival or reproductive success and thus become more dispensable during evolution. 

This dispensability is also reflected on the phenotype of the PCP-Bα gene knockout 

mutant lines, as previous study shows the knockout status of PCP-Bα does not induce 

significant difference in pollen hydration rate on either single or combined T-DNA 

insertion knockout lines (see L.Wang, PhD thesis). The selective force is found most 

relaxed on PCP-Bβ, allowing it to accumulate more deleterious mutations in the coding 

regions by random genetic drift, potentially leading it to a future of nonfuntionalization 

or pseudogenization.  According to the evolutionary relationships of the PCP-B like 

genes, PCP-Bγ (At2g16535) and PCP-Bδ (At2g16505) are the two youngest members 

of the PCP-B family, probably emerged from a gene duplication event after the split of 

Brassica and Arabidopsis. As previously analysed, the different patterns of molecular 

evolution among PCP-Bγ and PCP-Bδ could indicate a neofunctionalization of PCP-Bδ 

after the duplication. This hypothesis is also supported by the phenotypic observation, 

as reflected by the more sever pollen hydration defect observed on the single-gene 

knockout mutant of PCP-Bγ than that of the PCP-Bδ (Wang et al., 2017), which suggests 

PCP-Bδ has become functionally less relevant to the ancestral function of regulating the 

pollen hydration efficiency. As for the newly identified PCP-Bε (At2g41415), the 

evolution pattern of which is rather curious as it differs from all other four members of 

PCP-Bs: In MKT test, the NI value (0.576<1) suggests the level of polymorphism 
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observed on population data is lower than neutral mutation expectation , which usually 

indicates selective sweep caused by positive selection; However, the frequency-based 

neutrality tests indicates an excess of intermediate-frequency and rare polymorphisms 

are observed in the population, which does not support a classical selective sweep model. 

Two possible explanations can thus be proposed for this curious phenomenon: 1) The 

observed phenomenon fits the model of the Dykhuizen-Hartl effect (Kimura, 1983), 

which suggests the PCP-Bε has recently gained beneficial mutation by random genetic 

drift under a previous relaxed selection, and the frequency of beneficial mutation in 

PCP-Bε allele is now increasing in the population due to the positive Darwinian 

selection, resulting in an ongoing selective sweep. 2) What we found here is the 

signature of a long-term balancing selection, which refers to the suite of adaptive forces 

that maintain the (advantageous) polymorphisms in alleles of selected genes within a 

population for long evolutionary times (Charlesworth, 2006b). Balancing selection 

could result from heterozygote advantage (also known as overdominance), one of the 

best examples is the polymorphism in the human β-globin gene which relates to the 

sickle-cell disease and malaria resistance (Allison, 1956). Other mechanisms of 

balancing selection include frequency-dependent selection, fluctuating selection, and 

pleiotropy (one gene influences two or more seemingly unrelated phenotypic traits) (De 

Filippo et al., 2016). Importantly, plant self-incompatibility (S) alleles are considered to 

subject to one of the strongest forms of balancing selection (Roux et al., 2013), as the 

S-haplotype-specific recognition between the pollen and the stigmatic component 

rejects the pollen that share the same S alleles with the pistil and favours pollen with 

rare alleles, such that the S-alleles are subject to negative frequency-dependent selection 

which generates balancing selection (Schierup and Vekemans, 2008). Clear signatures 

of balancing selection have been identified at S-locus and its flanking regions in 
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Arabidopsis and Brassica species (Glémin et al., 2005; Kamau and Charlesworth, 2005; 

Charlesworth, 2006a; Castric and Vekemans, 2007; Roux et al., 2013). Given that the 

nature of PCP-Bε protein is highly similar to the male S-determinant SCR/SP11 (small 

cysteine-rich secreted protein found in pollen coat), It is reasonable to assume that if 

PCP-Bε allele also fits into the paradigm of genes that subject to balancing selection, 

the putative recognition mechanism between PCP-Bε protein and its stigmatic receptor 

could also base on haplotype-specific binding similar to the SCR/SP11 and SRK. This 

also gives us a useful hint on the type of molecules that the potential stigmatic targets of 

PCP-Bε could be, which will be further discussed in the subsequent chapter. 
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Chapter 6 Work towards identifying putative stigmatic membrane-

localised stigmatic targets of PCP-Bs 

6.1 Introduction 

During pollination, the stigma plays a variety of crucial roles including discrimination 

of compatible and incompatible pollen, supply of stigmatic resources for pollen 

hydration and germination, and also provides guidance cues for the initial phases of 

pollen tube growth (Nettancourt, 2001; Zheng et al., 2018). In the Brassicaceae, the 

pollen-pistil interaction is regulated by complex cell-cell molecular communication 

mechanisms, amongst which the most extensively studied is the self-incompatibility (SI) 

system (Dickinson, 1995; Stahl et al., 1998; Kachroo et al., 2002; Hiscock and Tabah, 

2003; Takayama and Isogai, 2005; Samuel et al., 2009; Busch and Urban, 2011; Jany et 

al., 2018). In self-incompatible members of the Brassicaceae pollen rejection is 

mediated by interaction between the stigmatic plasma membrane-localised S-locus 

receptor kinase (SRK), and the pollen coating-borne determinant, S cysteine-rich protein 

(SCR/SP11) (Schopfer et al., 1999; Takasaki et al., 2000; Kusaba et al., 2001; Guo et 

al., 2011). Thus, SI serves as an important paradigm for the recognition events during 

pollination at the pollen-pistil interface and may provide clues to molecular mechanisms 

that underlie compatibility at both the intra and interspecific levels. However besides 

the well-studied SI recognition system and its down-stream components, other factors 

involved in the pollen–stigma interaction, especially those that contribute to the putative 

‘basal recognition’ events that govern compatible responses are still largely unclear. In 

previous sections, the great diversity of small cysteine-rich proteins present in the pollen 

coat of Brassicaceous species has been discussed and, given their characteristics, they 

make prime candidates for signalling molecules that may function in the pollen-stigma 

interaction. Although their individual roles in pollination can be explored through 
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mutational approaches there remains the question as to how potential compatibility 

factors such as the PCP-Bs bring about the appropriate stigmatic responses. Given what 

is known about activation of SI in the Brassicaceae it seems reasonable to assume that 

PCPs have stigmatic receptor targets that transduce information on pollen 

‘compatibility’. 

In plants, receptor-like kinases (RLKs) represent a superfamily of transmembrane 

proteins that consist of an N-terminal extracellular domain, a membrane-spanning 

region and a C-terminal intracellular kinase domain (Torii and Clark, 2000; Shiu and 

Bleecker, 2003). RLKs are responsible for sensing extracellular signals that leads to 

activation of the intracellular kinase domain and subsequent signal transduction through 

downstream pathways. Existing data reveals that plant RLKs have a prominent role in 

cell wall-related signal transduction that controls a wide range of physiological 

responses (Shiu and Bleecker, 2001; Dievart and Clark, 2004; Shpak et al., 2004; Torii, 

2004; Afzal et al., 2008; Greeff et al., 2012; Indriolo and Goring, 2012; Wolf, 2017; Ye 

et al., 2017). More than 600 genes encoding putative RLKs have been identified within 

the A. thaliana genome, which represents 60% of all the present kinases and accounts 

for nearly all transmembrane kinases in the species (Shiu and Bleecker, 2003). Based 

on features of their extracellular domains plant RLKs are classified into multiple 

subgroups with the major classes being  those with leucine-rich repeat (LRR), lectin, 

self-incompatibility locus (S-Locus), lysine motif (LysM), wall-associated kinase 

(WAK), tumour necrosis factor receptor (TNFR), PR5-like receptor kinase (PR5K), and 

receptor-like cytoplasmic kinase (RLCK) domains.The largest sub-group of the RLKs 

are those that possess a leucine-rich repeat (LRR) extracellular domain and are thus 

termed LRR-RLKs (Yin et al., 2002; Torii, 2004; Tor et al., 2009; Wolf, 2017). Plant 

LRR-RKs have been shown to have diverse roles including developmental and immune 
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responses,  steroid hormone signalling, plant defence and disease resistance, symbiosis 

and responses to abiotic stress (Jones and Jones, 1997; Gómez-Gómez and Boller, 2000; 

Bishop and Koncz, 2002; Kistner and Parniske, 2002; Dievart and Clark, 2004; Burkart 

and Stahl, 2017; Xi et al., 2019).  Around 220 LRR-RK genes have been found in the 

A. thaliana genome (Shiu and Bleecker, 2001) and most of these have been identified 

in papilla cell-specific RNA-seq datasets (Osaka et al., 2013). Nevertheless, to date most 

of the LRR-RLK proteins do not have clearly defined biological functions, and many 

have no known ligands or downstream intracellular targets (Mott et al., 2019).  

A growing body of research has demonstrated that cysteine-rich peptides (CRPs) are an 

important group of ligands that interact with plant LRR-RKs. LAT52, a CRP  secreted 

by tomato pollen interacts with the pollen LRR-RK receptor kinase LePRK2 (Tang et 

al., 2002), to regulate pollen germination and polarized tube growth (Kaothien et al., 

2005; Zhang et al., 2008). Moreover, LePRK2 has also been found to interact with a 

stigmatic CRP LeSTIG1, which can displace the binding of LAT52 (Tang et al., 2004). 

In A. thaliana, a small secreted CRP called TAPETUM DETERMINENT1 (TPD1) is 

found to directly bind the extracellular domain of EXCESS 

MICROSPOROCYTES1/EXTRA SPOROGENOUS CELLS (EMS1/EXS) (Jia et al., 

2008), a LRR-RK X family receptor that controls anther wall tapetum cell fate 

specification (Zhao et al., 2002). More recently, it has been shown that LUREs, a group 

of defensin-like (DEFL) CRPs that play an essential role in pollen tube guidance towards 

the ovule (Takeuchi and Higashiyama, 2012) function through direct binding to the 

extracellular LRR domain of the pollen-specific receptor-like kinase 6 (PRK6) 

(Takeuchi and Higashiyama, 2016; Zhang et al., 2017).  To date there have been no 

reports of pollen coating-borne CRPs functioning as ligands for stigmatic papilla 

membrane-specific LRR-RKs. However it is nonetheless reasonable to speculate that 
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the putative targets of cysteine-rich pollen coat proteins (PCPs) are likely to include 

LRR-RKs, given the fact that there are now numerous examples of this class of receptor 

interacting with various CRPs.   

Previously, several attempts have been made to identify the putative stigmatic plasma-

membrane binding target of AtPCP-Bs and failed (Wang, 2017). Traditional yeast-2-

hybrid approach used in previous studies has been considered inappropriate for detecting 

extracellular ligand-receptor interactions (Van Criekinge and Beyaert, 1999). 

Furthermore, ligand blotting approaches like far-western blotting require target samples 

separated on SDS-PAGE/PAGE and may therefore not maintain the native 3-

dimensional protein structure. In previous performed pull-down assays, the stigmatic 

membrane fractions were isolated using traditional membrane preps that involves 

treatment by detergent, during which the isolated membrane proteins have a high 

tendency to misfold, hampering the detection for any protein-protein interaction. Thus, 

a new technique that can isolate membrane proteins without disrupting their native lipid 

environment is needed. 

In this chapter preliminary data is presented on the development of a new approach to 

identify putative stigmatic plasma membrane-localised receptors for AtPCP-Bs by 

utilising styrene maleic acid lipid particles (SMALPs) (Dörr et al., 2014; Teo et al., 

2019).  Styrene maleic acid (SMA) copolymers have the ability to efficiently form disc-

shaped nanostructures from intact lipid bilayers, thus retaining membrane components 

such as transmembrane receptors in their native environment (Dörr et al., 2014). Over 

the methods detailed above this new methodology should maximise the chance of 

replicating near in vivo conditions for pollen-stigma protein-protein interactions.  

Successful heterologous expression of AtPCP-Bε in E. coli is reported along with 

validation of plasma membrane SMALP production from A. thaliana leaf and stigma 
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samples. Recombinant His-tagged AtPCP-Bεs immobilised onto His Mag Sepharose Ni 

magnetic beads as ‘bait’ will ultimately be used in pull-down assays targeting stigmatic 

SMALP preparations followed by mass spectrometry to identify putative PCP-B 

receptors. Unfortunately, due to time constraints full pull-down assays were not 

completed in time for inclusion in this thesis. 

6.2 Results 

6.2.1 Cloning of PCP-Bε into pET-32a(+) vector 

The protein coding sequence of AtPCP-Bε excluding the signal peptide encoding region 

was cloned from A. thaliana floral cDNA into pJET1.2/blunt cloning vector. The 

truncated AtPCP-Bε was then cloned into pET-32a(+) by restriction digestion and then 

ligation. Colony PCR was performed to identify colonies that carried the gene of interest 

(Figure 6.1). The sequence integrity of the insert was verified by sequencing (see 

Appendix 1.4). 

 

Figure 6.1: Colony PCR for transformed Rosetta-gami B (DE3) cell in detection of pET-
32a:AtPCP-Bε structure. Lane 1 showed empty pET-32a plasmids, expecting to be ~682bp in 
length. Lane 2 represents pET-32a:AtPCP-Bε construct which is expecting to be 773bp. 
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6.2.2 Heterologous expression and affinity column purification of recombinant 

AtPCP-ε from E. coli  

The cloned AtPCP-Bε was expressed in the Rosetta-gamiB (DE3). The expression of 

AtPCP-Bε was carried out for five hours at 37°C. Following induction by IPTG, cells 

were harvested and lysed and the recombinant proteins purified from the soluble fraction 

of lysates using the ÄKTA start chromatography system and HisTrapTM FF nickel-ion 

prepacked columns. The chromatograms showed a peak of recombinant proteins elution 

using 50% elution buffer (HisB buffer) (see Figure 6.2) The eluted protein was further 

verified by SDS-PAGE analysis of each fraction (Figure 6.3) 

 

 

 

Fig. 6.2 Chromatogram of immobilised metal affinity chromatography (IMAC) Protein 
purification was performed on an ÄKTA™ start chromatography system using HisTrap™ FF 
columns. Blue line represents the built-in UV and pink line is the concentration of HisB buffer 
applied. The flowthrough volume is denoted in y-axis. The peak showing at around 33 ml 
(marked by red arrow) indicated the recombinant protein. The elution buffer concentration is 
around 50% at the peak. 
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Fig. 6.3 SDS SDS-PAGE analysis eluted fraction. Samples were run on 12% Tris glycine gel 
and stained with commassie Blue stain. The protein of interest (estimated to be 25kDa in size) 
is shown at lane T15 and T16. 

 

The recombinant fusion proteins were concentrated and using Amicon® Ultra-15 

Centrifugal Filter Units with a molecular weight cut-off (MWCO) of 10KDa and  buffer 

exchanged before cleaved by enterokinase. After cleavage the proteins were verified by 

SDS-PAGE (Fig.6.4)   

 

 

Fig. 6.4 SDS-PAGE analysis of proteins cleavage. Samples were run on 16.5% Tris glycine 
gel and stained with commassie Blue stain. CP: the cleaved protein of interest (estimated to be 
7kDa in size, however it is observed at around 10-15 kDa range, as stated by Wang (2017); The 
phenomenon is likely to be caused by the formation of oligomer of PCP-B protein due to the 
choice of expression bacterial strain that unintentionally promote disulphide bond formation 
between individual target proteins (Bornhorst and Falke, 2000). 
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Plant plasma membrane fraction extraction in SMA nanodisc.  

In order to avoid the using of detergent which is common in standard membrane protein 

extraction protocols and usually leads to the loss of protein tertiary structure, In this 

study we have developed and optimised a protocol using styrene-maleic acid (SMA) 

copolymers which can spontaneously self-insert in between the lipid bilayer (Dorr et al., 

2014) to isolate the plasma membrane and retain the membrane proteins in plasma 

membrane nanodiscs. One of the most prominent advantages of using SMA lipid 

particles (SMALPs) to extract the membrane protein is the creating of a near-native lipid 

environment for in vitro protein-protein interaction. 

The feasibility of the protocol is verified by performing western-bloting on the extracted 

membrane microsomal fraction (MPs) with anti-plasma membrane H+ATPase antibody. 

The H+ATPase has been used as an effective plasma membrane marker widely in plants 

(see introduction and method part). Signal of plasma membrane H+ATPase was detected 

in the microsomal protein fractions (MPs) and insoluble materials (Fig. 6.3). This proved 

the feasibility and efficiency of our newly developed plant membrane protein extraction 

protocol using SMALP. 
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Fig. 6.3: Immuno-boltting to detect plasma membrane H+ATPase following membrane 
extraction Plasma membrane H+ATPase was detected with Rabbit anti-H+ATPase antibody 
(Agrisera). TP, the total protein fraction in the supernatant after centrifuging the homogenised 
sample at 5,000 x g; SP, the soluble protein fraction in the supernatant after the first 
ultracentrifugation at 134,275 x g; MP, microsomal protein fraction (supernatant) after the 
second ultracentrifugation at 134,275 x g; ISM, insoluble material (resuspended pellet). 
Footnote s: SMA (1.5% v/v) treated; t : SMA (0.75% v/v) then Triton X-100 (0.5% v/v) treated. 
In between the two ultracentrifugations, pellet from the first spin was resuspended in membrane 
solubilisation buffer that consists of either 1.5% v/v SMA (-s), or 0.75% v/v SMA with 0.5% 
v/v Triton X-100 (-t).  

 

6.3 Discussion 

In summary, this pilot study has demonstrated that the recombinant AtPCP-Bε protein 

can be heterologously expressed utilising the pET-32a (+) vector system and Rosetta-

gami B (DE3) cells in a highly efficient manner, providing a stable source of soluble 

target proteins to be used as “bait” in the future pull-down assays. Furthermore, the 

experiment has demonstrated that A. thaliana leaf total microsomal membrane can be 

successfully extracted using styrene-maleic acid (SMA) copolymer, proving that SMA-

lipid particles (SMALP) technique can be applied with plant plasma membrane to 

achieve a detergent-free solubilisation of biological membrane and isolate membrane 

TP SP MPs MPt ISMs ISMt 

100 kDa 
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proteins together with their native surrounding lipid environment. The development of 

this protocol is essential for the conduction of the future in vitro protein-protein 

interaction pull-down assay which will be conducted by PhD Yu Lau of Doughty Lab, 

University of Bath.  
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Chapter 7 General Discussion 

Recent decades have seen increased evidence showing the crucial roles that the pollen 

coat-borne factors play during plant sexual reproduction especially during post-

pollination and pre-zygotic regulations (see Chapter1). Importantly, multiple small 

pollen coat-borne proteins have been identified to act as molecular regulators of pollen-

stigma compatibilities, among which the best-known is SCR, being the male 

determinant of self-incompatibility SI in Brassicaceae (Schopfer et al., 1999). 

Additionally, two distinct groups of cysteine-rich peptides (CRPs): PCP-As and PCP-

Bs have been identified by the previous work in the Doughty lab (Doughty et al., 1998; 

Wang et al., 2017) and PCP-Bs have been found to be a potentially important regulators 

of pollen hydration (Wang, 2017). Previous work done by Dr Ludi Wang in the Doughty 

lab focusing on the proteins extracted from pollen coat of A.thaliana using mass 

spectrometry (MS) analysis has generated 3 data sets containing a large number of 

uncharacterized proteins and peptides. Among these newly discovered proteins/peptides 

with a molecular weight below 15 kDa, most of them were found to be cysteine-rich 

peptides (CRPs), which are characterised by their hypervariability around conserved 

cysteine backbone motifs, a key feature shared by proteins of PCP-A and PCP-B 

families identified and studied by previous research in the Doughty lab.  In this research, 

I focused on characterising and annotating these newly identified CRPs with the aim of 

finding potential regulator(s) of the putative ‘basal’ recognition mechanism during the 

early stage of pollination. 

Among the 48 newly identified CRPs in our pollen coat proteomes, more than 1/3 (11) 

were found to be plant defensin-like (DEFL) proteins, characterized by their N-terminal 

signal peptide, γ-core and a cysteine-stabilised αβ (CSαβ) motif that forms thermostable 

pseudo-cyclic structure (Lay and Anderson, 2005; Silverstein et al., 2005b).  Protein 
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alignment and phylogenetic analyses showed that these newly identified pollen coat 

CRP proteins share a similar cysteine residue pattern with PCP-A1, previously identified 

from Brassica oleracea (Doughty et al., 1998). Members of DEFLs were initially 

reported as a component of the plant innate immune system, which act against fungal 

pathogens.  It has been found that DEFLs are extensively expressed in flowers and seeds 

(Silverstein et al., 2007). One example is BAP2, a member of the BASAL LAYER 

ANTIFUNGAL PROTEIN (BAP) family which exhibit inhibitory activity to fungal 

growth, was found to be specifically transcripted in the basal endosperm transfer layer 

(BETL) cells and later deposited in the placentochalaza cells of the pedicel (Serna et al., 

2001; Li et al., 2014). Also, it has been reported that the majority of DEFLs are detected 

in immature and mature ovaries (Li et al., 2014) and also in pollen and silk. The 

relationship between DEFLs and its specificity towards reproductive tissues seems 

evident: that the nutrient-rich structures such as endosperm and embryo would require 

more protection against pathogen invasion to avoid depleting the precious reproductive 

materials which is essential for maintaining fertility.  However, more evidence is 

suggesting that besides pathogen-defence, the DEFLs possess other roles which could 

involve in direct regulation of reproduction process (Bircheneder and Dresselhaus, 

2016). For example, ZmES1-4 is a DEFL which possess anti-fungal activity but also 

promotes the burst of pollen tube tip to release sperms cells (Woriedh et al., 2015). The 

abundance of DEFLs among the pollen coat proteins suggests that some reproduction-

related CRPs, especially for DEFLs and SCRLs could be evolutionally related to ancient 

defensive peptides that act to protect reproductive organs from pathogen attack. This 

also suggests that reproduction-related CRPs are evolving rapidly and many could have 

experienced neofunctionalization or subfunctionalization. 
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It has been well established that rapid recognition of compatible pollen by the stigmatic 

papillae is a key regulative step in early pollen-stigma interactions of Brassicaceae, 

which leads to the activation of exocyst complex-mediated membrane trafficking in the 

stigmatic papilla that permits pollen hydration (Samuel et al., 2009; Safavian and 

Goring, 2013; Safavian et al., 2015; Goring, 2018). Several members of Arabidopsis 

PCP-B family protein including AtPCP-Bα, AtPCP-Bβ, AtPCP-Bγ, and AtPCP-Bδ have 

been previously identified as regulators of this early pollen-stigmatic recognition event. 

In this project a newly identified member of PCP-B protein, namely AtPCP-Bε, is 

revealed to be a strong candidate for the key signals from the pollen coat for compatible 

pollen recognition. The phenotypic study of pcp-b mutant lines demonstrated that PCP-

Bε plays a more essential role than other PCP-Bs in the regulation of pollen hydration. 

Additionally, study of macroevolution by phylogenetic analysis provided interesting 

insights into the evolution history of the of the PCP-B-like protein-encoding genes in 

Brassicaceae, suggesting a complex birth-and-death model of evolution accompanied 

by speciation events. Furthermore, the study of microevolution empowered by 

population genetics revealed that PCP-B encoding genes are evolving under different 

selective pressures, suggesting divergence of functions among different PCP-B proteins, 

which might help explain the different level of influence on pollen hydration induced 

by knocking out different PCP-B genes. The most intriguing finding is PCP-Bε appears 

to be under a long-term balancing selection, which is usually found on the loci that 

favour the maintenance of genetic diversity overtime; signatures of balancing selection 

has been found on self-incompatibility loci of plants and fungi (Vekemans and Slatkin, 

1994; Wu et al., 1998), plant disease resistance genes (Van der Hoorn et al., 2002; Gos 

et al., 2012) and genes contributes to adaptation to divergent habitats in Arabidopsis 

thaliana and its relative Capsella rubella  (Wu et al., 2017), and almost all known loci 
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under balancing selection are of critical importance for the fitness of organisms. This 

indicates 1) the presence of PCP-Bε in pollen coat could impose considerable beneficial 

effects on plant fitness or reproductive success, hence the PCP-Bε gene is maintained in 

the genome over long periods of time. 2) the selective maintenance of diversity on PCP-

Bε loci probably suggest a co-evolutionary interaction between the PCP-Bε ligand and 

its receptor, which is similar to the ‘arms race’ model for the interactions between plant 

resistance (R) genes and pathogens (Van der Hoorn et al., 2002).  

The pollen-stigma interaction has been regarded as the very first ‘checkpoint’ in pollen 

selection (Goring, 2018). As previously discussed in Chapter4, 4.3.4, PCP-Bs could be 

considered as gametophytic-borne factors that control pollen selection by affecting 

pollen competition ability. Since Mulcahy (1979) suggested the importance of 

gametophytic selection in the evolutionary progress of angiosperms, the idea of using 

gametophytic selection in plant breeding to select for advantageous traits that present in 

both the gametophyte and the resulting sporophyte has been developed over time 

(Ottaviano and Mulcahy, 1986; Hormaza and Herrero, 1996a); It has been demonstrated 

by a number of research that a positive correlation exists between pollen pollen tube 

growth rate and the offspring vigour (Mulcahy and Mulcahy, 1975; Snow, 1986; Winsor 

et al., 1987; Ottaviano and Sari-Gorla, 1993) suggesting the genes that control pollen 

competition ability could also regulate several sporophytic traits such as seed dry 

weight, seedling weight, number of seeds per fruit, and root growth (Hormaza and 

Herrero, 1996b). It would be interesting for future work to investigate the potential 

correlation between the PCP-B regulated pollen hydration rate and offspring vigour by 

comparing the sporophytic traits such as seed dry weight and number of seeds per silique 

on the offspring produced by wild-type plants pollinated by pcp-b mutant line pollens, 

and compare them with the offspring of the WT pollen donors.  
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One of the factors that should not be ignored when studying pollen competition in 

angiosperms species is the choice of mating strategy: It has been long established that 

frequent inbreeding leads to the purging of recessive deleterious alleles and reduces 

populations' genetic diversity whereas outcrossing promotes genetic diversity yet allows 

the maintenance of recessive deleterious alleles (Clo et al., 2019; Glémin et al., 2019). 

This leads to the well-known phenomenon of inbreeding depression in outcrossing 

populations, which can be caused by increase of the frequency of individuals expressing 

deleterious mutations that are present at low frequencies in populations through selfing 

(Charlesworth and Willis, 2009) A. thaliana, though long being known as an 

predominantly selfing species, possess an outcrossing rate estimated to be at around 1 

to 3% (Abbott and Gomes, 1989; de la Chaux et al., 2012). It has been proposed by 

Armbruster et al. (2014) that in predominant selfing plant populations that have mixed 

mating systems the genetic load hidden as recessive alleles might be still sufficient to 

cause inbreeding depression; the same research also suggest pollen competition can 

reduce the cost of inbreeding through reduction of the genetic load of recessive 

deleterious alleles prior to fertilization (Armbruster and Gobeille Rogers, 2004). Thus, 

PCP-B proteins could also be considered as factors that mitigate inbreeding depression 

by reducing the frequency of recessive deleterious alleles involved in fertilization. 

To summarize, this PhD project provided exciting new insights into the regulation of 

early stages of pollination and molecular basis of the pollen-stigma compatibility in 

Arabidopsis thaliana.  More widely, the research could lead to a better understanding of 

pollen competition and gametophytic selection and could be of help to the development 

of new tools for plant breeding and crop improvement. Further ahead a study to identify 

putative PCP-B stigmatic target(s) will be carried out to understand the help shed light 

on downstream targets that contribute to regulation of pollen hydration. 
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Appendix 1 Supplementary data for Chapter 2 

Table S1.1 All Arabidopsis thaliana T-DNA insertion mutant lines used in this study 

 

Group Gene T-DNA Insertion line 

1 
PCP-A 

At4g29305 FLAG_513C03  

At2g28355 SALK_026984  

SALK_045916  

At2g02140 SALK_013954  

SALK_151547  

At4g09984 SALK_081215  

SALK_021923  

At1g61070 SALK_029486  

SALK_138431  

At4g10603 GABI_706F12 

At4g11760 SALK_003342 

SALK_039281  

At2g15535 GABI_229E04 

At2g25344 SAIL_895_A01 

At3g25265 SALK_144256  

At2g43520 SAIL_1157_G04  

At2g22941 SALK_122152  

At2g28405 SAIL_887_E01  

At2g43530 SAIL_672_C08 

GABIseq_451C05.1 

At1g28335 FLAG_534D08 

At5g48543 SALK_046646C  

At3g43083 SALK_108371.42.00.x 

2 
nsLTP-like 

At1g66850 SALK_018008  

SAIL_302_F02  

At1g18280 SALK_010531C  

At4g33355 GABI_516C09 

At5g62080 FLAG_256E03  

At5g52160 SALK_125211  

At5g07230 FLAG_423F09  

At5g59310 GABI_194C08  

At3g11825 SAIL_76_A09  

At3g01328 SALK_105887C 

3 
SCR-like 

At4g32714 SALK_116084  

At4g32717 SALK_008400  

SALK_082543c  

At1g08695 GABI_741B11 

SALK_125492  



173 
 

At4g10115 GABI_685H03  

At2g06983 FLAG_032E05  

At4g14785 GABI_845D01 

SALK_010204 

At3g27503 FLAG_290H07 

At4g33465 SAIL_274_H12  

At5g45875 SALK_089063  

At1g65113 (SCRL2) SALK_205769  

SALK_063133  

4 
PCP-B 

At2g16505 GABI_718B04 

At2g16535 SALK_072366 

At2g41415 FLAG_228A11 

At2g29790 SALK_062825 

At5g61605 SALK_20787 

5   
GASA 

At5g59845 SALK_069921  

SALK_106035  

SALK_010865C  

At2g18420 SALK_112562  

At5g60615 SAIL_201_C11  

6  
SUEL lectin 

At3g53065 SAIL_178_H09  

At3g53075 SALK_118545.38.10.  

At2g19000 SAIL_775_A02.C  
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Figure S1.1 T-DNA insertion locations of the pcp-b mutants. 3’and 5’ UTR and untranscribed 
regions are indicated by white boxes; black boxes represents exons; horizontal lines represents 
introns, triangles indicates T-DNA insertion sites. LB and RP indicate the location of left 
border and right border primers used in the confirmation of T-DNA insertions. Short arrows 
indicate the locations of primers used in RT-PCR for the conformation of gene knockouts. 
PCP-B mutant lines are and corresponding genes as follows: SALK_207087, pcp-bα; 
SALK_062825, pcp-bβ; SALK_072366, pcp-bγ; GABI_718B04, pcp-bδ.  
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Table S1.2 Primers used for DNA amplification and PCR 

 

 

 

 

 

 

 

 

 

 

 

Gene Line 
Gene-Specific Forward 

Primer 
Gene-Specific Reverse 
Primer 

Tm 
(°C) 

At5g61605 
(AtPCP_Bα) 

SALK_207087 GTTATGCCAATTCCAAAAGGC TGCCTCTTCATGATTTTCCTC 50 

At2g29790 
(AtPCP-Bβ) 

SALK_062825 TTGAAATCCGAACCTGATTTG TCTTATGGGGTTTTTGTGCAG 49 

At2g16535 
(AtPCP_Bγ) 

SALK_072366 TCCGTGGACTTGTGGTATACC 
TTTCTTAATTCCTTAGTGGAGCT
TG 

50 

At2g16505 
(AtPCP_Bδ) 

CRISPR GGATCACCATATAACAAAAAC
CAC 

GTAGACCGCAACATACTCTG 50 

At2g41415 
(AtPCP_Bε) 

FLAG_228A11 TGGACATTGAAGTTTCTTGGG CATAATGGCTACGATTCCACC 51 

T-DNA insertion  T-DNA insertion left border primer  
Tm 
(°C)  

SALK insert LBb1.3 ATTTTGCCGATTTCGGAAC 53 

FLAG insert Tag5 CTACAAATTGCCTTTTCTTATCGAC 54 

Gene Line RT_PCR Forward Primer RT_PCR Reverse Primer 
Tm 
(°C) 

At5g61605 
(AtPCP_Bα) 

SALK_207087 TGCCTCTTCATGATTTTCCTCGTTCC TTTATCAAGAAAACAGGTCCTCGG 53 

At2g29790 
(AtPCP-Bβ) 

SALK_062825 GTAGTTTCTCTCGTTCCTCATGG CGGTTGCAGACAGCCACACAC 53 

At2g16535 
(AtPCP_Bγ) 

SALK_072366 CATCATCCTCATTTCTTCATTTCC TTGCAGTCAGCAACACATTCTG 49 

At2g16505 
(AtPCP_Bδ) 

CRISPR ACCATCAAGAAAACAAAACG GTAGACCGCAACATACTCTG 47 

At2g41415 
(AtPCP_Bε) 

FLAG_228A11 ATCATCCCATGCATATCTCG CGTTTTGGGACAGCAATAAC 50 
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Figure S1.2 CRISPR gRNA guide sequences targeting different sites across intron and exon 
region of At2g16505 picked by CRISPR-P 2.0 

 

guide sequence F1: TATGATTATGTGACTGTAGAGG 

snoRNA promoter U6 

5'-CACCGTATGATTATGTGACTGTAGAGG-3' 
     3'-ATACTAATACACTGACATCTCCCAAA-5' 

number of off-target sites: 75 

 

 

 

 

guide sequence F2: ATTGTAGCACCTATTCCTAGGG 

snoRNA promoter U6 

5'-CACCGATTGTAGCACCTATTCCTAGGG-3' 
     3'-TAACATCGTGGATAAGGATCCCCAAA-5' 

number of off-target sites: 17 
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guide sequence R1: GGCTGACTGCAAACTTTGAAGG 

snoRNA promoter U6 

5'-CACCGGGCTGACTGCAAACTTTGAAGG-3' 
     3'-CCGACTGACGTTTGAAACTTCCCAAA-5' 

number of off-target sites: 19 

 

 

 

 

 

guide sequence R2: AAAAGTGTTGAATCGAACAAGG 

snoRNA promoter U6 

5'-CACCGAAAAGTGTTGAATCGAACAAGG-3' 
     3'-TTTTCACAACTTAGCTTGTTCCCAAA-5' 

number of off-target sites: 126 
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Figure S1.3 (a) Design of dual gRNA expression cassettes  (b)The structure of the final 
CRISPR construct. 

 

 

 

 

 

 

 

 

(a) 
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(b) 
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Table S1.3 All primers used in constructing dual gRNA expression cassettes 

 

 

 

 

 

 

 

 

 

 

Table S1.4 All primers designed for CRISPR PCR genotyping and sequencing  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

    Primer                                         Sequence 
Tm  
(°C) 

Primer DT1-BsF_1 ATATATGGTCTCGATTGTATGATTATGTGACTGTAGGTT 61 

Primer DT1-F0_1 TGTATGATTATGTGACTGTAGTTTTAGAGCTAGAAATAGC 60 

Primer DT1-BsF_2 ATATATGGTCTCGATTGATTGTAGCACCTATTCCTAGTT 63 

Primer DT1-F0_2 TGATTGTAGCACCTATTCCTAGTTTTAGAGCTAGAAATAGC 63 

Primer DT2-R0_1 AACTCAAAGTTTGCAGTCAGCCCAATCTCTTAGTCGACTCAC 69 

Primer DT2-BsR_1 ATTATTGGTCTCGAAACTCAAAGTTTGCAGTCAGCCCAA 67 

Primer DT2-R0_2 AACTGTTCGATTCAACACTTTTCAATCTCTTAGTCGACTCAC 65 

Primer DT2-BsR_2 ATTATTGGTCTCGAAACTGTTCGATTCAACACTTTTCAA 63 

Primers Sequence Tm (°C) 

AT2G16505_SEQ_F1 GGATCACCATATAACAAAAACCAC 55 

AT2G16505_SEQ_F2 CACAATGTACGGCTGACTGC 60 

AT2G16505_SEQ_R1 TCGATTCAACACTTTTTCCA 52 

AT2G16505_SEQ_R2 TCTCTCAAGCGAAAAACTCTGA 57 

AT2G16505_SEQ_R3       TGTTTTGGCCTGCTCAACTA 58 

AT2G16505_SEQ_R4       ACATACGTAAACGCTGATCAAG 56 

U6-26p-F TGTCCCAGGATTAGAATGATTAGGC 59 

U6-29P-F TTAATCCAAACTACTGCAGCCTGAC 60 

U6-29P-R AGCCCTCTTCTTTCGATCCATCAAC 62 

Amplification Primer_F1 ACGTTAACCATACTATTAGCACGT 58 

Amplification Primer_R1 AACGGATGATAACGGACGTT 57 

RT-PCR primer_F1 ACCATCAAGAAAACAAAACG 55 

RT-PCR primer_R1 GTAGACCGCAACATACTCTG 53 
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Figure S1.4 The CRISPR constructs in transformed competent E. coli DH5alpha cells is 
verified by enzyme digestion using restriction enzyme NcoI and HindIII, the product length is 
estimated to be around 1200 bp. The result shows four combinations of double gRNA 
construct (F1R1,F1R2, F2R1, F2R2)  for the dual gRNA expression cassettes were 
transformed into the competent E.coli. 

 

 

 

 

 

 

Figure S1.5 Detection of CRISPR-Cas9 induced deletion in T2 plants by PCR amplification. 
The gene-specific forward and reverse primers are designed to flank the upstream and 
downstream of the edited areas, which covers a 584 bp region, homozygous mutants were 
identified by a single band showing 92bp deletion. Ho, homozygous mutant; Ht, heterozygous 
mutant; WT, wild-type plant. 
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1.2 Raw data of sequencings and alignments for CRISPR edited T2 plant. 
Alignment with genomic DNA of AT2G16505 showing a 92 bp deletion in the coding 
region of the gene.  

EF00135468_F2R2_5  

AAGGTACTAGCTATGCCTTCAAAGTTTGCAGTCAGCCGTACATTGTGATCTGCTATTGTAGCACCTATT
CTCGATTCAACACTTTTTCCATTTTCACCTATACAAAAAGAAGTAACACAATCATTTGGAAAAATACAG
ATTATGAAAATATGATTATGTGACTGTAGAGGTGATGATGATTAAAAGA 

Reverse complementary strand: 
TCTTTTAATCATCATCACCTCTACAGTCACATAATCATATTTTCATAATCTGTATTTTTCCAAATGATTGT
GTTACTTCTTTTTGTATAGGTGAAAATGGAAAAAGTGTTGAATCGAGAATAGGTGCTACAATAGCAGA
TCACAATGTACGGCTGACTGCAAACTTTGAAGGCATAGCTAGTACCTT 

 

EMBOSS_001       701 TTTCTTTCTTTCCTCTTCATGAATGTATGCATATATATTTTATTTTACTT    
750 
                                                                   .||| 
EMBOSS_001         1 ----------------------------------------------TCTT      
4 
 
EMBOSS_001       751 TTAATCATCATCACCTCTACAGTCACATAATCATATTTTCATAATCTGTA    
800 
                     |||||||||||||||||||||||||||||||||||||||||||||||||| 
EMBOSS_001         5 TTAATCATCATCACCTCTACAGTCACATAATCATATTTTCATAATCTGTA     
54 
 
EMBOSS_001       801 TTTTTCCAAATGATTGTGTTACTTCTTTTTGTATAGGTGAAAATGGAAAA    
850 
                     |||||||||||||||||||||||||||||||||||||||||||||||||| 
EMBOSS_001        55 TTTTTCCAAATGATTGTGTTACTTCTTTTTGTATAGGTGAAAATGGAAAA    
104 
 
EMBOSS_001       851 AGTGTTGAATCGAACAAGGCAATGAAACCAGTTTGCATGCCAGTGAATTG    
900 
                     |||||||||||||                                      
EMBOSS_001       105 AGTGTTGAATCGA-------------------------------------    
117 
 
EMBOSS_001       901 CAACAATAAAGACAAAAAACTCACTTGTGCTTGTTGTATCGGGGCCAACC    
950 
                                                                        
EMBOSS_001       118 --------------------------------------------------    
117 
 
EMBOSS_001       951 CTAGGAATAGGTGCTACAATAGCAGATCACAATGTACGGCTGACTGCAAA   
1000 
                         |||||||||||||||||||||||||||||||||||||||||||||| 
EMBOSS_001       118 ----GAATAGGTGCTACAATAGCAGATCACAATGTACGGCTGACTGCAAA    
163 
 
EMBOSS_001      1001 CTTTGAAGGCATAGCTAGTTACCTCCACTAAGGAATTAAAAAACTTGATC   
1050 
                     |||||||||||||||||| |||||.                          
EMBOSS_001       164 CTTTGAAGGCATAGCTAG-TACCTT-------------------------    
187 

 

 



182 
 

Gene Cloning 

Table S1.5 Primers for gene cloning of AtPCP-Bε 

Primer Sequence 

Transcript specific forward cloning 

primers 

TATATCCATGGGCGTGAGGTTAGAAAGATCGAACA 

Transcript specific reverse cloning primers TATAACTCGAGAAGTTTGAGATTGACAATAGGTGG 

GAPC Forward TCAGACTCGAGAAAGCTGCTAC 

GAPC Reverse GATCAAGTCGACCACACGG 

T7 primers forward CCCGCGAAATTAATACGACTCAC 

T7 primers reverse CTAGTTATTGCTCAGCGGT 

 

1.3 Gene structure of AtPCP-Bε 

At2g41415(PCP-Bε) Transcript 

MKSSHAYLVCILLLSLFSLHQCVRLERSNKIDMSVCVHEICGGVFDGGCYCCPKTPALCWADIQFCTTYCQSQ
T 

  0            WY                                      R           3 
  1 GTTACAACAACNNACAAAGATAACTAAATAGCACATATTCATATCCTACAANACATTCAA  60 
    ............................................................     
    ............................................................     
 
  0    M              K M       Y      W     R                     6 
 61 ACCNTGAAATCATCCCATNCNTATCTCGNCTGCATNCTGTTNCTCTCTCTATTTTCTCTA 120 
    ...ATGAAATCATCCCATGCATATCTCGTCTGCATACTGTTGCTCTCTCTATTTTCTCTA  57 
    ...-M--K--S--S--H--A--Y--L--V--C--I--L--L--L--S--L--F--S--L-  19 
 
  0               R  W               R        Y    W               5 
121 CATCAATGTGTGAGNTTNGAAAGATCGAACAAANTCGATATGNCTGTNTGCGTCCATGAA 180 
 58 CATCAATGTGTGAGGTTAGAAAGATCGAACAAAATCGATATGTCTGTATGCGTCCATGAA 117 
 20 -H--Q--C--V--R--L--E--R--S--N--K--I--D--M--S--V--C--V--H--E-  39 
 
  0                            W    W                              2 
181 ATTTGCGGTGGTGTTTTCGACGGAGGCNGTTANTGCTGTCCCAAAACGCCAGCTCTTTGC 240 
118 ATTTGCGGTGGTGTTTTCGACGGAGGCTGTTATTGCTGTCCCAAAACGCCAGCTCTTTGC 177 
 40 -I--C--G--G--V--F--D--G--G--C--Y--C--C--P--K--T--P--A--L--C-  59 
 
  0                     Y             W                **    Y     3 
241 TGGGCAGACATACAATTCTGNACCACCTATTGTCNATCTCAAACTTAAAACNNTAAANAA 300 
178 TGGGCAGACATACAATTCTGCACCACCTATTGTCAATCTCAAACTTAA............ 225 
 60 -W--A--D--I--Q--F--C--T--T--Y--C--Q--S--Q--T--*-............  74 
 
  0  B R     R     **      Y     W   Y                             6 
301 ANTNATCTGNAGCTANNGTTGTTNCATTTNAAANCTACACCTATTGTCATTTATGTTTGC 360 
    ............................................................     
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    ............................................................     
 
  0             R                                                  1 
361 ATCTGTTTGTCANCGAGAATACTCCTAAACGTCTTGAGGTTTAACGAGAGTACTCCTAAA 420 
    ............................................................     
    ............................................................     
 
  0 MM                          K                Y           R     5 
    NNTCTTGAGGTTTAAAGATCTTTTGAAANCATGTTGAGGTGGAATNGTAGCCATTATNTA 478 
    ............................................................     
    ............................................................     
 
  0                             WW                     K           3 
479 TTTCCTTAGTTTACAAGTAATATACCATNNTATTTGTTTTGATGTTTTTCTNTTGTAGAA 538 
    ............................................................     
    ............................................................     
 
  0                     M                              M Y         3 
539 TCGGGGAATCTCATAAATTCNGACTTATTGAGACTTGTTATAAGACGGGTANTNTTGTCA 598 
    ............................................................     
    ............................................................     
 
  0         K  M             RW  R R                       K       7 
599 TTAAAAACNTCNAGATGCCTACAATNNTTNANGTCATAATAGAAAGATTCGAAACNATCT 658 
    ............................................................     
    ............................................................     
 
                                                                     
659 ATTCT                                                        663 
    .....                                                            
    .....                                                            

 

 

GTTACAACAACTCACAAAGATAACTAAATAGCACATATTCATATCCTACAAGACATTCAAACCATGAA
ATCATCCCATGCATATCTCGTCTGCATACTGTTGCTCTCTCTATTTTCTCTACATCAATGTGTGAGGTTA
GAAAGATCGAACAAAATCGATATGTCTGTATGCGTCCATGAAATTTGCGGTGGTGTTTTCGACGGAG
GCTGTTATTGCTGTCCCAAAACGCCAGCTCTTTGCTGGGCAGACATACAATTCTGCACCACCTATTGTC
AATCTCAAACTTAAAACCTTAAATAAACTGATCTGGAGCTATAGTTGTTCCATTTTAAACCTACACCTAT
TGTCATTTATGTTTGCATCTGTTTGTCAACGAGAATACTCCTAAACGTCTTGAGGTTTAACGAGAGTAC
TCCTAAACCTCTTGAGGTTTAAAGATCTTTTGAAAGCATGTTGAGGTGGAATCGTAGCCATTATGTATT
TCCTTAGTTTACAAGTAATATACCATAATATTTGTTTTGATGTTTTTCTGTTGTAGAATCGGGGAATCTC
ATAAATTCAGACTTATTGAGACTTGTTATAAGACGGGTACTCTTGTCATTAAAAACGTCCAGATGCCTA
CAATGATTGAAGTCATAATAGAAAGATTCGAAACGATCTATTCT 

 

 

E.coli (pJET) cloning primer 

Forward: TTATATCCATGGGC GTGAGGTTAGAAAGATCGAACA 

 

Reverse: TATAACTCGAGA AGTTTGAGATTGACAATAGGTGG 

 

Product Size:   182 bp 
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Figure S1.6 pJET1.2/blunt vector 

 

 

 

1.4 The sequencing result of recombinant pJET1.2 plasmids 

EF00135479_EF00135479 

TGGCTCGAGTTTTTCAGCAAGATTTATATCCATGGGCGTGAGGTTAGAAAGATCGAACAAAATCGATA
TGTCTGTATGCGTCCATGAAATTTGCGGTGGTGTTTTCGACGGAGGCTGTTATTGCTGCCCCAAAACG
CCAGCTCTTTGCTGGGCAGACATACAATTCTGCACCACCTATTGTCAATCTCAAACTTCTCGAGTTATA
ATCTTTCTAGAAGATCTCCTACAATATTCTCAGCTGCCATGGAAAATCGATGTTCTTCTTTTATTCTCTC
AAGATTTTCAGGCTGTATATTAAAACTTATATTAAGAACTATGCTAACCACCTCATCAGGAACCGTTGT
AGGTGGCGTGGGTTTTCTTGGCAATCGACTCTCATGAAAACTACGAGCTAAATATTCAATATGTTCCTC
TTGACCAACTTTATTCTGCATTTTTTTTGAACGAGGTTTAGAGCAAGCTTCAGGAAACTGAGACAGGA
ATTTTATTAAAAATTTAAATTTTGAAGAAAGTTCAGGGTTAATAGCATCCATTTTTTGCTTTGCAAGTTC
CTCAGCATTCTTAACAAAAGACGTCTCTTTTGACATGTTTAAAGTTTAAACCTCCTGTGTGAAATTATTA
TCCGCTCATAATTCCACACATTATACGAGCCGGAAGCATAAAGTGTAAAGCCTGGGGTGCCTAATGA
GTGAGCTAACTCACATTAATTGCGTTGCGCTCACTGCCAATTGCTTTCCAGTCGGGAAACCTGTCGTGC
CAGCTGCATTAATGAATCGGCCAACGCGCGGGGAGAGGCGGTTTGCGTATTGGGCGCTCTTCCGCTT
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CCTCGCTCACTGACTCGCTGCGCTCGGTCGTTCGGCTGCGGCGAGCGGTATCAGCTCACTCAAAGGCG
GTAATACGGTTATCCACAGAATCAGGGGATAACGCAGGAAAGAACATGTGAGCAAAAGGCCAGCAA
AAGGCCAGGAACCGTAAAAGGCG 

EMBOSS_001         1 TGGCTCGAGTTTTTCAGCAAGATTTATATCCATGGGCGTGAGGTTAGAAA     
50 
                                            ||||||||||||||||||||||||||| 
EMBOSS_001         1 -----------------------TTATATCCATGGGCGTGAGGTTAGAAA     
27 
 
EMBOSS_001        51 GATCGAACAAAATCGATATGTCTGTATGCGTCCATGAAATTTGCGGTGGT    
100 
                     |||||||||||||||||||||||||||||||||||||||||||||||||| 
EMBOSS_001        28 GATCGAACAAAATCGATATGTCTGTATGCGTCCATGAAATTTGCGGTGGT     
77 
 
EMBOSS_001       101 GTTTTCGACGGAGGCTGTTATTGCTGCCCCAAAACGCCAGCTCTTTGCTG    
150 
                     ||||||||||||||||||||||||||.||||||||||||||||||||||| 
EMBOSS_001        78 GTTTTCGACGGAGGCTGTTATTGCTGTCCCAAAACGCCAGCTCTTTGCTG    
127 
 
EMBOSS_001       151 GGCAGACATACAATTCTGCACCACCTATTGTCAATCTCAAACTTCTCGAG    
200 
                     |||||||||||||||||||||||||||||||||||||||||||||||||| 
EMBOSS_001       128 GGCAGACATACAATTCTGCACCACCTATTGTCAATCTCAAACTTCTCGAG    
177 
 
EMBOSS_001       201 TTATAATCTTTCTAGAAGATCTCCTACAATATTCTCAGCTGCCATGGAAA    
250 
                     |||||                                              
EMBOSS_001       178 TTATA---------------------------------------------    
182 

 

Restriction digest predict 

Enzymes: NcoI, XhoI 

Length 
5' 
Enzyme 

5' 
Base 

3' 
Enzyme 

3' 
Base 

Sequence 

739 NcoI 243 none 981 CATGGAAAAT CGATGTTCTT CTTTTATTCT 
CTCAAGATTT TCAGGCTGTA 

TATTAAAACT TATATTAAGA ACTATGCTAA 
CCACCTCATC AGGAACCGTT 

GTAGGTGGCG TGGGTTTTCT 
TGGCAATCGA CTCTCATGAA 
AACTACGAGC 

TAAATATTCA ATATGTTCCT CTTGACCAAC 
TTTATTCTGC ATTTTTTTTG 

AACGAGGTTT AGAGCAAGCT 
TCAGGAAACT GAGACAGGAA 
TTTTATTAAA 
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AATTTAAATT TTGAAGAAAG TTCAGGGTTA 
ATAGCATCCA TTTTTTGCTT 

TGCAAGTTCC TCAGCATTCT TAACAAAAGA 
CGTCTCTTTT GACATGTTTA 

AAGTTTAAAC CTCCTGTGTG AAATTATTAT 
CCGCTCATAA TTCCACACAT 

TATACGAGCC GGAAGCATAA 
AGTGTAAAGC CTGGGGTGCC 
TAATGAGTGA 

GCTAACTCAC ATTAATTGCG TTGCGCTCAC 
TGCCAATTGC TTTCCAGTCG 

GGAAACCTGT CGTGCCAGCT 
GCATTAATGA ATCGGCCAAC 
GCGCGGGGAG 

AGGCGGTTTG CGTATTGGGC 
GCTCTTCCGC TTCCTCGCTC ACTGACTCGC 

TGCGCTCGGT CGTTCGGCTG 
CGGCGAGCGG TATCAGCTCA 
CTCAAAGGCG 

GTAATACGGT TATCCACAGA 
ATCAGGGGAT AACGCAGGAA 
AGAACATGTG 

AGCAAAAGGC CAGCAAAAGG 
CCAGGAACCG TAAAAGGCG 

165 NcoI 31 XhoI 195 CATGGGCGTG AGGTTAGAAA 
GATCGAACAA AATCGATATG 
TCTGTATGCG 

TCCATGAAAT TTGCGGTGGT GTTTTCGACG 
GAGGCTGTTA TTGCTGCCCC 

AAAACGCCAG CTCTTTGCTG 
GGCAGACATA CAATTCTGCA CCACCTATTG 

TCAATCTCAA ACTTC 

47 XhoI 196 NcoI 242 TCGAGTTATA ATCTTTCTAG AAGATCTCCT 
ACAATATTCT CAGCTGC 

26 XhoI 5 NcoI 30 TCGAGTTTTT CAGCAAGATT TATATC 
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Figure S1.7 Vector map of pET-32a(+)  
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Figure S1.8 BSA assay 

 

 

 

Table S1.6 

 
14% Separating gel  4% stacking gel 

40% Acrylamide solution 3.385 mL 485 µL 

2% bis-acrylamide solution 2.310 mL 250 µL 

H
2
O 1.650 mL 3.750 mL 

1.5M Tris-HCl; pH8.8 2.500 mL - 

1.0M Tris-HCl; pH6.8 - 625 µL 

10% SDS 100 µL 50 µL 

10% APS 50 µL 25 µL 

TEMED 5 µL 5 µL 

 

The detailed recipes of the gels and buffers used are listed below: 

3x gel buffer (Tris Cl/SDS, pH=8.45)  
Dissolve 182 g Tris base (3.0 M) in 300 ml H2O. Adjust pH to 8.45 with 1 M HCl. Add 
H2O to 500 ml. Filter solution through 0.45 µm filter. Dissolve 1.5 g SDS (0.3% W/V). 
Store at 4℃. 
 

y = 0.0014x + 0.1544
R² = 0.9954
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1.5x Tricine Sample Buffer  
2 ml 4x Tris Cl/SDS, pH=6.8 (0.08M)  
4.0 ml (5.0 g) glycerol (40% V/V)  
2.0 ml 10% SDS (2% V/V)  
0.2 ml β-mercaptoethanol  
0.8 ml 0.5% Coomassie blue R-250  
Add water to 10 ml and mix  
 
10x Tris/Tricine/SDS Reservoir/Running Buffer  
Dissolve 60.55 g Tris base (1.0 M) and 89.6 g tricine (1.0M) in 400 ml H2O. Add 5.0 g 
SDS (1.0%) Do not adjust pH. Add H2O to 500 ml.  
 
Running Conditions:  
Run gel at 100 V (Păcurar et al.) for 100 minutes. The current for two minigels should be 
about 65 mA. Use 1x Running Buffer.  
 
Coomassie staining buffer (1liter)  
Coomassie R250 1g  
Glacial acetic acid 100ml  
Methanol 250ml  
ddH2O 650ml  
Protein gels were stained in this buffer for at least 30 minutes  
 
Coomassie distaining buffer (1liter)  
Glacial acetic acid 100ml  
Methanol 250ml  
ddH2O 650ml  
Protein gels were distained in fresh buffer for 3x 60 minutes  
 
Western blot buffer system  
 
Transfer buffer (1liter)  
Tris 3g  
Glycine 14.4g  
Methanol 150ml  
Add ddH2O to 1 liter  
 
Blocking buffer pH7.4 (1liter)  
Casein 3g 182  
NaCl 29.2g  
Tris 2.4g  
Adjust pH to 7.4 with HCl after dissolve. Add 4ml 25 Tween 20 (to 0.1) 
 
Buffer system for protein purification with His-trap FF column  
Binding/washing buffer:  
20mM sodium phosphate (pH 7.4)  
0.5M NaCl  
10mM imidazole (the previous concentration was 20mM)  
Elution buffer:  
20mM sodium phosphate (pH 7.4)  
0.5M NaCl  
300mM imidazole  
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2.2.6 Buffer system for protein purification with His-Select® HF Nickel Affinity Gel  
Binding/washing buffer:  
50mM sodium phosphate (pH 8.0)  
0.3M NaCl  
10mM imidazole (the previous concentration was 20mM)  
Elution buffer:  
50mM sodium phosphate (pH 8.0)  
0.3M NaCl  
250mM imidazole 
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Appendix 2 

S2.1 The hierarchical structure of the GO annotation for each PCP family visualised in 
directed acyclic graph (DAG). Each DAG is generated for the combined GO annotation of 
a group of CRPs  

 

 

 

  Fig. S2.1.1 DEFLs Biological Process 
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Fig. S2.1.2 DEFLs Molecular Function 
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Fig. S2.1.3 DEFL Cellular Component 
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Fig. S2.2.1 Non-Specific Lipid Transfer Proteins (nsLTPs) Biological Process  
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Fig. S2.2.2 Non-Specific Lipid Transfer Proteins (nsLTPs) Molecular Function  

 

 

 

Fig. S2.2.3 Non-Specific Lipid Transfer Proteins (nsLTPs) Cellular Component  
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Fig. S2.3.1 S Locus Cysteine-Rich Like (SCRL) Biological Process 

 

 

Fig. S2.3.2 S Locus Cysteine-Rich Like (SCRL) Cellular Component 
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Fig. S2.4.1 ESF-Like Proteins (PCP-Bs) Biological Process 
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Fig. S2.5.1 Gibberellin-Regulated Proteins (GASAs) Biological Process   
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Fig. S2.5.2 Gibberellin-Regulated Proteins (GASAs) Molecular Function 

 

 

Fig. S2.5.3 Gibberellin-Regulated Proteins (GASAs) Cellular Component 
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Fig. S2.6.1 SUEL Lectin Proteins Biological Process 
 

 

Fig. S2.6.2 SUEL Lectin Proteins Molecular Function 
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Fig. S2.6.3 SUEL Lectin Proteins Cellular Component 
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Appendix 3 

Table S3.1 Pollen coat CRPs identified in the MS data set 

 

Accessions 
TAIR gene 
codes 

Subclass
es 

Brief descriptions Amino acid sequences 

Q9ZUL8 At2g02140 CRP0000 
Defensin-like protein 10/ Low-molecular-
weight cysteine-rich protein 72/ LCR72 

MKLSLRLISALLMSVMLLFATGMGPVEARTCESPSNKFQGVCLNSQSCAKACPSEGFSGGRCSSLRCYCSKAC 

Q9C947 At1g61070 CRP0000 
Defensin-like protein 5/ Low-molecular-
weight cysteine-rich protein 66/ LCR66 

MKVSPRLNSALLLLFMILATVMGLVTVEARTCETSSNLFNGPCLSSSNCANVCHNEGFSDGDCRGFRRRCLCTRPC 

Q2V462 At2g24615 CRP0260 Putative defensin-like protein 38 MASSKNGTVLFVSLMILLLISTGVKAYCERVRSRSAPHDICKKKNGNAVCKEKCWTIEKYQNGRCLILPKTTKLDCYCYHFDQC 
P82748 At3g43083 CRP0520 LCR33 MKRSFLLLLTILTIFIILGQGVMGNDEQLRGNRCFQIKFKTGKCVPKECQTACQEKLRKPKLKGEGFCMKECTCCFYT 
P82729 At2g25344 CRP0560 LCR14 MKKYFQPSFVILIIFTVLVLGVVGNMSVDQKRCWATLKENNCVHDECRSMCLKKNPKGHGRCIKSSKGRIICLCGYDCP 
Q8S8H9 At2g15535 CRP0570 LCR10 MKNSFRFSFTVITTFIICVLVSGAMVNGQCSFPQPVGPNGKCVPKDCKSLCHKKYKGGSICTTGKPNICMCLVCRRRSPEV 

P82716 At5g48543 CRP0570 
Defensin-like protein 147/ Low-
molecular-weight cysteine-rich protein 1/ 
LCR1 

MKKIFQLSFTVFIIFISLVLGVVGNVQQKRSNRCIDFPVNPKTGLCVLKDCESVCKKTSKGLEGICWKFNAKGKDPKQCKCCGLWPPL
Y 

Q8S8H3 At2g28355 CRP0570 LCR5 MMKKLIQLSFTVMIIFTILVLGVVANEGLGKPKKQCNEILKQSNCVAAECDSMCVKKRGKGAGYCSPSKKCYCYYHCP 

Q9T0E3 At4g11760 CRP0570 LCR17 
MKKPSQLSATILTIFVILAIGVMVKETLGQAPSTCFEALKDASKGASCDSELCASLCKKKSGGGVGTCRTKTTQPSKGQPECHCRFWC
KSDGTPYK 

P82746 At1g28335 CRP0570 LCR31 MKNVSQVSVAVLLIFSILVLGIGVQGKVPCLSRMFNKNNTCSFLRCEANCARKYKGYGDCRPGDRPHDKKDSLFCFCNYPC 
P82749 At4g09984 CRP0570 LCR34 MKKSFLFTFTVLTIFTILVIGVAPEKLTTCSRFLSQKSGKCVKEDCDRMCKQKWPGKYTVGHCYGQFKDAKRCLCSVCGPDRQPP 
P82719 At3g25265 CRP0570 LCR4 MIKSFQLSFTVLIVFTVLILGVVGNVEQKSQDWCWSIVNKDRCLQKECESLCSKKHPKGKFMCIPSTPGGPFQCHCRHPCR 
P82747 At2g28405 CRP0570 LCR32 MMGKHIQLSFAILIMFTIFVLGAVGDVDQGYKQQCYKTIDVNLCVTGECKKMCVRRFKQAAGMCIKSVPSAPAPNRCRCIYHC 
P82739 At4g29305 CRP0580 LCR25 MAKLSCSYFLVLILVFSAFLMVERAEGKRCHLTIDKATACSLSDCRLSCYSGYNGVGKCFDDPKVAGPSNCGCIYNC 

Q2V3K0 At4g10603 CRP0650 Putative defensin-like protein 169 
MKKTFSFTVLILFVIPLLVTGLMDSMPQRHPVEGWCKRPLPNQKPGPCNNDRCSARCKEQKQFEFKGGKAMGICSSENRCLCTFRC
R 

O22866 At2g43520 CRP0700 Trypsin inhibitor ATTI2 
MAMKSVSTLAVFAILFLVIVEMPEIKAQGSKCLKEYGGNVGFSYCAPRIFPSFCYRNCRKNKGAKGGRCRSGGAGAGSMICLCDYCS
DKP 

O22867 At2g43530 CRP0700 Trypsin inhibitor ATTI-3 MAMKSVSNFAIFLILFLVTSEISEIEAKDKECLKGYIDAPLSYCMARIYPSLCYRNCRFYKGAKGGKCDGLKCFCDFCSDKPF 
Q2V466 At2g22941 CRP0710 Putative defensin-like protein 191 MAKSVNATGFITYMVIFLILTGISRVKAKKPPCLEGRTAYVSPGPCSNSLCTQDCRPAGYHTGKCKVEWSTPICKCYGCRKV 
Q2V2W7 At5g60615 CRP0960 MUF9, MUP24 MASSRFQLVALLVVFSLVISITANSVEKDVMDGPCRLRGTCNNDGDCDKHCHRSTDAAAMDGHCLFDKPTGPVCCCLFD 

P82621 At1g65113 CRP0830 SCRL2 
MKCGVLFMISCLLITFLVLSHVREVESKTKWGCDMNRPFPGKCGTNGKDTCISDIKKMPGAPKDLVVRCECSQRFVWKGYPPERLC
KCQYDC 

P82646 At5g45875 CRP0830 SCRL27 
MKSTTLFMVSCVLIFCVLSHVREVKSVETKAKRVKKVCEKAQVFEQNCGWDGNKTCIRGFNKIKEYPFHCECGIYDAPNSRRICKCKF
PYSPC 

P82642 At4g14785 CRP0830 SCRL23 
MRCTTLIMVSFVVSCLLLSLVEESEAGAPPVECWSEILFSGKCGFHGKKKCYKEMESKLKQRVLKCRCEDVKKDSNTSKDEHYCGCQR
ENPYECN 

P82638 At3g27503 CRP0830 SCRL19 
MRYTTSFIVFCFLIFLQTNLVKGRTIRICDRKVEGNGTCGPNSNNICLDEFWKNPPSPRLAKSLEGCTCEPRGKRPKFKGLSHVCWCC
WSYNSSNPAG 
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P82622 At1g08695 CRP0830 SCRL3 
MMKSAILLMVSCVFMFLVVSYIQDVEGANKRCHLNQMFTGKCGNDGNKACLGDFKNKRFRYDLCQCTDATQISPSLPPQRVCNC
SRPC 

P82643 At4g32717 CRP0830 SCRL24 
MRSVIWFIVSYTLMLLVLRGGKEVEAEKLCTTIGDLDGKCSQDGEKLCMRYMTDQSKKKFLSCTCNNVVMLHKYKHYCECQSHCTP
KQT 

P82644 At4g32714 CRP0830 SCRL25 MKFATCFLVSYVLVFLVLSVCKEVEAKELCNRIEDIDGNCDFEGEKGCLKFMTNKYKKERHVSCTCTNLYMLHKTKRFCDCKHRCSG 

P82641 At4g33465 CRP0830 SCRL22 
MGMWCTTLFMVSCVSICLILSHVQEVEAGAPPQDCWNLVTFPAKCGIHGKKKCFKEMESKYQQRFLQCTCKNLKPEPKSPKDEHD
CTCQRANPYECNS 

P82639 At4g10115 CRP0830 SCRL20 
MKNATSLIIYCFLMFLLMNNVKGQGKKKPPCPLGLSANGKCGHDGPKLCFSEMERKFNKDVVKTITHCKCWDDRRNNVDKHRCTC
YLKHGFPCTNG 

P82635 At2g06983 CRP0830 SCRL16 
MRSITWFIVFCVFMFIALNHVKGQVKPTGCQGGQRYRGKCGTNGTKTCVKDMMLPKLFKTKRCDCQDMLGTFKGWHFCTCYSG
RPGC 

Q9LLR6 At5g59310 CRP3860 Non-specific lipid-transfer protein 4 LTP4 
MAFALRFFTCFVLTVFIVASVDAAITCGTVASSLSPCLGYLSKGGVVPPPCCAGVKKLNGMAQTTPDRQQACRCLQSAAKGVNPSLA
SGLPGKCGVSIPYPISTSTNCATIK 

Q2V3C1 At4g33355 CRP4000 LTP11 
MRNITTTTRKMLLLVITILLGIAYHGEAIACPQVNMYLAQCLPYLKAGGNPSPMCCNGLNSLKAAAPEKADRQVACNCLKSVANTIP
GINDDFAKQLPAKCGVNIGVPFSKTVDCNSIN 

Q00762 At5g07230 CRP4380 Tapetum-specific protein A9 
MVSLKSLAAILVAMFLATGPTVLAQQCRDELSNVQVCAPLLLPGAVNPAANSNCCAALQATNKDCLCNALRAATTLTSLCNLPSFDC
GISA 

Q8GT78 At5g62080 CRP4380 
Protease inhibitor/seed storage/lipid 
transfer protein (Altpeter et al.) family 
protein/ Putative A9 protein 

MAIMASFKSFAAVLSVLFLAMTAIETVVQAQECGNDLANVQVCAAMVLPGSGRPNSECCAALQSTNRDCLCNALRAATSLPSLCN
LPPVDCGINA 

Q9LTK4 At5g52160 CRP4380 

Bifunctional inhibitor/lipid-transfer 
protein/seed storage 2S albumin-like 
protein/ Protease inhibitor/seed 
storage/lipid transfer protein family 
protein 

MAASSKYSSMSFMKVAMMVALVLVVAATVVDGQSCNAQLSTLNVCGEFVVPGADRTNPSAECCNALEAVPNECLCNTFRIASRL
PSRCNIPTLSCS 

Q9LE56 At1g18280 CRP4670 
LTPG3 Bifunctional inhibitor/lipid-transfer 
protein/seed storage 2S albumin 
superfamily protein 

MEAVRFAVAVVLVFCYVTSSNAQMTSPPSGGAGGDAHSLPCIQKLMPCQPYLHLATPPPATCCMPLNEIVAKDATCLCAVFNNVD
MLKSLNLTKENALDLPKACGAKADVSLCKTSAGTNSSSTPPATPKTPPASSTSTGTGSGSTGNAAPSTAKPTSSAPAINFGGLSFASA
VVATLFF 

A8MR90 At3g59455 CRP4820 
Protease inhibitor/seed storage/LTP 
family protein 

MKNISLMFIALVVLLTSFPTPTLSYCKESLHLCMQHLKLNDRPTWLKCCDRLIIPGPCMCKYIKDPVQWKEAYRLMASCGKTVPLNQ
SLKSYFKCG 

A8MQE7 At2g16592 CRP4900 
Bifunctional inhibitor/lipid-transfer 
protein/seed storage 2S albumin 
superfamily protein 

MKTIPLIFIATIIILTSFPATIKVVGAKKDLPFCNVELLPCVLPFKVRGHGSKLPNGCCEKMKKSTSCMCRFLMAKERDLNAAAHRIFWF
CKISVPNCPKI 

A8MQR9 At3g11825 CRP4900 
Protease inhibitor/seed storage/LTP 
family protein 

MKIIPLMSIALVIFMTSFPAPIKVAGGVGNCEKDMQWCIDKTEFFTHGYIYERCCYNMIMKKKCMCLFLKSPKLKIAARNVNNACGR
GGLPKDAFSEFKC 

Q9C9N7 At1g66850 CRP4900 
Bifunctional inhibitor/lipid-transfer 
protein/seed storage 2S albumin-like 
protein/ Lipid transfer protein 

MKIVTLVLVVFVILSTSFPAAIKAEDTGDTGNVGVTCDARQLQPCLAAITGGGQPSGACCAKLTEQQSCLCGFAKNPAFAQYISSPNA
RKVLLACNVAYPTC 

Q1PDG8 At5g61605 CRP5500 
EMBRYO SURROUNDING FACTOR 1-like 
protein 10/ ESFL10 

MSSLYFAILCLFMIFLVPLHEFGNAQGSEAELQLDPSMCLRVECAKHRNQKWCFCCAGLPRTCFLDKRGCTSVCKRESPSMA 

Q1G3R6 At2g41415 CRP5515 
EMBRYO SURROUNDING FACTOR 1-like 
protein 4/ ESFL4 

MKSSHAYLVCILLLSLFSLHQCVRLERSNKIDMSVCVHEICGGVFDGGCYCCPKTPALCWADIQFCTTYCQSQT 

A8MR88 At2g16535 CRP5460 AtPCP-B gamma / ESFL8 MSSSQFFILCIILISSFPLHECENGKSVEASNAAKTLCMSVNCDNKDRNLTCACCLAKSKNRCYSSKSECVADCKD 
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A8MQY8 At2g16505 CRP5460 AtPCP-B delta / ESFL9 MSSSRFLILCIILISFFPLHECENGKSVESNKAMKPVCMPVNCNNKDKKLTCACCIGANPRNRCYNSRSQCTADCKL 

Q8LFM2 At5g59845 CRP2700 
Gibberellin-regulated protein 10/ GAST1 
protein homolog 10 

MKFPAVKVLIISLLITSSLFILSTADSSPCGGKCNVRCSKAGRQDRCLKYCNICCEKCNYCVPSGTYGNKDECPCYRDMKNSKGTSKCP 

F4IQJ4 At2g18420 CRP2700 
Gibberellin-regulated protein 11/ GAST1 
protein homolog 11 

MAVFRVLLASLLISLLVLDFVHADMVTSNDAPKIDCNSRCQERCSLSSRPNLCHRACGTCCARCNCVAPGTSGNYDKCPCYGSLTTH
GGRRKCP 

O65920 At2g19000 CRP2865 Expressed protein 
MFTKSILLPFLLVIIFVSASQASRQLWDSGISEMFGSKSGFHHGFSGFSGSSGGAGGAGGSFGDMMNAGGAHTCSAQGACSGKKL
TCPEECYKSTNVNKDGYKSTSRSGGCSFDCTTKCAATCSN 

O65387 At1g11925 CRP3080 Stigma-specific Stig1 family protein 
MNTFKISYFIMVLIMVLAIAITFSEPLTVEAKHQHKYGWGIAASARNKGRKHLGATLTCDKSSKVCRLKGSPGRNCCRKKCVDLRTNK
LNCGRCGKSCQYSEVCCNGYCVNPMFDRRHCGGCFKKCKKGRSCAYGMCSYA 

A8MQL3 At3g01328 CRP3670 
ECA1-like gametogenesis related family 
protein 

MKPKQIKMMFFLLIVVAAMIFRPSEAQLKTSICTSKQTTPITQVAGCFNAVRLAADKDSKLLTRVCCRAVKTLDDCLLLVYPDRAYNT
YIFKGICFEKFNESLL 
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Appendix 4  

  Fig S4.1 The phylogenetic tree of all PCP-B orthologous genes constructed by maximum likelihood algorithm 
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Appendix 5 

Figure S5.1 Phenotype of 30-day-old A. thaliana WT and mutant lines 

 

Figure S5.2 Plot of average number of seeds per silique in WT and mutants. The 
bar plot shows mean value with standard deviations error bar (n = 10). Statistically 
significant differences between the means of mutant and wild-type (Col-0) data are 
marked by asterisks: * p<0.05; ** p<0.005; **** p<0.0001. 
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Abbreviation 

°C  degree Celsius  
A595nm  Absorbance at 595nm  
ABA  Abscisic acid  
AMP  antimicrobial peptides  
APS  ammonium persulphate  
ARC  Armadillo repeat 

containing  
ARK  Arabidopsis receptor 

kinase  
BAP  basal layer antifungal 

protein  
BEB  Bayes Empirical Bayes  
BETL  basal endosperm transfer 

layer  
BLAST  Basic Local Alignment 

Search Tool  
bp  base pair  
BSA  bovine serum albumin  
Carb  carbenicillin  
cDNA  complementary DNA  
cer  eceriferum  
CRP  cysteine-rich protein  
CRRSP  cysteine-rich repeat 

secretory protein  
CSα/β  cysteine-stabilised α-helix 

β-sheet motif  
dATP  deoxyadenosine 

triphosphate  
DEFL  defensin-like protein  
DEPC  diethylpyrocarbonate  
DNA  deoxyribo-nucleic acid  
E.coli  Escherichia coli  
ECM  extracellular matrix  
EDTA  ethylenediaminetetraacetic 

acid  
EFP  Epidermal Patterning 

Factors  
ER  endoplasmic reticulum  
ESF  embryo surrounding factor  
EXL  extracellular lipase  
EXO  exocyst complex  
GO  gene ontology  
GRP  glycine-rich protein  
GSI  gametophytic self-

incompatibility  
GTA  glutaraldehyde  
GUS  β-glucuronidase  
HPLC  high-performance liquid 

chromatography  
HRP  horseradish peroxidase  
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IgG  Immunoglobulin G  
IMAC  immobilised metal-affinity 

chromatography  
IPTG  isopropyl β-D-1-

thiogalactopyranoside  
iTOL  Interactive Tree of Life  
kb  kilobase  
kDa  kilodalton  
LB  lysogeny broth medium  
LCR  low-molecular-weight 

cysteine-rich protein  
LRR  leucine-rich repeat  
LRT  likelihood ratio test  
LTP  lipid transfer protein  
MEG  Maternally Expressed Gene  
MEGA  Molecular Evolutionary 

Genetics analysis  
MEME  Multiple Expression Motif 

for Motif Elicitation  
MilliQ (Biasini et al.)  ultrapurified water  
mRNA  messenger RNA  
MS  mass spectrophotometry  
MUSCLE  Multiple Sequence 

Comparison by Log-
Expectation  

NASC  Nottingham Arabidopsis 
Stock Centre  

NEB  naive empirical Bayes  
NF  nodule factor  
NJ  neighbour-joining method  
NMR  nuclear magnetic resonance  
NO  nitric oxide  
nsLTP  non-specific lipid-transfer 

proteins  
OD600  optical density at 600nm  
ORF  open reading frame  
PAGE  polyacrylamide gel 

electrophoresis  
PAML  Phylogenetic Analysis by 

Maximum Likelihood  
PANTHER  Protein ANalysis THrough 

Evolutionary Relationships  
PBS  phosphate buffered saline  
PCP  pollen coat protein  
PCR  polymerase chain reaction  
PRK  pollen-specific receptor-

like kinase  
PrpS  Papaver rhoeas pollen S-

determinant  
PrsS  Papaver rhoeas stigma S-

determinant  
PVDF  Polyvinylidene difluoride  
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RACE  Rapid Amplification of 
cDNA End  

RALF  Rapid Alkalinisation Factor  
RE  restriction endonuclease (or 

restriction enzyme)  
RFP  red fluorescent protein  
RLK  receptor-like kinase  
RNA  ribonucleic acid  
RNS  reactive nitrogen species  
ROS  reactive oxygen species  
RPC  reverse phase 

chromatography  
RP-HPLC  Reverse Phase High 

Performance Liquid 
Chromatography  

rpm  revolutions per minute  
RT  room temperature  
RT-PCR  reverse transcripted PCR  
SCA  Small Cysteine Adhesion  
SCB  Sodium Cacodylate Buffer  
SCR  S-locus cysteine-rich  
SDS  sodium dodecyl sulphate  
SDS-PAGE  SDS-polyacrylamide gel 

electrophoresis  
SEM  scanning electron 

microscope  
SI  self-incompatibility  
SLG  S-locus glycoprotein  
SLR  S-locus related  
SRK  S-receptor kinase  
SSI  sporophytic self-

incompatibility  
strep  streptomycin  
Taq  Thermophilus aquaticus 

(DNA polymerase)  
TCP  total cell protein  
T-DNA  transfer DNA  
TEM  Transmission electron 

microscopy  
TEMED  N,N,N’,N’ 

tetramethylethylenediamin
e  

Tris  Tris (hydroxymethyl) 
methylamine  

U  unit (of enzyme activity)  
UBL  Ubiquitin-like protein  
UI  unilateral incompatibility  
v/v  volume per volume  
w/v  weight per volume  
WGD  whole genome duplication  
Y2H  yeast-two-hybrid  
β-ME  β-Mercaptoethanol  
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