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Abstract 
 

Flowering plants now dominate the world’s flora and it is considered that the acquisition of 

molecular based self-incompatibility (SI) mechanisms that prevent self-pollination has been key 

to their evolutionary success. Importantly such pollen discrimination systems not only operate 

at the intraspecific level but also between species, perhaps acting as isolating mechanisms by 

restricting gene flow. However, incomplete reproductive isolation or hybridization often occurs 

between close relatives, which is frequently a path to speciation. Interestingly, interspecific 

pollinations usually display unilateral incompatibility (UI) between SI species and SC species. 

In UI pollination, compatibility is blocked when the pollen is derived from the self-compatible 

(SC) partner whereas pollen from the SI species is always accepted in the reciprocal cross - this 

phenomenon is described as the SI x SC UI ‘rule’. UI is classed as a prezygotic reproductive 

barrier that acts in the pistil and has been extensively documented in the Brassicaceae and is 

widespread amongst the angiosperms. Although significant progress has been made in 

unravelling the SI mechanisms in a number of angiosperm families, the mechanisms that 

governing interspecific incompatibility are poorly understood. Gaining an understanding of the 

interspecific incompatibility mechanisms represents an essential step not only in understanding 

the evolution and interrelationship of breeding systems, but also in the development of methods 

to manipulate breeding barriers for the transfer of valuable traits between incompatible species 

of agronomic importance. This project investigated interspecific incompatibility in the genus 

Arabidopsis by taking advantage of the phenomenon of unilateral incompatibility (UI) that exists 

between the self-compatible (SC) species A. thaliana and its close SI relatives A. lyrata and A. 

arenosa. Two Brassica species were also included in the investigations as representatives of 

more distant relatives within the Brassicaceae. Substantial variation for the UI trait was revealed 

in the SI species A. lyrata and A. arenosa (in A. lyrata /A. arenosa x A. thaliana pollinations), 

indicating that the ‘UI rule’ does not hold up within the Arabidopsis genus. Different pollination 

assays were carried out to gain a better understanding of the physiological, structural and cell 

biological characteristics of UI. Arabidopsis UI was typically found to act immediately after 

pollen germination preventing pollen tubes from penetrating the stigmatic papillae, whereas 

Arabidopsis SI acted earlier preventing pollen hydration and germination. UI was also found to 

be a highly robust barrier to pollination compared to SI, as treatments that normally lead to the 

breakdown of SI had a relatively weak effects on this interspecific barrier. The protein synthesis 

inhibitor cycloheximide and phosphatase inhibitor okadaic acid, which are both effective at 



 

 

overcoming SI in Brassica stigmas were found to only partially weaken UI in Brassica x A. 

thaliana crosses. 

UI operates at the intergeneric level between Brassica and Arabidopsis when Arabidopsis 

species act as the pollen donor and the reciprocal crosses are compatible. Interestingly the 

strength of incompatibility was found to be greater in B. oleracea x A. thaliana crosses than that 

of A. lyrata x A. thaliana crosses, suggesting evolutionary distance between species influences 

the effectiveness of UI. Transmission electron microscopy analyses of UI pollinations within 

Arabidopsis revealed that secretory activity of the stigmatic papilla cell is not shut down, as is 

the case for SI, but in common with SI, is accompanied by autophagy-like activity, but is 

markedly more severe. Thus A. lyrata stigmatic papillae displayed a stress-like incompatibility 

response when incompatible A. thaliana pollen was applied. Our data has reinforced the 

consensus that the S-locus is not involved in UI in the Brassicaceae, but that SI and UI possibly 

share a universal downstream pollen-rejection pathway. Pollen coat ‘swap’ experiments were 

also carried out that demonstrated that factors carried by the Brassica pollen coat play an 

important role in the interspecific pollen-stigma interaction. Normally fully incompatible crosses 

of B. oleracea x A. thaliana were modulated by the presence of Brassica pollen coat such that 

A. thaliana pollen was able to hydrate and germinate on the B. oleracea stigma. Notably, these 

‘compatibility factors’ appear to operate, and potentially be shared, across these genera, as the 

Brassica pollen coat could also overcome Arabidopsis UI by permitting A. thaliana pollen tube 

penetration of A. lyrata stigmatic papillae. A hypothetical model is proposed to explain UI based 

on rapidly evolving breeding systems where both compatibility and incompatibility pathways 

operate and interact with one another in the stigma. The model also accounts for UI in wider 

crosses where incompatibility is largely a product of the inability of pollen to activate the 

‘compatibility system’ rather than activation of the ‘incompatibility system’.  In an attempt to 

uncover pollen factors that may play a role in interspecific pollination relationships proteomic 

profiling of pollen coat from Arabidopsis thaliana, Arabidopsis lyrata and Brassica oleracea 

was carried out. This study revealed a strikingly large number of small cysteine-rich proteins 

(CRPs) that have not been previously identified as pollen coat components. Some CRPs shared 

by all three species were found to be under positive selection, thus these make good candidates 

for factors that could operate in interspecific pollen recognition. The richness of the pollen coat 

proteome data sets obtained as part of this and related studies demonstrates the complexity of 

the pollen coat in the Brassicaceae and provides a source of targets that can be explored for their 

potential roles in plant reproduction. 
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Chapter 1 Introduction 
 

1.1 Plant reproduction and speciation 
 

1.1.1 Diversity and evolution of breeding systems 
 

For plants that reproduce sexually, outbreeding and inbreeding are the two mating strategies to 

produce progeny. Amongst angiosperms outbreeding systems occurs a higher frequency than 

those of inbreeding  (East, 1940, Fryxell, 1957). The consensus is that self-fertilisation is a poor 

long-term evolutionary ‘strategy’ as inbreeding usually leads to a reduction in genetic diversity 

and the accumulation of deleterious mutations that reduce the fitness of subsequent generations 

(Stebbins, 1957). These factors have been proposed as the major selective force driving the 

evolution of mating strategies in plants (Charlesworth and Charlesworth, 1987). Several 

strategies are employed to ensure a high frequency of cross-pollination. The dioecious habit is 

completely effective at separating the female (pistils) and male (stamens) reproductive structures, 

however, it has been highlighted by Renner and Ricklefs (1995) that amongst angiosperms, 

dioecy only occurs in around six percent of species. The majority  of angiosperms are 

hermaphroditic  containing both female and male sexual organs within the same floral structure, 

and thus the potential for self-pollination is very high(Barrett, 2002, Renner and Ricklefs, 1995). 

Here a number of strategies have evolved to avoid self-pollination including both the temporal 

(dichogamy) and spatial separation of male and female organs (e.g., enantiostyly, flexistyly, 

heterostyly (reviewed by (Renner and Ricklefs, 1995)). In addition to these strategies, self-

pollination can also be prevented by molecular genetic self-incompatibility (SI) mechanisms (for 

detailed coverage see section 1.3.1). Self-incompatibility (SI) is an efficient and effective 

mechanism to prevent inbreeding, and it has been concluded (Crowe, 1964) that SI is not only 

common but also ancient in origin likely existing even before divergence of the major plant 

lineages. The transition from predominant outcrossing to selfing is one of the most frequent 

events in plant breeding system evolution (Barrett, 2002). Transition to self-fertility by losing SI 

is considered as an evolutionary dead-end (Stebbins, 1974) because of the irreversible nature of 

the transformation which also leads to reduced genetic diversity which makes the selfing taxa 

under the risk of extinction owing to accumulation of deleterious mutations and a reduced 

potential for adaptation (reviewed in (Igic et al., 2008, Igic and Busch, 2013)). SC lineages 
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usually has less species branches compared with SI linages in a family phylogenetic tree. Purging 

of unfit individuals may gradually lead to reduced inbreeding depression with prolonged selfing 

and then resulted in stabilized and effectively self-fertilization (Lande and Schemske, 1985, 

Barrett and Charlesworth, 1991). Reversions from self-fertilization to outcrossing becomes 

unlikely as the accumulation of increasingly changes in sex allocation over time (reviewed in 

(Wright et al., 2013)). A likelihood-based method binary state speciation and extinction (BiSSE) 

is employed for testing hypothesis of that selfing as a dead end within a macro-evolutionary 

framework which revealed that selfing lineages have higher rates of extinction than outcrossing 

taxa (reviewed in (Wright et al., 2013)).  However, natural selection only chooses the immediate 

fitness advantage for adaptation and thus self-fertilisation can be favoured. Self-fertility can 

benefit the individuals that transform to SC through increasing abundant of mating partners, 

avoiding threatens from a lack of pollinators, as well as increasing the rate of  reproduction and 

boosting the capacity for colonisation (Igic et al., 2008). Generally speaking, plants will not 

utilize a single mating system but will have blended ones (reviewed by (Goodwillie et al., 2005, 

Johnston et al., 2009)). An investigation carried out by Goodwillie et al. (2005) showed that 

among the large range of species in this study, only 10-15% were predominantly self-fertilising 

whereas around 42% possess a mixed mating system (20-80% outcrossing). This would enable 

plants to cope with multiple challenges whilst preserving the advantages of the outbreeding 

system (Barrett and Harder, 1996, Goodwillie et al., 2005). Importantly, there is growing 

evidence that transitions to self-fertilization is a path to speciation and speciation rate might be 

higher in self-breeding populations (reviewed in (Wright et al., 2013)). Selfing groups typically 

exhibit higher levels of morphological differentiation among populations relative to the 

outcrossing groups, which may be derived by the selfing mating system (reviewed in (Wright et 

al., 2013)). This could be explained by that shifting to selfing is associated with reduced nectar 

reward (less pollen production and smaller florals etc.) and changing of mating patterns (prior 

self-cross and largely reduced outcross). Reproductive factors would then be selected during 

prolonged selfing and mutations would then be accumulated and maintained in the selfing 

populations. These can in turn increase both prezygotic and postzygotic isolation (reduced extent 

of hybridization and gene flow with other populations) and result in reproductive 

isolation(reviewed in (Wright et al., 2013, Rieseberg and Willis, 2007)). 
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1.1.2 Interspecies breeding barriers are significant for plant speciation  
 

For flowering plants, the angiosperms, pollen from multiple species can arrive at the stigma 

surface either biotically by pollinators or abiotically by wind or water during the flowering period, 

and thus plants evolved reproductive strategies to select desirable pollen that can effect 

successful fertilization. Such a discriminatory pollen selection system is vital for controlling 

gene flow as well as maintaining species identity over evolutionary time (Coyne and Orr, 2004). 

Indeed in the plant world, many species are separated from others by a series of reproductive 

barriers (Rieseberg and Willis, 2007) and as a result non-con-specific male gametes normally 

fail to fertilize eggs (Hogenboom and Mather, 1975). Development of breeding barriers between 

groups having the same ancestors contributes to the formation of new species thus increasing 

species richness (Coyne and Orr, 2004) as reproductive isolation can promote the accumulation 

of genetic differences and establish boundaries between populations (Rieseberg and Willis, 

2007). Geographical and temporal isolation, pollinator isolation and transition of mating pattern 

(e.g. shifting to selfing, see Section 1.1.1) could be the selective pressure during reproductive 

isolation to reduce gene flow of formally interbreeding populations (Rieseberg and Willis, 2007). 

On the other hand, the operation of reproductive compatibility mechanisms are diverse across a 

broad range of plant groups (Hiscock and Allen, 2008, Allen et al., 2011), and such diversity 

enables the sharpening and maintenance of breeding barriers between distantly related species 

(Swanson et al., 2004, Swanson and Vacquier, 2002, Takeuchi and Higashiyama, 2012).  

 

1.1.3 Hybridization contributes to speciation 
 

The definition of species means reproductive isolation, however, hybridization between closely 

related species is relatively common (Arnold, 1992) though in the majority of cases interspecific 

hybridization results in aborted or sterile progeny (Kumar and McClure, 2010) - a consequence 

of incomplete reproductive isolation (Rieseberg and Willis, 2007). Indeed, a considerable 

proportion of plant speciation events are derived from sexual hybridization among species with 

divergent genes and genomes (Rieseberg and Willis, 2007). A survey carried out by Mallet  

(Mallet, 2005) showed that at least 25% of plant species have undergone introgression events 

with other species. Natural hybrid speciation usually involves genome duplication (allopolyploid) 

which may overcome problems of  infertility / low fertility and reduced fitness during the 

intermediate stages (Rieseberg and Willis, 2007). Hybridizations are less frequent between 
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populations that are genetically divergent and spatially isolated, but once they arise, the hybrid 

lineage will have good evolutionary independence during the separation from the parent species 

(Rieseberg and Willis, 2007). Further adaptation, spatial isolation, and rapid genomic evolution 

may result in the reproductively isolated new hybrid lineage which then becomes a new species 

(Rieseberg and Willis, 2007).  

 

1.2 Prezygotic and postzygotic breeding barriers 
 

The chance of inappropriate pollen landing on female reproductive organs can be reduced by a 

range of pre-pollination barriers, such as pollinator isolation, as well as temporal and spatial 

isolation (Rieseberg and Willis, 2007). Angiosperm reproduction is highly selective and female 

tissues are able to recognise pollen and make ‘decisions’ whether to accept desirable pollen or 

reject undesirable pollen (reviewed by (Edlund et al., 2004)). If undesirable pollen arrives at the 

pistil, reproductive isolation is conducted by post-pollination barriers which could be prezygotic 

or postzygotic. Prezygotic barriers can operate a number of stages during pollination prior to 

fertilization, thus preventing the sperm effecting fertilisation. Postzygotic barriers operate after 

fertilisation, frequently resulting in seed abortion or reduced embryo fitness and fertility. 

Prezygotic barriers (including pre-pollination barriers) are thought to contribute more than 

postzygotic barriers in reproductive isolation and are important in energy saving and the 

prevention of wasted mating opportunities (Ramsey et al., 2003, Martin and Willis, 2007, 

Husband and Sabara, 2004). Prezygotic barriers operated by the sexual organs are pivotal in plant 

reproduction as they usually block pollen from self, or closely related species. A good 

understanding of the molecular and cellular basis of prezygotic breeding barriers would 

potentially enable their manipulation and the development of genetic tools for the transfer of 

important agronomic traits. The endogenous forces of the species reproductive system (self-

incompatibility to avoid self-pollen, transition to self-breeding, reproductively isolation with 

other populations) would driving positive selection on correspondent alleles. Under this selection, 

rare alleles that meet the reproductive strategies are more likely to be favoured which facilitates 

the diversification of alleles and results in high polymorphism of the related genetic loci. 

Constant pathogen attack is hypothesised to be a potential exogenous force that drive plant 

reproductive proteins to functioning in pathogen defence, thus those proteins need to constantly 

evolve to recognise the new host surface (reviewed in (Wang, 2016)). 
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Studies of rapidly evolving reproductive genes may shed light on the mechanisms underlying 

prezygotic barriers. However, it would be highly challenging to characterise the molecules and 

their roles in the operation of prezygotic barriers for the multiple stages and circumstances under 

which they operate.  

 

1.3 Pollen-stigma interactions  
 

The stigma is the uppermost part of a pistil (female reproductive organ) and it mediates pollen 

recognition in the early stages of pollination in many species. As Hiscock and Allen (2008) 

excellently summarized, the pollen–stigma interaction process begins with the arrival of pollen 

at the stigma surface where it is captured and adheres, then pollen hydrates with water being 

supplied by the stigma, this is then followed by pollen tube emergence at the pollen-stigma 

contact point. Pollen tube penetration of the stigma surface occurs shortly after pollen 

germination and features guided growth of the tube through the style towards the ovary to deliver 

the sperm cells (Fig. 1.1). Completion of all these steps occurs in a compatible pollen–pistil 

interaction (Hiscock and Allen, 2008) and is fundamental to achieve double fertilization and 

zygote formation (Lord and Russell, 2002). By contrast failure of one or more of these steps 

would lead to an incompatible pollen–pistil interaction, resulting in failure of fertilization 

(Hiscock and Allen, 2008).  
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Stigmas can generally be classified into two groups: wet stigmas (e.g. Solanaceae, Liliaceae) and 

dry stigmas (e.g. Brassicaceae) (Heslop-Harrison and Shivanna, 1977), though some 

intermediate examples have been described (e.g. Asteraceae species, (Hiscock et al., 2002)). Wet 

stigmas secrete exudate (proteins, lipids, polysaccharides, and pigments) in their late 

development stages and this plays a key role in pollen capture (reviewed by (Hiscock and Allen, 

2008)). Instead of secretions, the dry stigma surface consists of a layer of papillar cells that 

possess a waxy cuticle on their surface (Figure 1.2) (Edlund et al., 2004). The surface of the 

semi-dry stigma as found in Senecio squalidus is covered by a discontinuous cuticle and the base 

of the papillar cells is uncovered and secrete a small amount of exudate when the stigma is mature 

(Hiscock et al., 2002). Dry stigmas that are highly discriminatory, reduce the probability that 

heterospecific pollen grains and pathogenic spores will be captured and go on to hydrate and 

germinate on their surfaces. Amongst the Brassicaceae, a family of plants that possess stigmas 

of the dry type, incompatible pollen (such as ‘self’ pollen) can be recognized and rejected at the 

stigma surface (Heslop-Harrison, 1975, Roberts et al., 1980). In contrast, in species with wet 

stigmas, like those of the Solanaceae and Liliaceae, the first step of the pollen–stigma interaction 

appears to be passive and indiscriminate, as all the pollen can achieve hydration within the stigma 

surface exudate (Dumas et al., 1984, Edlund et al., 2004, Swanson et al., 2004).  

As mentioned above reproduction in the Brassicaceae is highly selective as the female stigmatic 

tissues are able to recognize and select pollen landing on the stigma surface by virtue of the 

pollen-pistil interaction (Hiscock and Allen, 2008, Edlund et al., 2004). Here undesirable pollen 

Fig. 1.1 Process of a typical pollen–

pistil interaction in the Brassicaceae. 

The diagram illustrates different stages 

of a compatible pollination from pollen 

landing on the stigma surface and the 

pollen tube growing into the 

transmitting tissue of the style and 

towards to the ovule. Figure adapted 

from that of (Hiscock and Allen, 2008). 
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would normally be rejected at an early stage of pollination. The pollen surface which contacts 

the pistil consists of three major domains: an outer exine wall, an inner intine, and a pollen coat, 

while the pistil contact region, the outmost surface of the stigmatic papillar cells is a waxy cuticle 

covered by a proteinaceous pellicle (Figure 1.2) (Edlund et al., 2004). Water, nutrients, and other 

small molecules are transported rapidly into the grain from the stigma papillae in a compatible 

pollen-stigma interaction (Edlund et al., 2004). Pollen hydration is the primary step for 

successful fertilization in the Brassicaceae and this process is strictly regulated by the stigmatic 

papillae (Dickinson, 1995).   

 

Fig. 1.2 TEM image showing early contact of a pollen grain (P) and a stigma papilla (S). Figure 

was adapted from (Edlund et al., 2004). 

The pollen coat, which is composed of lipids, proteins, pigments, and aromatic compounds, is 

believed to carry recognition factors (that likely operate at both the intra and interspecific level) 

and it forms an intimate interaction with the surface of stigmatic papilla cells during the pollen-

pistil interaction. Immediately after pollen capture, mobilization of the pollen coat occurs, 

leading to mixing of lipids and proteins to form a ‘foot’ (Figure 1.2) at the contact point with the 

stigma surface (Edlund et al., 2004, Elleman and Dickinson, 1986a) and this is accompanied by  

a change in the physical and chemical properties of the pollen coat (Elleman et al., 1989, Elleman 

et al., 1987). The stigmatic  papillae of Brassica and Arabidopsis species  are covered by a 

continuous cuticle which protects the stigma from pathogens and acts as a major barrier to pollen 

tube penetration (Elleman et al., 1988, Roberts et al., 1984a). Acid phosphatase, ribonuclease, 

esterase, amylase, and protease activities have been localized to pollen intine and tubes in pollen 

tube invasion of the stigma surface (Knox and Heslop-Harrison, 1970). On the cuticle sits a thin, 
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membrane-like layer of protein, the pellicle, which acts as the first site of molecular contact 

between the stigma and alighting pollen grains (Dumas et al., 1984). The pellicle, which contains 

esterases and glycoproteins, is essential for compatible pollen–stigma interactions (Roberts et al., 

1984b). 

1.4 The intraspecific pollen-stigma interaction  
 

Self-incompatibility systems are the most well studied of the pre-zygotic intraspecific plant 

reproductive barriers. Much progress has been made in identifying molecules regulating 

gametophytic self-incompatibility (GSI) (e.g. Solanaceae, Papaveraceae, Plantaginaceae and 

Rosaceae) and sporophytic self-incompatibility (SSI) (e.g. Brassicaceae and Asteraceae) (for 

review see (Allen et al., 2011)). GSI phenotypes are determined by the S-genotype of the haploid 

pollen  grain – thus pollen behaviour is dictated by the single S-allele it encodes (Takayama and 

Isogai, 2005). GSI in the Solanaceae is controlled by two tightly linked genes (S-locus F-box 

protein encoded in the pollen and an S-RNase gene encoded in the style), and when the haplotype 

of pollen and stigma are the same, then the stylar S-RNase acts to degrade pollen tube RNA 

leading to the arrest of pollen tube growth(reviewed in (Takayama and Isogai, 2005)). The stylar 

glycoprotein TTS is known to bind to the S-RNase and be required for pollen tube growth and 

another stylar glycoprotein, HT, is essential for the operation of SI, suggesting a link between 

compatibility and the incompatibility system in the Solanaceae (Hancock et al., 2003). GSI in 

the Papaveraceae is mediated by the recognition of two pollen-pistil surface proteins (a secreted 

stigmatic ligand PrsS and a pollen membrane-localised receptor PrpS) – again when the S-alleles 

of pollen and stigma are identical the pollen is rejected (reviewed in (Eaves et al., 2014)). S-

allele mediated pollen recognition leads to Ca2+ influx in the pollen grain/tube leading to 

depolymerisation of the cytoskeleton and programmed cell death (Bosch and Franklin-Tong, 

2007, Thomas and Franklin-Tong, 2004). In contrast the genetics of the SSI system present in 

members of the Brassicaceae dictates that the pollen phenotype is determined by the two S-

alleles carried by the diploid parent plant. Here diploid sporophytic tissues of the anther tapetum 

secrete the male S-determinants which are then deposited onto the pollen surface as components 

of the pollen coat (Takayama and Isogai, 2005).  SSI in the Brassicaceae is controlled by a single 

S locus which contains a pair of highly polymorphic S genes, SRK (S-locus receptor kinase) 

expressed on the stigma side and SP11(S locus protein 11) / SCR (S locus cysteine-rich protein) 

on the pollen side. The molecular basis of SI pollen rejection in the Brassicaceae is well studied 

and  rejection starts with the pollen ligand SCR being detected by the stigmatic SRK receptor 
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with same S haplotype (reviewed in (Iwano and Takayama, 2012)). In contrast little is known 

about the molecular basis of SSI in the Asteraceae, however the trait is widespread (63% of 

species) and genetically similar to the system in the Brassicaceae with dominance relationships 

existing between multiple S alleles (reviewed in (Allen et al., 2011)). Around 10 % of species in 

this family display pseudo-self-incompatibility (PSI) (Ferrer and Good-Avila, 2007) when a SI 

plant fails to reject self-pollen (Levin, 1996). Typical phenomenon is that flowers are SI when 

they first open but transit to SC in their later stages (e.g. Lilium longifolium, Campanula 

rapunculoides and Leptosiphon jepsonii) (Reviewed in (Baldwin and Schoen, 2017)). 

As mentioned above the molecular and genetic factors governing self-pollen rejection have been 

extensively studied in the Brassicaceae (for reviews, see (Bomblies and Weigel, 2010, Indriolo 

and Goring, 2014, Nasrallah and Nasrallah, 2014, Kitashiba and Nasrallah, 2014). Following 

SRK-SCR binding the pollen rejection pathway is rapidly activated in the stigmatic papilla and 

acts to block pollen hydration, pollen germination/pollen tube emergence and pollen tube 

penetration of the stigma (Chapman and Goring, 2010b, Ivanov et al., 2010). The currently 

known factors that operate downstream of SRK are the M locus Protein Kinase (MLPK) (Murase 

et al., 2004) and the E3 ubiquitin ligase, ARM-Repeat Containing1 (ARC1) protein (Indriolo et 

al., 2012, Stone et al., 1999), which are both positive regulators of SI that have been shown to 

interact with SRK (Gu et al., 1998). MLPK encodes a cytoplasmic serine/threonine protein kinase, 

which is expressed predominantly in the stigma and interacts with SRK at the plasma membrane 

of the stigmatic papilla cells (Kakita et al., 2007). MLPK functions in Brassica species but not 

Arabidopsis species (reviewed in (Kitashiba and Nasrallah, 2014)). ARC1 is a E3 ubiquitin ligase 

that functions downstream of SRK and has been shown to promote the ubiquitination and 

subsequent degradation (by the proteasome) of the compatibility factor Exo701 (Safavian and 

Goring, 2013, Samuel et al., 2008, Goring et al., 2014, Stone et al., 2003, Indriolo and Goring, 

2014, Samuel et al., 2009). Exo70A1 (a subunit of the exocyst complex), is a regulatory factor 

required for polarized secretion from stigma papillae at the pollen-stigma interface in the very 

early stages of compatible pollination. Thus Exo70A1 functions at the junction of the SI and 

basal compatibility systems in the Brassicaceae (Indriolo and Goring, 2014, Samuel et al., 2009, 

Safavian and Goring, 2013).  
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1.5 Unilateral incompatibility  
 

As early as 1955 a case of interspecific unilateral incompatibility between Petunia and 

Lycopersicum was reported by Harrison and Darby (1955). Unilateral incompatibility (UI) is a 

reproductive relationship between two individuals from different species; it occurs when the 

pollen of one species is rejected by the other whereas the reciprocal cross is compatible (De 

Nettancourt, 1997). Interestingly, UI most commonly occurs in crosses between a self-

incompatible (SI) species and a self-compatible (SC) species, and incompatibility is displayed 

when the SI species is the pistil parent and its SC partner is the pollen donor (Lewis and Crowe, 

1958). The ‘SI x SC’ UI phenomenon is widespread within angiosperms (Lewis and Crowe, 

1958), and exceptions beyond this ‘rule’ are generally explained by complexities of the 

reproductive system and that some of the SC species have only recently evolved from SI species 

and thus retain their characteristics in crosses (Pandey, 1980a).  

‘SI x SC’ UI generally holds true for crosses within the Brassicaceae, despite some exceptions 

(Yoshinobu Takada et al., 2013). Lewis and Crowe (1958) reported inter-crosses of 12 species 

(6 SI species and 6 SC species) which largely followed the ‘SI x SC’ ‘rule’. A series of 

intergeneric crosses that included SI and SC species were investigated by Sampson (1962) to re-

examine UI within the Brassicaceae and these confirmed the UI rule within the Brassicaceae. 

Furthermore, Hiscock and Dickinson (1993) systematically studied the interspecific and 

intergeneric crossing relationships of 13 SC and 12 SI species from ten tribes of the Brassicaceae 

and their data further supported the UI rule. 

 

1.5.1 Unilateral incompatibility in Solanaceae  
 

Much progress have been made in recent years to uncover the mechanism of UI in the Solanaceae. 

Genetic studies have shown that both S-locus independent and S-locus dependent mechanisms 

are involved in interspecific incompatibility in this family (Murfett et al., 1996). Both pistil-side 

(Bernacchi and Tanksley, 1997) and pollen-side (Chetelat and DeVerna, 1991) UI factors have 

been found to map close to the S-locus in Lycopersicon . In Nicotiana, the SI species N. alata 

possess 100 times more RNase activity in stylar extracts than that of the SC species N. tabacum 
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(McClure et al., 1989). Furthermore, a pollen-expressed Cullin1 gene (ui6.1) associated with UI 

in Solanum displayed high similarity to Petunia SI factors (Hua and Kao, 2006, Li and Chetelat, 

2010). More recently, another UI gene ui1.1 was found to encodes an S-locus F-box (SLF) 

protein in pollen of Solanum species (Li and Chetelat, 2015). Thus there is a growing body of 

data that reveals connections between the molecular mechanisms of SI and UI in the Solanaceae. 

However, Covey et al. (2010) pointed out significant differences between SI and UI in terms of 

pollen tube growth in the tomato clade, and provided evidence that some stylar SI factors, 

including the S-RNase and HT-B proteins, had no function in UI. All these findings in the 

Solanaceae imply that interspecific incompatibility is a complex network involving several 

operating mechanisms.  

 

1.5.2 Unilateral incompatibility in Brassicaceae 
 

In the survey of UI in the Brassicaceae conducted by Hiscock and Dickinson (1993), the stigmas 

of SC species were found to accept pollen from both SC and SI relatives, whereas the stigmas of 

SI species generally rejected pollen from both SI and SC relatives. Surprisingly, the interspecific 

compatibility / incompatibility relationships between members of the Brassicaceae do not show 

a correlation with the genetic distance between them according to the latest phylogeny, i. e. 

species from tribe Cardamineae showed both compatibility and incompatibility when crossed 

with A. thaliana, and even lineages I, II, and III contained  mixtures of species  that were either 

compatible or incompatible with A. thaliana (Fig. 1.3). Thus the phenomena described above 

suggests strongly that interspecific pollen discrimination in the Brassicaceae is managed and 

regulated by a precise reproductive barrier that effectively implements interspecific pollen 

recognition and that self-incompatibility  is very likely to have some correlation with it (Hiscock 

and Dickinson, 1993).  

In the Brassicaceae, Hiscock and Dickinson (1993) proved that the effects of bud pollination and 

inhibitor / enzyme treatment of the pistil (cycloheximide, pronase) for interspecific incompatible 

crosses showed similarity with their effects on self-incompatibility (breakdown of SI), which 

may suggest a potential involvement of SI factors in UI and physiological similarities between 

the two systems. 
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Fig. 1.3 Outcome of crosses between the model plant Arabidopsis thaliana (SC) (pollen donor) and 

other relatives from different tribes within the Brassicaceae based on the survey carried out by 

Hiscock and Dickinson (1993). The phylogenetic tree was obtained from the ‘Brassibase’ website which 

summarises the current knowledge of Brassicaceae taxonomy, systematics and evolution (Kiefer et al., 

2014, Koch et al., 2012). Symbol annotation: ++, full penetration of stigma; +, low penetration of stigma; 

-, no penetration; /, pollination was not done. Results of crosses when A. thaliana act as pollen donor 

showed first. 

 

For the genetic mapping of UI in Brassicaceae Udagawa et al. (2010) identified 5 major stigmatic 

QTLs in ‘B. rapa x B. oleracea’ UI based on data from two B. rapa lines displaying different 

phenotypes. A major pollen QTL and a major stigma QTL were identified in the UI cross A. 

lyrata x A. arenosa (Li et al., 2018). However, genetic analysis showed that neither the S-locus 

nor the M locus (MLPK) were involved in interspecific UI (Udagawa et al., 2010, Li et al., 2018). 

It is perhaps not surprising that single primary S-determinants or MLPK do not function in 

interspecific UI, whereas it seems reasonable to hypothesise that downstream components of the 

SI system are involved in interspecific UI (rather than the S-locus itself). 
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1.5.3 Hypotheses for the mechanism of interspecific unilateral incompatibility 

in the Brassicaceae 
 

Important questions to address are how did UI arise and how does the system operate? UI in the 

Solanaceae is probably mechanistically unrelated to the system in the Brassicaceae because wet 

stigma species and dry stigma species have different pollen-pistil interaction patterns (Hiscock 

and Allen, 2008). S-RNase based incompatibility acts later than that seen in incompatible 

interactions in the Brassicaceae however despite the differences we could learn some lesson from 

wet stigma UI, by considering the interactions of downstream proteins. As mentioned previously, 

‘SI x SC’ UI suggests a mechanistic link between interspecific incompatibility and SI – indeed 

the harnessing of an early acting S-mediated rejection system for illegitimate pollen gives SI 

species a selective advantage over SC species (Hiscock and Dickinson, 1993), thus the two 

systems possibly share a universal downstream pollen rejection pathway. The most popular 

hypothesis to explain UI is that the stigmas of SI species which possess an intraspecific barrier 

(mainly self-incompatibility) also have an interspecific barrier, while stigmas of SC do not 

(Lewis and Crowe, 1958, Pandey, 1980a, Sampson, 1962, Abdalla, 1972, Hiscock and Dickinson, 

1993). Hiscock and Dickinson (1993) proposed that pollen of each SI species contains a specific 

molecule (or molecules) able to overcome the stigmatic barrier in a cross within that species but 

which, because of 'species' differences in these molecules, cannot overcome the barrier in another 

SI species. SI x SI reciprocal compatibility, although found to be quite rare in the study carried 

out by Hiscock and Dickinson (1993), was explained to be due to similarities between the 

'specific component' of the pollen-borne molecules of the two SI species. Sampson's 'lock and 

key' model can also be used to explain SI x SI UI - here a small key could potentially open a 

large lock whereas a large key cannot open a small lock. These lock and key differences would 

be equivalent to structural or functional differences between the pollen molecules that overcome 

the 'stigmatic barrier'. In addition certain structural and physiological similarities exist between 

SI and UI such as pollen tube inhibition and the effect of inhibitors/enzymes (e.g. cycloheximide 

and pronase) on intra- and interspecific pollinations, thus reinforcing the concept that there may 

be a mechanistic link between the two systems. Here we hypothesise that the two barriers may 

share a universal pollen rejection system and only pollen which can overcome these two barriers 

may achieve a compatible interaction with the pistil (Fig.1.3). Self-pollen cannot overcome the 

intraspecific barrier (SI) and pollen from SC relatives cannot overcome the interspecific barrier, 

however, con-specific pollen with a different incompatibility genotype can overcome the 
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intraspecific barrier and hetero-species pollen from some SI relatives hold the ‘key’ to unlock 

the interspecific barrier (Fig.1.3). 

 

 

 

 

Kitashiba and Nasrallah (2014) also proposed a model in which a universal pollen rejection 

pathway is shared by these two incompatibility systems. UI is activated by an unknown receptor 

protein kinase that is located in the stigmatic papilla plasma membrane that interacts with a 

species-specific pollen factor where recognition would trigger the universal pollen rejection 

pathway. However as little progress has been made in revealing the molecular basis of UI in the 

Brassicaceae this hypothesis remains questionable. From the evolutionary/speciation perspective, 

breeding barriers exist between species to separate one species from another (Rieseberg and 

Willis, 2007, Rieseberg et al., 2006, Coyne and Orr, 2004), therefore, pollen-pistil compatibility 

(or even successful hybridization) between two species is actually a consequence of incomplete 

reproductive isolation (Rieseberg and Willis, 2007). Thus, it remains possible that interspecific 

incompatibility could be considered as a failure for pollen to activate a compatible response in 

stigmas rather than activate a pollen rejection system (that would need to be overcome for 

interspecific compatibility to function).  

 

 

 

 

 

Fig. 1.3 Model for pollen recognition and 

selection system in Brassicaceae 

/Arabidopsis based on incompatibility. 

Pollen from SC relatives cannot get through 

the interspecific barrier, but pollen from 

some SI relatives and pollen from the same 

species may get through this barrier. On the 

other hand, self-pollen that cannot go 

through the intraspecific barrier would be 

rejected. The stigmas of SC species do not 

possess these two barriers and thus they will 

accept pollen from both SC and SI relatives. 
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1.6 A. thaliana and its SI relatives  
 

1.6.1 Evolution of self-compatibility in A. thaliana 
 

The model plant species A. thaliana is predominantly self-fertilizing (Platt et al., 2010) and 

diverged around 5 million years ago from its closest SI relatives A. halleri, A. arenosa, and A. 

lyrata (Fig. 1.4) (Koch and Michaela, 2007). Genetic evidence has shown that most SC species 

in the Brassicaceae are recently evolved from SI species and have mutations at the S-locus 

(Goring et al., 1993, Okamoto et al., 2007, Tang et al., 2007, Guo et al., 2009, Tsuchimatsu et 

al., 2010, Tsuchimatsu et al., 2012, Wright et al., 2013). Evolutionary analysis of the S-locus has 

revealed that A. thaliana  transitioned from SI to SC approximately 1 million years ago (Tang et 

al., 2007). Perhaps surprisingly, self-incompatibility in A. thaliana could be restored by 

introducing SRK-SCR gene pairs from SI A. lyrata, demonstrating that A. thaliana has retained  

 

Fig 1.4 Reference phylogenetic tree for tribe Camelineae (adapted from ‘Brassibase’). Arabidopsis 

species are indicated with a box. 

 

the downstream incompatibility machinery for pollen rejection (Nasrallah et al., 2004) despite 

the loss of SI approximately 1 million years ago. However, introducing SRK-SCR from A. lyrata 

to A. thaliana showed much variation in the strength of self-incompatibility amongst A. thaliana 
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ecotypes (Nasrallah et al., 2004). The non-functional remnants of the S-locus in A. thaliana have 

been found to be highly diverse, with some accessions still retaining a functional SRK (e.g. Wei-

1) and are able to reject pollen of the same S-haplotype from SI A. halleri, suggesting that the SI 

response is functional in interspecific pollination (Tsuchimatsu et al., 2010). The high diversity 

now uncovered for the S-locus amongst  A. thaliana accessions suggests multiple evolutionary 

routes to selfing and selection for inactivity may also contribute to the polymorphism of A. 

thaliana S-locus (Tang et al., 2007). As mentioned earlier in section 1.1.1, selfing could promote 

speciation thus the transition to selfing in A. thaliana may rapidly sharpen the breeding barriers 

with other groups that share common ancestors.    

 

1.6.2 Arabidopsis relatives as models for multiple aspects of reproductive 

biology 
 

A. thaliana has proved hugely beneficial in increasing our knowledge in plant science through 

functional, genomic and evolutionary analyses. Within the Arabidopsis genus A. lyrata, A. 

arenosa and A. halleri have been found to have sufficient genetic similarity with the model A. 

thaliana to allow for the transfer of knowledge and many of the powerful molecular tools. 

Recently, A. thaliana and its relative species are employed as valuable models in various studies, 

including self-incompatibility, evolution of selfing, shifts in mating system, speciation, genome 

evolution, genetic and genomic incompatibility, meiosis, polyploidy, allopolyploidy and heavy 

metal tolerance to name but a few (Vaid and Laitinen, Koch and Matschinger, 2007, Wright et 

al., 2015, Clauss and Koch, 2006, Bomblies and Weigel, 2010, Bomblies and Weigel, 2007, 

Bomblies and Madlung, 2014, Mable et al., 2016).  

A. lyrata was considered to be represented by 2 subspecies, A. lyrata ssp. petraea (central and 

northern Europe) and A. lyrata ssp. lyrata (central and eastern North America) (Schmickl et al., 

2010). Diploid populations are found in subspecies petraea and lyrata and some tetraploids in A. 

lyrata ssp. petraea (from hybridization with A. arenosa in Alps) (reviewed in (Clauss and Koch, 

2006)). Subspecies petraea from Europe has been found to have greater genetic diversity than 

the North American subspecies lyrata, (considered to be derived from the Eurasian lineages), 

suggesting that A. lyrata ssp. lyrata has recently has undergone a bottleneck (reviewed in (Clauss 

and Koch, 2006)). Subspecies petraea from Europe is predominantly self-incompatible (Clauss 

and Mitchell-Olds, 2006) whereas many of the north American populations are shifting to a 
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selfing mating system with considerable variation within and between populations (Mable et al., 

2005, Mable et al., 2003). A. lyrata has been employed for the study of self-incompatibility in 

the Arabidopsis genus and is considered to be largely molecularly equivalent to the SI system in 

Brassica (reviewed in (Clauss and Koch, 2006)). Importantly the North American populations 

have been considered ideal models for gaining an understanding of evolutionary shifts in mating 

systems from SI to SC (Mable et al., 2016). More recently, some progress has been made in 

elucidating the mating system transition in North American populations. Outcrossing 

populations on average possess 5-9 SRK alleles, with only S1 and S19 incompatibility alleles 

being shared by most inbreeding populations (Mable et al., 2016). Interestingly, all SC plants 

having the S1 allele are homozygous but only a low proportion of S1 homozygotes were SC in 

the population surveys (Mable et al., 2016). Genetic analysis demonstrated that self-

compatibility (SC) is a recessive trait that is caused by a locus unlinked to the S-locus (Mable et 

al., 2016).  

A. arenosa has two major subspecies groups, A. arenosa ssp. arenosa (central and northern 

Europe) and A. arenosa ssp. borbasii (central and eastern Europe) (Al-Shehbaz and O'Kane, 

2002).  A. arenosa plants are generally tetraploid with some diploid populations being present 

(Bomblies and Madlung, 2014). A. arenosa is genetically diverse and has a history of 

hybridization with A. lyrata and A. halleri - as sympatry of these Arabidopsis groups promotes 

inter-specific hybridization (reviewed in (Clauss and Koch, 2006)). In terms of  the breeding 

system, A. arenosa is considered to be an SI species though several self-compatible lineages 

have been recorded (reviewed in (Clauss and Koch, 2006)). The majority of molecular and 

genomic studies involving A. arenosa focus on polyploidy (adaptation after whole genome 

duplication) and polyploidization (allotetraploid hybrid A. suecica derived by hybridization with 

A. thaliana) (Muir et al., 2015, Yant et al., 2013, Wright et al., 2015, LIND-HALLDÉN et al., 

2002, Hollister et al., 2012, Bomblies, 2014, Arnold et al., 2015, Arnold, 2015, Bushell, 2003). 

Notably, hybridization between A. arenosa and A. thaliana only occurs when A. thaliana acts as 

the seed parent whereas the reciprocal cross is unsuccessful (Bushell, 2003). Although 

hybridization between A. arenosa, A. lyrata and A. halleri is relatively common, and hybrid 

plants can be generated by A. thaliana x A. arenosa / A. lyrata crosses to date, there is no report 

of an Arabidopsis interspecific hybrid was derived from crosses where A. thaliana acts as the 

pollen donor. Thus A. thaliana pollen appears to be discriminated against by its relative species. 

The reciprocal cross between A. lyrata and A. thaliana is unsuccessful when A. thaliana is the 

pollen donor (Nasrallah, 2000, Bushell, 2003), though details of the features of interspecific 
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incompatibility in this cross (A. thaliana as pollen donor) are less well documented. A. arenosa 

/ A. lyrata x A. thaliana crosses exhibit ‘SI x SC’ type UI - Bushell (2003) briefly mentioned 

that A. arenosa was incompatible with A. thaliana (pollen parent) and Li et al. (2018) reported 

A. thaliana  was incompatible with A. lyrata and A. arenosa. However, these studies were rather 

limited with only a few representative lines of each species being investigated. Given the 

increasing availability of seed accessions capturing some of the wide natural genetic variation 

that exists within Arabidopsis (Alonso-Blanco and Koornneef, 2000) it prompted the question 

as to whether there was variation for the UI trait in interspecific pollinations in this genus. Thus 

investigating UI amongst Arabidopsis species is now particularly timely as the abundant 

resources available for the well-studied SC A. thaliana and its close SI relatives make them good 

models for elucidating the genetic mechanisms of interspecific UI.   

 

1.7 Pollen coat and cysteine rich proteins in plant reproduction  
 

The pollen coat amongst members of the Brassicaceae is believed to carry recognition factors 

that operate during the very early stages of pollen-stigma interaction (Wang et al., 2017, 

Mayfield et al., 2001, Fiebig et al., 2004, Elleman and Dickinson, 1990, Dickinson, 1995). A 

growing number of pollen coat factors have been reported to be involved in various aspects of 

the pollen-stigma interaction. Studies on the A. thaliana ECERIFERUM (CER) mutant cer6-2, 

which fails to produce a pollen coating (Zinkl and Preuss, 2000, Zinkl et al., 1999) have shown 

that lipids are required for pollen hydration at the pollen–stigma interface (Wolters-Arts et al., 

1998, Zinkl and Preuss, 2000). However, pollen lipids amongst species in the Brassicaceae are 

quite similar and appear to act as a mediator to trap water for the hydration of the desiccated 

pollen, making them poor candidates for molecules that could dictate species specificity (Edlund 

et al., 2004, Hiscock and Allen, 2008, Hülskamp et al., 1995, Piffanelli et al., 1998, Wolters-Arts 

et al., 1998, Zinkl and Preuss, 2000, Zinkl et al., 1999). The pollen coats of Brassica and 

Arabidopsis species are rich in proteins (Dickinson et al., 2000) and it has been proposed by 

Edlund et al. (2004) that in the presence of lipids, both self and foreign pollen recognition are 

mediated by highly diverse proteins and peptides of the pollen coat. One protein in particular, 

GRP17, a glycine-rich oleosin-domain protein (GRP), present in the pollen coating of A. thaliana 

has been shown to be necessary for normal hydration, as mutations in GRP17 delay the onset of 

pollen hydration (Mayfield and Preuss, 2000). Interestingly, GRP family genes show high levels 

of variation between species and even between ecotypes across the Brassicaceae, indicating that 
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this gene cluster evolves rapidly and may contribute to speciation - thus GRP17 homologues 

could possibly play a role in interspecific pollen recognition (Fiebig et al., 2004, Mayfield et al., 

2001, Schein et al., 2004). In recent years, a range of small cysteine-rich proteins (CRPs) present 

on pollen and in female reproductive tissues have been discovered to act as important signalling 

factors mediating diverse aspects of cell–cell communication in reproduction such as pollen-

stigma self-recognition, tube germination, pollen tube guidance and seed development (reviewed 

by Marshall et al. (2011)). For example, the S-cysteine-rich protein (SCR) is the male (pollen) 

determinant of SI; SLR-BP1 which belongs to the PCP-A (Pollen Coat Protein ‘A’ class) binds 

the S-locus related 1 (SLR1) stigmatic protein and may play a role in pollen adhesion in Brassica 

(Takayama et al., 2000); another PCP-A class CRP , PCP-A1, was demonstrated by Doughty et 

al. (1998) to bind the stigmatic S-locus glycoprotein (SLG) in Brassica oleracea, though its role 

in pollination has yet to be characterized; PCP-Bs (Pollen Coat Protein ‘B’ class) are another 

group of CRPs isolated from the Brassica pollen coat (Doughty et al., 2000), and four 

Arabidopsis thaliana PCP-B encoding genes termed AtPCP-Bα, AtPCP-Bβ, AtPCP-Bγ and 

AtPCP-Bδ have been identified as acting as positive regulatory factors in pollen hydration (Wang 

et al., 2017). The evidence described above suggests that CRPs in the pollen coat are likely to 

mediate both incompatibility and compatibility in the pollen-stigma interaction in Arabidopsis. 

Notably, the CRPs are extremely diverse (Nieuwland et al., 2005) and abundant in the pollen 

coats of A. thaliana and Brassica species. Recent research in the Doughty lab (personal 

communication) has revealed the presence of a large number and diversity of CRPs in the pollen 

coat of Brassica species and A. thaliana, making CRPs good candidates for signalling molecules 

participating in interspecific pollen-stigma interactions.  

 

 

1.8 Aims and objectives  
 

The widespread phenomenon of interspecific UI has aroused great interest in the mechanism(s) 

of interspecific compatibility / incompatibility, not only to gain a better understanding of the 

evolution, mechanisms and interrelationship of breeding systems but also for the development 

of methods to manipulate breeding barriers to permit the transfer of valuable traits between 

incompatible species of agronomic importance. In the Brassicaceae, previous studies of 

interspecific reproduction have mainly focused on investigating the phenotype of interspecific 

compatibility or incompatibility, interspecific hybrid fitness and fertility (Kitashiba and 
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Nasrallah, 2014). However surprisingly little is known about the genetic and molecular basis of 

pre-zygotic incompatibility among closely related species (Hiscock and Allen, 2008). This PhD 

project aims to investigate natural variation for interspecific incompatibility within Arabidopsis, 

establish a ‘model system’ of genetic tools to study interspecific incompatibility, identify 

potential pollen coat factors that play a role in regulating interspecific incompatibility and to 

understand the cellular mechanisms that underlie interspecific incompatibility in the 

Brassicaceae. 

To these ends the research objectives of this study were: 

 Screen for, and establish the extent of, phenotypic variation that exists for UI between A. 

thaliana accessions and wild populations of its SI relatives Arabidopsis lyrata and 

Arabidopsis arenosa. 

 Investigate the characteristics of interspecific UI in Arabidopsis and its potential parallels 

with SI by carrying out studies on pollen hydration, the cytological response of stigmatic 

papillae, ability to overcome UI with bud pollination and inhibitor treatment and the 

ability of pollen coat to modulate interspecies compatibility.  

 Analyse the pollen coat proteome of 3 species from the Brassicaceae (A. thaliana, 

A.lyrata, B. oleracea) as an approach to identifying protein candidates for involvement 

in UI. 
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Chapter 2 Materials and Methods 
 

2.1 Plant Materials  
 

2.1.1 Plant lines used in this study 
 

Details of the plant lines of Arabidopsis arenosa and Arabidopsis lyrata used in this study are 

shown in Table 2.1. Nomenclature has been standardised throughout the thesis such that A. lyrata 

lines are named with a prefix ‘Al_’ and A. arenosa lines are named with a prefix ‘Aa_’, together 

with their original source names that typically refer to the geographic origin. A. lyrata lines 

originated from North America were donated by Barbara Mable (University of Glasgow, UK). 

In the Great Lakes region of eastern North America, A. lyrata is restricted to sand dunes, rocky 

outcrops, and alvars (limestone pavements), all threatened habitats that are currently 

concentrated in protected park areas (Mable et al., 2005). Swedish A. lyrata lines were provided 

by Professor Jon Ågren (Uppsala University, Sweden) and the Icelandic A. lyrata lines were 

provided by Dr Vincent Castric (University of Lille, France). A. arenosa tetraploid lines 

Aa_TBG, Aa_STE Aa_BGS and the diploid lines Aa_KZ, Aa_SN were donated by Professor 

Kirsten Bomblies (John Innes Centre), Aa_Hayek (4x) lines were donated by the Experimenteller 

Botanischer Garten (Gottingen) and Aa_Bor (4x) lines were donated by Kew Gardens (London). 

The S25, S29 incompatibility lines of Brassica oleracea var alboglabra (Stephenson et al., 1997b) 

and Brassica napus cultivar ‘Westar’ were held by the Doughty lab (University of Bath). The 

Arabidopsis thaliana accessions Bur-0, Can-0, Col-0, Ct-1, C24, Edi-0, Hi-0, Kn-0, Ler-0, Mt-

0, No-0, Oy-0, Po-0, Rsch-4, Sf-2, Tsu-0, Wil-2, Ws-0, Wu-0, Zu-0 and kas-2 were originally 

sourced from the European Arabidopsis Stock Centre (NASC) and held by the Doughty lab 

(University of Bath) (Table 2.2). Tetraploid lines Bur-0(4x), Col-0(4x), C24 (4x) were provided 

by the Scott lab (University of Bath). A genetically modified self-incompatible C24 [SRKb-

SCRb] line was kindly provided by Professor June Nasrallah (Cornell University, USA). A. 

thaliana cysteine rich proteins (CRPs) homozygous mutant lines (Table 2.4) were held by the 

Doughty lab (University of Bath) and are T-DNA insertion lines that have been confirmed to 

generate knockouts in the target gene (pers. comm. Mutian Yang). 
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Table 2.1 Plant material of A. arenosa and A. lyrata used in this study 

Species Subspecies Population 

Mating 

system Origin References 

A. lyrata ssp.lyrata Al_RON       SC North America (Mable et al., 2005) 

  
Al_LPT         SC North America (Hoebe et al., 2009) 

  
Al_TSSA      mixed North America (Hoebe et al., 2009) 

  
Al_TSS        SI North America (Mable et al., 2005) 

  
Al_PIN         SI North America (Mable et al., 2005) 

  
Al_IND   SI North America (Mable et al., 2005) 

 
ssp.petrea Al_ICE16 SI Iceland  (Schierup et al.,2008) 

  
AL_SE12 SI Bönhamn, Sweden Uppsala University 

  
 

AL_SE18 SI Smitingen,Sweden Uppsala University 

A.arenosa ssp.arenosa Aa_STE   SI Poland (Wright et al., 2015) 

  
Aa_TBG  SI German (Hollister et al., 2012) 

  
Aa_BGS  SI German (Hollister et al., 2012) 

  
Aa_Hayek  SI German 

Botanischer Garten, 

Gottingen 

  
Aa_KZ  SI Hungry (Wright et al., 2015) 

  
Aa_SN  SI Slovakia (Hollister et al., 2012) 

 
ssp.borbassi Aa_Bor  SI Belgium Kew Gardens, London  

 

RON: Rondeau provincial Park, Ontario, sand dunes; LPT: Long Point Provincial Park, Ontario, sand 

dunes; TSSA: Tobermory, Siging Sands, Bruce Peninsula National Park, alvar pavement; TSS: 

Tobermory, Siging Sands, Bruce Peninsula National Park, sand dunes; PIN: Pinery Provincial park, 

Ontario, sand dunes; IND: Indiana Dunes National Lakeshore, Michigan, sand dunes; STE: Stęszew, 

Poland ; TBG: Triberg, Germany; BGS: Berchtesgaden railway station (BGS), Germany; KZ: Kesztölc, 

Hungary;  SN: Strec ̧no castle, Slovakia.  
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Table 2.2 list of A. thaliana ecotypes used in the pollinations of UI investigation   

A. thaliana ecotypes  Origins 

Bur-0 Ireland 

Can-0 Canary Isles 

Col-0 USA 

Ct-1 Italy 

C24 Unknown 

Edi-0 Scotland 

Hi-0 Netherlands 

Kn-0 Lithuania 

Ler-0 Germany 

Mt-0 Libya 

No-0 Germany 

Oy-0 Norway 

Po-0 Germany 

Rsch-4 Russia 

Sf-2 Spain 

Tsu-0 Japan 

Wil-2 Russia 

Ws-0 Russia 

Wu-0 Germany 

Zu-0 Germany 

kas-2 India 
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Table 2.3 A. thaliana cysteine rich proteins (CRPs) mutant lines 

CRP groups gene 
Homozygous T-DNA mutant 
lines 

(PCP-AL) 

At2g28355 SALK_026984  

 SALK_045916  

At2g02140 SALK_013954  

 SALK_151547  

At4g09984 SALK_081215  

 SALK_021923  

At1g61070 SALK_029486  

 SALK_138431  

At4g11760 SALK_003342  

At3g25265 SALK_144256  

At2g43520 SAIL_1157_G04  

At2g22941 SALK_122152  

SCRL At4g32717 SALK_008400  
 

 SALK_082543c  
 At4g10115 GABI_685H03  
 At2g06983 FLAG_032E05  
 At5g45875 SALK_089063  

  At1g65113 (SCRL2) SALK_063133  

nsLTP 

At1g66850 SALK_018008  

 SAIL_302_F02  

At4g33355 GABI_516C09  

At5g62080 FLAG_256E03  

At5g52160 SALK_125211  

At5g07230 FLAG_423F09  

At5g59310 GABI_194C08  

At3g11825 SAIL_76_A09  

Unclassified 

At5g59845 SALK_069921  

 SALK_010865C  

At2g18420 SALK_112562  

At5g60615 SAIL_201_C11  

 

 

 

2.1.2 Plant growth conditions and propagation 
 

A. thaliana plants were kept in a controlled growth room with 16 h illumination (130 μmol m-2 

s-1 of light intensity), 60% humidity and a temperature of 21°C.  A. arenosa, A. lyrata and 

Brassica lines were grown in an insect-proof glasshouse with 16 h illumination and a day 

temperature of 21°C and night temperature of 17 °C. A. thaliana, A. arenosa and A. lyrata plants 



25 

 

were propagated in Levington F2+S compost (Soils HS Limited, UK), B. oleracea and B. napus 

plants were propagated in Levington M3 compost (Soils HS Limited, UK). All soil was treated 

with insecticide (Imidasect). For the growth of perennial plants, Normal NPK fertilizer (Scotts 

Miracle-Gro) was applied every two weeks during the summer and monthly during winter, 

Perlite was added to improve the soil drainage.  

 

2.2 Methods  
 

2.2.1 Pollinations  
 

For all standard pollinations used in screening for variation in UI and interspecific pollen-stigma 

incompatibility investigations, large pre-anthesis buds were emasculated and the pistils were 

then left for 2 days in situ to allow for full maturation before pollination. All pollinations were 

performed overnight to allow adequate time for pollen tube growth and in low humidity 

conditions to ensure that the appropriate stigmatic responses to the pollen occurred. Variations 

to this protocol are described in the relevant sections of this chapter. 

 

2.2.2 Visualisation of pollinations with aniline blue staining 
 

Visualisation of pollen tubes was based on the method described by (Kho and Baer, 1968) with 

some improvements. After pollination, pistils were collected and fixed (2.5% glutaraldehyde, in 

0.1M PBS) for a minimum of 4 h or overnight. After fixing, the fixative was removed and pistils 

were softened by treatment with 8M NaOH (Arabidopsis pistils were treated for 15 minutes at 

room temperature and Brassica pistils for 15 minutes at 55°C). Pistils were then washed 3 times 

with 50mM K3PO4 buffer for 5 minutes each. A drop of aniline blue (BDH) (25ul, 0.1% in 0.1M 

K3PO4, pH 11.0) was then applied for 20 min. The pistil was placed on a slide with a drop of 

mounting media (K3PO4 buffer made with 50% glycerol) and viewed using a Nikon Eclipse 90i 

epifluorescence microscope coupled to Nikon Digital Sight DS-U1 camera.  

 

2.2.3 Analysis of interspecific compatibility/ incompatibility in ‘A. lyrata / A. 

arenosa x A. thaliana’ crosses 
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To detect variation for the interspecific compatibility / incompatibility trait on the stigma and 

pollen side, pollinations between A. thaliana and its close relatives (A. arenosa and A. lyrata) 

were performed, with A. thaliana acting as the pollen donor. When scoring the interspecific 

compatibility / incompatibility, all the stigmas were pollinated with saturating levels of pollen 

grains that were applied in a monolayer. The pollination results displayed great variability in the 

strength of interspecific incompatibility and thus 6 representative classes were used to 

characterize the pollen-stigma interaction phenotypes of ‘A. lyrata / A. arenosa x A. thaliana’ 

crosses (Table 2.4, Fig. 2.2). In order to simplify scoring the phenotypic data for compatibility 

and subsequent quantitative analysis, 3 categories ‘incompatible’, ‘partially compatible’ and 

‘compatible’ were defined based on whether the papillae were penetrated. Type I, type II and 

type III were included in the ‘incompatible’ category, type IIII in the ‘partially compatible’ 

category and types V and VI in the ‘compatible’ category (Table 2.5, Fig. 2.3). 

 

Fig. 2.2 Representative images of different pollen-stigma interaction phenotypes when A. lyrata / A. 

arenosa accessions were pollinated with A. thaliana (Col-0). A monolayer of pollen was applied to 

stigmas and left for 6 h to establish the extent of pollen tube growth, followed with 0.1% aniline blue 

staining. a: Type I, Al-PIN30-1 x Col-0, no pollen germination; b: Type II, Aa-KZ1-2 x Col-0, most 

pollen germinates, no penetration; c: Type III, Al_S12-25-1 x Col-0, long tubes produced, a few tubes 

penetrate but fail to extend through the length of the stigmatic papillae; d: Type IV, Aa_TBG1-3 x Col-

0, papilla cells partially penetrated through by the pollen tube; e: Type V, Al_TSSA24-2 x Col-0, full 

penetration but pollen tubes fail to grow into the transmitting tissue of the style; f: Type VI, Al_TSSA24-

3 x Col-0, fully compatible. Yellow arrows indicate representative pollen and pollen tube behaviours. 
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Bars = 50 μm. For abbreviations of the population names please refer to Table 2.1.  For pollination 

phenotypes refer to Table 2.4. 

 

Table 2.4 Defined types of pollen-stigma interaction phenotype for ‘A. lyrata / A. arenosa x A. 

thaliana (pollen parent)’ crosses 

Pollination 

phenotypes 

Features description 

Pollen germination Pollen tube penetrate in papilla 

Pollen tube grow in 

transmitting tissue 

Type I 

 

No or only a few  

(less than 10%) 

pollen germinated / / 

Type II 

 

Most (more than 

50%) pollen 

germinated / / 

Type III 

All pollen 

germinated 

 

Few (less than 10%) pollen 

tubes penetrated but failed to 

grow beyond papillae base / 

Type IV 

All pollen 

germinated 

 

Papillar cells were partially 

penetrated (10% - 50%)  

through (pollen tube grew 

beyond papillae base) / 

Type V 

All pollen 

germinated 

 

All papillary cells were 

penetrated through (pollen tube 

grew beyond papillae base) / 

Type VI 

 

All pollen 

germinated 

 

 

All papillary cells were 

penetrated through 

 

 

Pollen tubes grew in 

transmitting tissue but  

not further into ovaries 

 

 

 

Table 2.5 Defined categories of incompatibility / compatibility for pollen-stigma interactions of 

A.lyrata / A. arenosa accessions pollinated with A. thaliana  

 Categories   Incompatible Partially compatible Compatible 

 Phenotypes   Type I, type II and type III Type IIII Type V and type VI 
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Fig. 2.2 Representative images of the 3 categories of pollen-pistil compatibility observed when A. 

lyrata / A. arenosa accessions were pollinated with A.thaliana (Col-0). Stigmas were stained with 0.1% 

aniline blue and imaged using a fluorescence microscope; a: Al_IND23-1 x Col-0, incompatible, no 

penetration; b: Aa-TBG2-2 x Col-0, partially compatible, papilla cells were partially penetrated; c: 

Al_TSSA17-1 x Col-0, fully compatible, all papilla cells were penetrated; Pollen tubes / behaviours are 

indicated by yellow arrows. Bars = 50 μm.  

 

 

2.2.4 Pollen hydration assay 
 

Open mature flowers were used (retained on the plant) and pollen was applied in a monolayer 

with an eyelash. At least 5 independent stigmas were used in assays from each line. Pollen on 

stigmas were photographed under an inverted compound microscope (Nikon Eclipse TE2000-S) 

immediately after pollinations were initiated (designated as time point zero). Subsequent images 

were captured with a Nikon Digital Sight DS-U1 camera for 20 minutes, at 1 min intervals. 

Equatorial diameter of pollen was measured in pixels using a ‘5 point ellipse’ model of 

NIS element 3.0 Software. Pollen hydration (%) was then calculated using the equation: Pollen 

hydration (%) = (Pollen diameter – initial pollen diameter) / initial pollen diameter (Wang et al., 

2017). All graph plotting and statistical analyses were carried out using Sigmaplot 13.0 software.  

 

2.2.5 Transmission Electron Microscopy (TEM) 
 

Self-pollinated and cross pollinated (Col-0 as pollen donor) Al_RON27-7 pistils were removed 

from plants and incubated in microtitre plate well filled with water. Fixation and staining were 

based on the method of Elleman and Dickinson (1986b). Pistils placed upright under glass and 

exposed to OsO4 (dry fixation) at room temperature for 2 h, and then washed 3 times for 15mins 
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with 0.1M Sodium Cacodylate Buffer (SCB) pH7.4. Samples were then prefixed overnight in 

2.5% glutaraldehyde (in 0.1M SCB, pH 7.4). After rinsed with 0.1M SCB 3 times for 5min, the 

samples were then post-fixed with 1% osmium tetroxide (in 0.1M SCB, pH 7.4) for 2 h at room 

temperature. Samples were washed with distilled water followed by staining by 2% uranyl 

acetate (in Maleate buffer, pH 6.0) for 1 h in the dark and then rinsed with distilled water. The 

samples were dehydrated through an acetone series (30%, 50%, 70%, 80%, 90%, 95%, 100%), 

after which the samples were embedded with Spurr’s Epoxy Resin in moulds and then put in an 

oven for 8 h at 70 °C to make blocks. A Reichert-Jung (Leica) Ultra-cut 701701 Ultra Microtome 

was used to generate semi-thin (120-150 nm) sections stained with Toluidine Blue and Basic 

Fuchsin (Epoxy Tissue Stain, Ready-to-use, Electron Microscopy Science) to check for the 

presence of the desired pollen-papilla contact sites When appropriate material was located thin 

sections (80-90 nm) were cut with a diamond knife from these blocks. Images were captured 

with a JEOL 2100Plus Transmission Electron Microscope operating at 200 kV.  

 

2.2.6 Okadaic acid (OA) and cycloheximide (CHX) treatment of pistils 
 

Pistils of Brassica oleracea, Brassica napus, and Arabidopsis lyrata derived from freshly opened 

flowers (flower stalks were cut using a razor blade) or buds were incubated in the wells of 

microtitre plates with a range of concentrations of okadaic acid (OA) or cycloheximide (CHX) 

(SIGMA, UK) prior to pollination (crosses were B. oleracea / B. napus/ A. lyrata x A. thaliana 

and self-pollinations of B. oleracea and A. lyrata. CHX was dissolved in dimethyl sulfoxide 

(DMSO) to a concentration of 200mM and OA was dissolved in DMSO to a concentration of 

400 µM and then diluted to the required concentration with distilled water. Concentrations of 

OA used in the experiment: 0.1 μM, 0.5 μM, 1 μM, 2 μM, 5 μM, 10 µM.  Concentrations of 

CHX used in the experiment: 20 µM, 50 µM, 100 µM, 200 μM, 500 μM, 1000 μM, 2000 μM. 

 

2.2.7 Bud pollination 
 

For bud pollinations of ‘B. oleracea x A. thaliana’, fresh flower buds at different development 

stages (Fig. 2.3) were cut from the pedicle with a razor blade and then incubated in fresh water 

in the wells of microtitre plates. B. oleracea bud stages were characterized based on the bud 

length. Sepals, petals and stamens were removed and the stigmas were then pollinated with A. 
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thaliana (Col-0) pollen. For ‘A. lyrata x A. thaliana’ bud pollinations, fresh flower buds at 

different stages were emasculated on plants followed by pollination with A. thaliana (Col-0) 

pollen. The bud stage of A. lyrata was defined based on their opening time and positions within 

the inflorescence. Flowers that were just opening were taken as position ‘0’, one day after 

opening as ‘+1’, two days after opening as ‘+2’, one day before opening as ‘-1’, two days before 

opening as ‘-2’, three days before opening as ‘-3’, four days before opening as ‘-4’. All stigmas 

were fixed after overnight pollination, followed by aniline blue staining and visualisation under 

microscopy Nikon Eclipse 90i (see section 2.2.2). 

 

Fig. 2. 3 Stigmas of B. oleracea derived from different bud sizes.   

 

2.2.8 Brassica pollen coat exchange experiments- pollen coat isolation and 

application in incompatible interspecific pollinations 
 

The isolation of Brassica pollen coat (PC) was based on the bioassay developed by Stephenson 

et al. (1997b).  Pollen was collected from 50 flowers having fully freshly dehiscent anthers and 

then sandwiched between two slides. The two slides were then gently rubbed together with 

pressure that avoided damage to the grains but that permitted the PC to be transferred to the 

slides. The slides were then parted and the pollen on the slide surface was removed by lightly 

scrapping the slide with a rough-edged razor blade. A thin film of PC remained on the slide and 

was raised into a ridge using a new razor blade. The PC of Brassica (freshly prepared each time) 

was applied to the Brassica stigma surface before deposition of A. thaliana pollen (Fig. 2.1). 
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Fig. 2.4 Diagram representation of the method used for application of pollen coat (PC) in studies 

investigating modulation of interspecific incompatibility between B. oleracea x A. thaliana. 

 

2.2.9 Isolation of pollen coat proteins (PCPs) from B. oleracea, A. lyrata and 

A. thaliana 
 

B. oleracea (S29) pollen was collected as described in section 2.2.8. A. lyrata pollen was 

collected from 100+ individual plants of the North American A. lyrata line Al_RON27. A. lyrata 

pollen was scrapped from freshly dehisced anthers with a fine needle and checked under the 

microscope to ensure no contamination of other tissues. A. thaliana (Col-0) pollen was collected 

by utilising a vacuum cleaner with a filter system constructed from plumbing parts with two 

layers of interspersed mesh filters. Pollen grains accumulated on the 10-micron mesh filter and 

were collected with a scalpel while the flower debris was captured by the outer 150-micron mesh 

filter. The collected pollen was then weighed and stored at -80 °C. 

The method for isolating pollen coat from the 3 species was modified from the protocol described 

for the isolation of Brassica pollen coat (Doughty et al., 1993). 800uL of cyclohexane was added 

to 80mg pollen held in a 1.5ml microfuge tube and vortexed briefly. The mixture was then placed 

in a homemade (see Wang (2016)) filter unit (briefly, a holed 0.5 ml microfuge tube plugged 

with a small piece of glass fibre paper and inserted into a 1.5 ml microfuge tube) and centrifuged 

at 16,000 g for 14 seconds to elute the liquid phase. For the pollen coat extract from A. lyrata 

and B. oleracea, the elution was left to dry on a glass slides and the residue (pollen coat materials) 

was collected. For the pollen coat extraction from A. thaliana, the elution was freeze-dried and 
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the dried pellet (pollen coat material) was kept. 200 μl PBS buffer (Phosphate-buffered saline) 

was added to the pollen coat sample and the mix was sonicated on ice to achieve a milky 

homogenous suspension. The suspension was then centrifuged until separation of a lipid-like 

phase was observed and then the aqueous pollen coat protein-containing phase was recovered. 

This was further processed to remove particulate material by centrifugal filtering through a glass 

fibre filter unit (x8000g) as described above. Protease inhibitors were then added to the sample 

(completeTM Protease Inhibitor Cocktail Tablets, Sigma-Aldrich) which was then stored at -

80 °C prior to further analyses. 

 

2.2.10 Gel electrophoresis of pollen coat proteins (PCPs)  
 

Prior to gel loading, 5 ul of each protein sample was diluted with the same volume of 1.5x tricine 

sample buffer (0.08M Tris Cl/SDS (pH=6.8), glycerol (40% V/V), SDS (2% V/V), 2% ml β-

mercaptoethanol, 0.04% Coomassie blue R-250) and then heated at 95°C for 10 mins. The 

samples together with a protein marker (PageRuler Unstained Low Range Protein Ladder, 

Thermo Scientific) were loaded onto a 16.5% precast polyacrylamide gel (Bio-Rad) and 

electrophoresis was carried out at 100 V for 100 min in running buffer (0.1M Tris and 0.1M 

tricine) and Electrode Running Buffer used as the top buffer (0.05M Tris and 0.1M Glycine, pH 

8.3). Proteins separated by gel electrophoresis were visualized using or SilverXpress® Silver 

Staining Kit (Thermo Fisher Scientific). 

 

2.2.11 Proteome and other bioinformatics analyses 
 

Pollen coat proteome data were generated by a novel LC-MS/MS system LTQ-Orbitrap Velos 

mass spectrometer (Thermo Fisher Scientific) (For methodology see (Wang, 2016)). LC/MS/MS 

technique, which combine liquid chromatography and mass spectrometry represents new vision 

of sensitivity, and powerful tool. HPLC system is powerful tool to separate different analytes on 

stacionary phase using liquid mobile phase, and in combination with triple mass spectrometer, 

the criteria for identification of unknown sample is retention time, m/z value of product and 

precursor ions and their ion ratios. The design of mass spectrometer allows detection and 

quantification of analytes in parts per billion and parts per trillion (ppb and ppt) concentration 

range. (Shimadzu Corp.)  
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The raw data files of the pollen coat proteomes were processed and quantified using Proteome 

Discoverer software v1.4 (Thermo Scientific) and searched against the UniProt Arabidopsis 

thaliana (50990 entries), Arabidopsis lyrata database (33041 entries) or Brassica oleracea 

(58555 entries) databases, as well as using the SEQUEST algorithm. Settings of MS/MS 

tolerance was at 0.8Da and Peptide precursor mass tolerance was at 10ppm. Searches were 

performed with full tryptic digestion. Maximally 1 missed cleavage was allowed. The reverse 

database search option was enabled and all peptide data was filtered to satisfy false discovery 

rate (FDR) of 5%. The match between the highest-scoring peptide and the spectrum is defined 

as a PSM (peptide-spectrum match). FDR (False discovery rate) controlling procedure were used 

to statistically validate the PSMs to avoid false positives. For the confidence of peptides, FDR 

fell into 1%-5% was considered as medium confidence and FDR<1% was considered as high 

confidence peptides. 

The mass spectrometry data sets of the three pollen coat proteomes was tested for significant 

overrepresentation of GO terms based on their annotations in PANTHER (Protein ANalysis 

THrough Evolutionary Relationships) Classification System (pantherdb.org, version13.1, 

released 3rd Feb 2018), which describes the functions of gene products. Overrepresentation tests 

were performed based on the default reference list of Arabidopsis thaliana and the complete 

datasets of GO terms describing biological processes, molecular functions and cellular 

components. Overrepresentation tests of Arabidopsis lyrata and Brassica oleracea were based 

on GO annotation of putative orthologues/best hit (based on EnsemblPlants, plants.ensembl.org) 

in the A. thaliana genome. Fisher’s exact test with FDR correction was performed.  

The site-specific selection analysis was processed using the codeml tool in the PAML package 

(v4.9) (Yang, 2007). Models were used to test positive selection of each codon site: the M1 

(Nearly neutral) and M2 (Positive selection); the M7 (beta) and M8 (beta & ω). Comparisons of 

were carried out by likelihood ratio test (LRT). Twice the log-likelihood difference (2ΔInL) was 

used to compare the critical value and the p-value of two models. All the Venn diagrams were 

generated by using an online tool developed by the Bioinformatics and Evolutionary genomics 

group in VIB-Ugent (http://bioinformatics.psb.ugent.be/webtools/Venn/). Searches for 

orthologues were conducted via the Blast tools in EnsmblPlants and Phytozome. All 

phylogenetic trees were generated by MEGA7 (Kumar et al., 2016).  

http://bioinformatics.psb.ugent.be/webtools/Venn/
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Chapter 3 Natural variation for interspecific 

unilateral incompatibility in Arabidopsis 
 

3.1 Introduction 
 

For flowering plants, many species are separated from others by a series of reproductive barriers 

that can operate prezygotically or postzygotically. As a result, non-con-species male gametes 

frequently fail to fertilise eggs or, if fertilisation does take place, the progeny are inviable 

(Rieseberg and Willis, 2007, Hormaza and Herrero, 1992). Development of breeding barriers 

also contributes to the formation of new species (Coyne and Orr, 2004) as reproductive isolation 

can promote the accumulation of genetic differences and establish boundaries between 

populations (Rieseberg and Willis, 2007). However, hybridization between closely related 

species is relatively common (Arnold, 1997) and thus reproductive isolation may be incomplete 

(Rieseberg and Willis, 2007), though in the majority of cases hybridisation fails resulting in 

aborted or sterile progeny (Kumar and McClure, 2010). In rare cases, the interspecific hybrid 

can survive and evolve as a new species, this being described as hybrid speciation (Rieseberg 

and Willis, 2007, Rieseberg and Blackman, 2010, Rieseberg et al., 2006, Hegarty and Hiscock, 

2005, Coyne and Orr, 2004). In some situations, incomplete reproductive isolation between 

species only occurs in one direction, an example of this being the remarkable phenomenon 

termed unilateral incompatibility (UI). Unilateral incompatibility (UI) is a reproductive 

relationship between two individuals from different species; it is a prezygotic barrier that occurs 

when the pollen of one species is rejected by the other whereas the reciprocal cross is compatible 

(De Nettancourt, 1997). Interestingly, UI most commonly occurs in crosses between a self-

incompatible (SI) species and a self-compatible (SC) species, and incompatibility occurs when 

the SI species is the pistil parent and its SC partner is the pollen donor (Lewis and Crowe, 1958). 

The ‘SI x SC’ UI phenomenon is widespread within angiosperms and exceptions beyond this 

rule are generally explained by  complexities of the reproductive mechanisms (Lewis and Crowe, 

1958). Looking in depth into the UI phenomenon (or interspecific incompatibility) will help us 

gain a better understanding of the evolution of breeding mechanisms during plant speciation and 

the complex mutual reproductive isolation network among closely related species. In addition 

gaining better knowledge of the mechanisms underpinning interspecific breeding barriers could 

enable the development of genetic tools for the transfer of valuable agronomic traits between 

incompatible species. 
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The Brassicaceae includes may species of agronomic importance with plants in this family 

possessing stigmas of the ‘dry type’ (see Chapter 1, 1.3 for details) which appear to display many 

similarities in terms of pollen rejection between intraspecific self-incompatibility (SI) and 

incompatible interspecific pollination. Here pollen tubes are efficiently inhibited at the stigma 

surface, an efficient system that saves resources and mating opportunities (Heslop-Harrison, 

1975, Roberts et al., 1980, De Nettancourt et al., 1974, De Nettancourt, 1997). Lewis and Crowe 

(1958) reported inter-crosses of 12 species (6 SI species and 6 SC species) which largely 

followed ‘SI x SC’ UI. A series of intergeneric crosses that included SI and SC species were 

investigated by Sampson (1962) to re-examine UI within the Brassicaceae and these confirmed 

the UI rule. Furthermore, Hiscock and Dickinson (1993) systematically studied the interspecific 

and intergeneric crossing relationships of 13 SC and 12 SI species from ten tribes of the 

Brassicaceae and the pollination results in this survey generally fit with the UI rule. Stigmas of 

SC species were found to accept pollen from both SC and SI relatives, whereas the stigmas of SI 

species generally rejected pollen from both SI and SC relatives (Hiscock and Dickinson, 1993) 

and thus this has raised the intriguing question as to whether the self-incompatibility (S) locus 

itself or the wider SI mechanism has role to play in UI.  

Interspecific pollination has been most extensively studied in the Solanaceae and much progress 

has been made in the genetic mapping and elucidation of the molecular basis of UI in this family 

(Kitashiba and Nasrallah, 2014). However, the role of S-RNases in UI is complex and genetic 

studies have shown that both S-locus independent and S-locus dependent mechanisms are 

involved in interspecific incompatibility in this family (Murfett et al., 1996, Covey et al., 2010). 

There were both pistil-side (Bernacchi and Tanksley, 1997) and pollen-side (Chetelat and 

DeVerna, 1991) UI factors that mapped close to the S-locus. Hancock et al. (2003) proposed that 

the stylar S-RNase acts a link between compatibility and incompatibility, and this model both 

applied to SI and UI. Connections between the molecular mechanisms of SI and UI in the 

Solanaceae (Solanum and Nicotiana) have now been well established as evidence has 

accumulated over recent years (Hua and Kao, 2006, Li and Chetelat, 2010, Li and Chetelat, 2015, 

Li et al., 2010). However, Covey et al. (2010) pointed out significant differences between SI and 

UI in terms of pollen tube growth in the tomato clade, and provided evidence that some stylar SI 

factors, including the S-RNase and HT-B proteins, had no function in UI. All these findings in 

the Solanaceae imply that interspecific incompatibility is a complex network. However, less is 

known about the molecular basis of pollen inhibition in the Brassicaceae. Kitashiba and 

Nasrallah (2014) proposed a hypothetical model with a shared universal downstream pathway 
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between UI and SI that preventing both incompatible ‘self’ pollen and incompatible interspecific 

pollen. Udagawa et al. (2010) identified 5 major stigmatic QTLs in ‘B. rapa x B. oleracea’ UI 

based on data from two B. rapa lines displaying different phenotypes. However, genetic analysis 

in this study showed that both the SRK and MLPK are not linked with interspecific 

incompatibility in B. rapa x B. oleracea (Udagawa et al., 2010). More recently, one major effect 

QTL on the stigma side and another major effect QTL on the pollen side have been reported for 

‘A. lyrata x A. arenosa’ UI, with both these loci being S-locus independent (Li et al., 2018).  

The Arabidopsis genus has emerged as an ideal genus for the study of interspecific UI, as it 

includes the model plant A. thaliana which itself is not only a highly inbreeding self-compatible 

species but also well reproductively separated from the other SI relatives of the genus (e.g. A. 

lyrata, A. arenosa, A. halleri etc.) (Reviewed in (Bomblies and Weigel, 2010)). The abundant 

resources available for the well-studied A. thaliana and increasing knowledge of its close 

relatives make good models for elucidating the genetic mechanisms of reproductive isolation 

and speciation (reviewed in (Bomblies and Weigel, 2010, Bomblies and Weigel, 2007)). 

Arabidopsis species are becoming increasing utilised and established as new ‘models’ in recent 

years, A. lyrata is mainly employed to address the mechanism of self-incompatibility and A. 

arenosa is used in polyploidy and allotetraploid hybridization studies (reviewed in (Clauss and 

Koch, 2006)). Further, Arabidopsis species are also frequently employed in large-scale genome 

evolution studies (reviewed in (Bomblies and Weigel, 2010, Bomblies and Weigel, 2007)).  

A. thaliana diverged around 5 million years ago from its SI relatives A. halleri, A. arenosa, and 

A. lyrata (Koch and Michaela, 2007) and transitioned to SC approximately1 million years ago 

(Tang et al., 2007). Reproductive isolation of A. thaliana from its close relatives appears to be 

generally robust but incomplete. A. suecica is an allotetraploid hybrid which derived from 

hybridization between A. thaliana (seed parent) and A. arenosa (pollen parent) and it is quite 

well-documented and used as a tool in hybridization research (Clauss and Koch, 2006). The 

interspecific hybrid generated from A. thaliana (seed parent) and A. lyrata (pollen parent) has 

been utilised in studies on elucidating the mechanisms underlying the breakdown of SI following 

interspecific hybridization (Nasrallah et al., 2007) and studies on polyploidy  (Beaulieu et al., 

2009). However, the reciprocal cross between A. lyrata and A. thaliana is unsuccessful when A. 

thaliana is the pollen donor (Nasrallah, 2000, Bushell, 2003), though details of the features of 

interspecific incompatibility in this cross (A. thaliana as pollen donor) are less well documented. 

A. arenosa /A. lyrata x A. thaliana exhibits ‘SI x SC’ type UI - Bushell (2003) briefly mentioned 

that A. arenosa was incompatible with A. thaliana (pollen parent) and Li et al. (2018) reported 
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A. thaliana  was incompatible with A. lyrata and A. arenosa. However, these studies were rather 

limited with only a few representative lines of each species being investigated. Given the 

increasing availability of seed accessions capturing some of the wide natural genetic variation 

that exists within Arabidopsis (Platt et al., 2010, Alonso-Blanco and Koornneef, 2000), it 

prompted the question as to whether there was variation for the UI trait in interspecific 

pollinations in this genus. In this chapter results from a detailed study of interspecific pollinations 

amongst Arabidopsis accessions are presented (covering A. arenosa, A. lyrata and A. thaliana) 

that sought to determine whether variation for UI existed for both stigmatic and pollen factors 

and also to reveal a clear picture of the interspecific reproductive relationships between A. 

thaliana and its SI relatives, A. arenosa and A. lyrata. Some Brassica lines were also included in 

this investigation, acting as distant relatives to help establish the role of evolutionary distance in 

interspecific incompatibility. 

 

3.2 Results  
 

3.2.1 Interspecific crosses between A. lyrata / A. arenosa accessions and A. 

thaliana (pollen parent) reveals considerable variation in pollen-stigma 

compatibility 
 

3.2.1.1 Variation amongst A. lyrata accessions for pollen-stigma compatibility in crosses to 

A. thaliana (Col-0) pollen parents  

 

To date the consensus has been that crosses between A. lyrata and A. thaliana would not be 

successful in producing a hybrid plant, indeed the UI rule predicts that A.lyrata stigmas should 

reject pollen from the SC partner (A. thaliana). However, the extent to which A. thaliana pollen 

is incompatible with the A. lyrata pistil remains uncharacterised. Here a range of A. lyrata lines 

from geographically differently populations were utilised to investigate the variation in 

interspecific pollen-stigma incompatibility between A. lyrata and A. thaliana (Col-0), with A. 

thaliana being the pollen parent. The A. lyrata lines selected for this investigation included one 

major group consisting of European populations ( these being A. lyrata ssp. Petraea lineages) 

and another major group consists of the North American populations (A. lyrata ssp. Lyrata) (see 

chapter 2, 2.1.1 for detailed information of the A. lyrata lines). The European A. lyrata group are 

reported to be predominantly SI (Clauss and Mitchell-Olds, 2006), whilst there is evidence that 

the North American populations are undergoing a shift in their breeding system with some loss 
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of SI. Indeed amongst the North American populations used in this study we found clear 

variation in the degree of compatibility and thus these plant lines were placed in  3 categories - 

SI, SC and PC (for partially compatible) (Mable et al., 2005, Mable and Adam, 2007).  

The data obtained clearly demonstrated substantial variation amongst A. lyrata accessions for 

pollen-stigma compatibility in crosses to A. thaliana (Col-0) pollen parents, with significant 

variation existing between and within the wild populations tested in this study. The degree of 

pollen-stigma compatibility was scored using a scale of Type I to Type VI, which ranged from 

complete rejection to full acceptance (see Table 2.4 for precise definitions of phenotypes).  In 

these A. lyrata x A. thaliana crosses, all defined pollen-stigma interaction phenotypes ranging 

from Type I to Type VI were recorded in the data set (Fig. 3.1; Table 3.1). Surprisingly most A. 

lyrata lines were found to be compatible with Col-0 pollen though some demonstrated 

incompatibility (Fig. 3.1; Table 3.1). Amongst all the A. lyrata populations tested in this study, 

the SI population Al_PIN and the SC population Al_RON showed the most incompatibility with 

Col-0.  The Al_PIN population displayed an average of 52% incompatible pollinations and 48% 

partially compatible pollinations but no compatible pollinations (Fig. 3.1; Table 3.1). The SC 

population Al_RON also showed considerable incompatibility with Col-0 displaying an average 

of 43% incompatible pollinations, 53% partially compatible pollinations and only 4% compatible 

pollinations (Fig. 3.1; Table 3.1). The other North American populations mainly displayed 

compatibility with Col-0, and amongst these the SC population Al_LPT showed the most 

compatibility having an average of 93% compatible, 6% partially compatible and only 1% 

incompatible pollinations (Fig. 3.1; Table 3.1). The mixed breeding system Al_TSSA population 

() also displayed good compatibility with Col-0 displaying an average of 77% compatible, 23% 

partially compatible pollinations with no incompatibility recorded (Fig. 3.1; Table 3.1). The SI 

Al_TSS population showed an average of 56% compatible, 36% partially compatible and 8% 

incompatible pollinations with pollen from Col-0 (Fig. 3.1; Table 3.1). The SI population 

Al_IND showed an average of 79% compatible 10% partially compatible and 11% incompatible 

pollinations with pollen from Col-0 (Fig. 3.1; Table 3.1). Interestingly, compared to the North 

American populations, the European A. lyrata lines were generally compatible with A. thaliana 

(Col-0) as no lines were seen to exhibiting absolute incompatibility (Fig. 3.1; Table 3.1). The 

Swedish population Al_S18 and Al_S12 had an average of 76% and 36% compatible pollinations 

and, 24% and 64% partially compatible pollinations with pollen from Col-0, respectively (Fig. 

3.1; Table 3.1). The Icelandic population displayed an average of 55% compatible and 45% 

partially compatible pollinations with A. thaliana (Col-0) (Fig. 3.1; Table 3.1). 
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The results presented here reveal that a range of compatibility levels exist across the A. lyrata 

accessions utilized in pollinations with A.thaliana (Col-0). Importantly Significant variation was 

revealed both between and within the different A. lyrata populations. Notably, the North 

American populations that have both SC and SI lineages within them displayed both 

compatibility and incompatibility with A. thaliana (Col-0) and this was not correlated with SI 

phenotype. A distinction between the North American and European group was that no European 

A. lyrata lines showed incompatibility with A. thaliana (Col-0). Additionally, the majority of 

incompatible A. lyrata x A. thaliana pollinations did involve pollen germination (Type II and 

Type III pollen-stigma interaction phenotype), though Type I incompatibility pollinations (no 

pollen hydration and germination) were recorded for the Al_PIN (26%), Al_RON (6%) and 

Al_IND populations (4%)  (Table 3.1).  

 

          

 

 

 



40 

 

               

 

Fig 3.2 Distribution of compatibility levels in A.lyrata accessions when pollinated with A.thaliana (Col-0). See 

Chapter 2, 2.1.1 for the information of the materials used and Chapter 2, 2.2.2 for the definition of the compatibility 

levels. Percentage refers to the proportion of total pollination carried out in one particular A. lyrata line. 
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Table 3.2 Results of pollen-stigma interactions when A. lyrata accessions pollinated with A. thaliana (Col-0).  

Maternal lines 
Incompatible   Partially compatible   Compatible 

Type I Type II Type III   Type IIII   Type V Type VI 

Al_RON27 7% 60% 10%  23%  0% 0% 

Al_RON28 5% 10% 10%  75%  0% 0% 

Al_RON23 5% 4% 5%  72%  14% 0% 

Al_RON31 7% 20% 30%  43%  0% 0% 

average  6% 24% 14%  52%  4% 0% 

Al_LPT1 0% 0% 0%  5%  10% 85% 

Al_LPT4 0% 0% 0%  0%  5% 95% 

Al_LPT5 0% 0% 5%  20%  15% 60% 

Al_LPT7 0% 0% 0%  0%  0% 100% 

average  0% 0% 1%  6%  8% 85% 

Al_TSSA17 0% 0% 0%  0%  0% 100% 

Al_TSSA18 0% 0% 0%  0%  0% 100% 

Al_TSSA21 0% 0% 0%  67%  0% 33% 

Al_TSSA24 0% 0% 0%  0%  0% 100% 

Al_TSSA30 0% 0% 0%  50%  20% 30% 

average  0% 0% 0%  23%  4% 73% 

Al_TSS25 0% 0% 0%  33%  67% 0% 

Al_TSS26 0% 0% 0%  0%  16% 84% 

Al_TSS30 0% 0% 25%  75%  0% 0% 

average  0% 0% 8%  36%  28% 28% 

Al_IND19 0% 0% 0%  0%  58% 42% 

Al_IND21 0% 0% 0%  0%  0% 100% 

Al_IND23 20% 10% 23%  26%  21% 0% 

Al_IND25 0% 0% 0%  25%  15% 60% 

Al_IND30 0% 0% 0%  0%  0% 100% 

average  4% 2% 5%  10%  19% 60% 

Al_PIN29 15% 5% 20%  60%  0% 0% 

Al_PIN30 30% 15% 15%  40%  0% 0% 

Al_PIN31 33% 14% 8%  45%  0% 0% 

average  27% 10% 15%  48%  0% 0% 

Al_S18-11 0% 0% 0%  22%  26% 52% 

Al_S18-35 0% 0% 0%  25%  15% 60% 

average  0% 0% 0%  24%  21% 55% 

Al_S12-22 0% 0% 0%  52%  13% 35% 

Al_S12-25 0% 0% 0%  75%  17% 8% 

average  0% 0% 0%  64%  15% 21% 

Al_ICE16-1 0% 0% 0%  75%  8% 17% 

Al_ICE16-2 0% 0% 0%  35%  13% 52% 

Al_ICE16-4 0% 0% 0%  25%  15% 60% 

Al_ICE16-5 0% 0% 0%  45%  11% 44% 

average  0% 0% 0%   45%   12% 43% 

See Chapter 2, 2.2.2 for the definitions of the compatibility levels and pollen-stigma interaction phenotypes. At 

least 10 stigmas of each plant and 10 individuals of each lines were tested. Percentages refer to pollinated stigma. 
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3.2.1.2 Variation amongst A. arenosa accessions for pollen-stigma compatibility in crosses 

to an A. thaliana (Col-0) pollen parent 

 

Interspecific hybridization between tetraploid A. thaliana (seed parent) and tetraploid A. arenosa 

(pollen parent) generates the allotetraploid hybrid A. suecica, which is the only stabilized and 

well documented hybrid in the Arabidopsis genus (reviewed in (Clauss and Koch, 2006)). 

However, this hybridization fails when A. thaliana acts as the pollen donor and A. arenosa is the 

seed parent (Bushell, 2003) and little is known about the reasons behind this failure. Given the 

accumulating body of data on prezygotic hybridisation barriers involving the early stages of the 

pollen-pistil interaction in the Brassicaceae it seems likely that the failure of tetraploid A. arenosa 

x A. thaliana crosses results from stigmatic UI rather than a post-zygotic barrier. Here we 

observed pollen-stigma compatibility/incompatibility in crosses of A. arenosa x A. thaliana with 

different A. arenosa populations and one A. thaliana ecotype Col-0. Individual plants from 

different populations were employed to check for natural variation on the female side of the 

interaction, including 40 individuals from the Aa_Bor population, 38 from the Aa_STE 

population, 55 from the Aa_TBG population, 53 from the Aa_BGS population, 30 from the 

Aa_Hayek population, 20 from the Aa_SN population, and 25 from the Aa_KZ population 

(Individual plants were generated from bulk seed collections of each population). The tetraploid 

Aa_Bor population belongs to A. arenosa. ssp. borbasii,  the tetraploid Aa_STE, Aa_TBG, 

Aa_BGS, Aa_Hayek and the diploid populations Aa_SN, Aa_KZ belong to A. arenosa. ssp. 

arenosa (See chapter 2, 2.1.1 for detailed information of the A. arenosa lines). 

All individuals from the Aa_Bor population displayed full compatibility (Type VI) with A. 

thaliana (Col-0) (Fig. 3.2; Table 3.2) with all papillae being penetrated by pollen tubes that 

continued growth into the style (refer to Fig. 2.2 f for the phenotype). For all the populations 

(Aa_STE, Aa_TBG, Aa_BGS, Aa_Hayek, Aa_SN and Aa_KZ) belonging to A. arenosa. ssp. 

arenosa, the outcome of A. arenosa x A. thaliana crosses was variable, and surprisingly, even 

flowers derived from the same plants displayed different levels of compatibility with A. thaliana 

(Col-0) pollen (Fig. 3.2). These A. arenosa plants consistently displayed variable levels of 

compatibility/incompatibility with A. thaliana across many replicate pollinations. However 

despite this intra-plant variation, recording of the typical pollination phenotype was reliable as 

individuals would generally fall into one class or the other due to the high proportion of 

compatibility or incompatibility the individuals would display(Fig. 3.2). Thus, the overall data 

for the degree of compatibility/incompatibility for each population in crosses to A. thaliana (Col-

0) were based on the average % values of compatibility/incompatibility of the total number of 
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crosses carried out in each population. Aa_STE, Aa_TBG, Aa_BGS, Aa_Hayek, Aa_SN and 

Aa_KZ displayed 26%, 24%, 9%, 27%, 27%, 28% incompatible pollinations, 46%, 38%, 34%, 

42%, 18%, 52% partially compatible pollinations and 28%, 38%, 57%, 31%, 55%, 20% 

compatible pollinations, respectively (Table 3.2). Additionally, no A. arenosa plants displayed 

strict incompatibility with A. thaliana and no Type I incompatibility pollination phenotypes were 

observed (Table 3.2).  
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Fig. 3.2 Distribution of compatibility levels for A. arenosa accessions when pollinated with A. thaliana (Col-

0). Representative individuals from each population were chosen. See Chapter 2, 2.1.1 for the information of the 

materials used and Chapter 2, 2.2.2 for definition of compatibility levels. 
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Table 3.2 Results of pollen-stigma interactions for A. arenosa accessions pollinated with A. thaliana (Col-0). 

A. arenosa 

Populations 
Incompatible   

Partially 
compatible   Compatible 

Type I Type II Type III   Type IV   

Type 

V 

Type 

VI 

Aa_Bor 0% 0% 0%  0%  0% 100% 

Aa_STE 0% 16% 11%  46%  27% 1% 

Aa_TBG 0% 11% 13%  38%  37% 1% 

Aa_BGS 0% 3% 6%  34%  57% 0% 

Aa_Hayek 0% 7% 21%  42%  30% 1% 

Aa_SN 0% 8% 19%  18%  55% 0% 

Aa_KZ 0% 13% 15%   52%   20% 0% 
Data indicate the average value for each population. Sample size: Aa_Bor population (40 individuals), Aa_STE 

population (38 individuals), Aa_TBG population (55 individuals), Aa_BGS population (53 individuals), Aa_Hayek 

population (30 individuals), Aa_SN population (20 individuals), and Aa_KZ population (25 individuals). At least 

10 stigmas of each individual were tested. See Chapter 2, 2.2.2 for definitions of compatibility levels and pollen-

stigma interaction phenotypes. Percentages refer to pollinated stigma. 

 

 

3.2.2 Screening of A. thaliana ecotypes reveals no variation for UI in crosses 

to A. lyrata and A. arenosa pistil parents 
 

A. thaliana ecotypes are known to display considerable variation for a broad range of traits 

(Alonso-Blanco and Koornneef, 2000). This is also true for certain aspects of reproduction such 

as in the capacity to express  engineered self-incompatibility via the introduction of  SRK-SCR 

genes from A. lyrata (Nasrallah et al., 2004) and in hybridization with A. arenosa for the 

establishment of the allopolyploid hybrid A. suecica (Madlung et al., 2012). Screening for 

variation in Arabidopsis UI on the pollen side was carried out by utilising a range of A. thaliana 

accessions (see Table 3.4) which are genetically diverse and have a broad geographical 

distribution (Kover et al., 2009). In addition an engineered SI line of A. thaliana (C24[SRKb-

SCRb]) was also used in this analysis  that displays a strong self-incompatibility phenotype 

(Nasrallah et al., 2004). Interspecific pollinations were performed between different A. thaliana 

accessions and individual A. lyrata / A. arenosa lines that had previously displayed a reliable 

compatibility (Aa_Borbasii1-5) or incompatibility (Al_RON27-7, Al_IND23-1 and 

F1(Al_RON27-7 x Al_ICE16-8)-7) trait when tested with Col-0 (see Section 3.2.1). The 

F1(Al_RON27-7 x Al_ICE16-8)-7 line was included in this analysis and is a ‘hybrid’ SI line of 

A. lyrata that consistently displayed incompatibility with Col-0 (see Section 3.2.5). No 

noticeable variation of interest was revealed on the male side by pollinating A. lyrata and A. 
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arenosa with the different A. thaliana accessions.  Al_RON27-7 (SC), Al_IND23-1 (SI) and 

F1(Al_RON27-7 x Al_ICE16-8)-7 (SI) displayed the same incompatibility phenotype and 

Aa_Borbasii1-5 (SI) displayed the same compatibility phenotype with all A. thaliana accessions 

tested. Notably, the C24 A. thaliana line with engineered SI behaved identically to the WT C24 

accession and all other A. thaliana ecotypes in the interspecific pollinations.  

 

 

Table 3.3 Results of screening for natural variation in A. thaliana for UI (pollen side) in ‘A. lyrata/ 

A. arenosa x A. thaliana’ crosses.  

♂ 
 A. thaliana 

  

♀ A. lyrata /A. arenosa 

Al_RON27-7 Al_IND23-1 

F1(Al_RON27-7 x 

 Al_ICE16-8)-7 Aa_Borbasii1-5 

Bur-0 Type II, incompatible Type II, incompatible Type III, incompatible Type VI, compatible 

Bur-0 (4x) Type II, incompatible Type II, incompatible Type III, incompatible Type VI, compatible 

Can-0 Type II, incompatible Type II, incompatible Type III, incompatible Type VI, compatible 

Col-0 Type II, incompatible Type II, incompatible Type III, incompatible Type VI, compatible 

Col-0 (4x) Type II, incompatible Type II, incompatible Type III, incompatible Type VI, compatible 

Ct-1 Type II, incompatible Type II, incompatible Type III, incompatible Type VI, compatible 

C24 Type II, incompatible Type II, incompatible Type III, incompatible Type VI, compatible 

C24 (4x) Type II, incompatible Type II, incompatible Type III, incompatible Type VI, compatible 

C24 (SI) Type II, incompatible Type II, incompatible Type III, incompatible Type VI, compatible 

Edi-0 Type II, incompatible Type II, incompatible Type III, incompatible Type VI, compatible 

Hi-0 Type II, incompatible Type II, incompatible Type III, incompatible Type VI, compatible 

Kn-0 Type II, incompatible Type II, incompatible Type III, incompatible Type VI, compatible 

Ler-0 Type II, incompatible Type II, incompatible Type III, incompatible Type VI, compatible 

Mt-0 Type II, incompatible Type II, incompatible Type III, incompatible Type VI, compatible 

No-0 Type II, incompatible Type II, incompatible Type III, incompatible Type VI, compatible 

Oy-0 Type II, incompatible Type II, incompatible Type III, incompatible Type VI, compatible 

Po-0 Type II, incompatible Type II, incompatible Type III, incompatible Type VI, compatible 

Rsch-4 Type II, incompatible Type II, incompatible Type III, incompatible Type VI, compatible 

Sf-2 Type II, incompatible Type II, incompatible Type III, incompatible Type VI, compatible 

Tsu-0 Type II, incompatible Type II, incompatible Type III, incompatible Type VI, compatible 

Wil-2 Type II, incompatible Type II, incompatible Type III, incompatible Type VI, compatible 

Ws-0 Type II, incompatible Type II, incompatible Type III, incompatible Type VI, compatible 

Wu-0 Type II, incompatible Type II, incompatible Type III, incompatible Type VI, compatible 

Zu-0 Type II, incompatible Type II, incompatible Type III, incompatible Type VI, compatible 

kas-2 Type II, incompatible Type II, incompatible Type III, incompatible Type VI, compatible 

C24 (SI) is a transgenic self-incompatible C24 line generated by introducing SRKb-SCRb from SI A. lyrata 

(Nasrallah et al., 2004). Overnight pollination followed with 0.1% aniline blue staining. Pollen-pistil interaction 

types refer to those defined in Table 2.4, compatibility categories refer to those defined in Table 2.4. 
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3.2.3 Crosses between A. thaliana (pistil parent) and A. lyrata / A. arenosa are 

compatible 
 

To verify that interspecific incompatibility is unidirectional in A. lyrata / A. arenosa x A. thaliana 

crosses with reciprocal crosses being capable of generating hybrid plants (Nasrallah, 2000, 

Bushell, 2003, Nasrallah et al., 2007, Beaulieu et al., 2009), interspecific pollinations were 

performed using A. thaliana as the maternal parent and A. lyrata /A. arenosa as the pollen parent. 

The results showed that when A. thaliana is the maternal parent, pollen derived from all A. lyrata 

and A. arenosa plants was compatible, and further, hybrid plants could be generated (Table 3.4; 

Fig. 3.4). Hybrid plants were compatible with both parents (when acting as pistil parent) (Table 

3.4). The progeny of these interspecific hybridizations displayed a fertility deficit with the hybrid 

generated by A. thaliana x A. lyrata being  male sterile (failure in pollen development) and half 

of the synthetic A. suecica plants, generated by the tetraploid A. thaliana x A. arenosa cross, 

displaying pollen sterility whilst the other half of the plants were fertile and self-compatible 

(Table 3.4). The major characteristics of the hybrids described here are consistent with current 

knowledge of interspecific hybridization in Arabidopsis (Nasrallah, 2000, Bushell, 2003, SÄLl 

et al., 2004, Nasrallah et al., 2007, Clauss and Koch, 2006). 

 

Table 3.4 Interspecific hybrids created by ‘A. thaliana x A. lyrata / A. arenosa’ crosses. 

Seed 

parent Pollen parent Interspecific hybrid  Hybrid fertility 

Pollinated by 

seed parent 

Pollinated by 

pollen parent 

Col-0 Al_RON27-7 

F1(Col-0 x 

Al_RON27-7 ) male sterile Compatible Compatible 

Col-0 (4x) Aa_TBG1-3 

A. suecica(4x Col-0 

x Aa_TBG1-3 ) half male sterile Compatible Compatible 

C24-0 (4x) Aa_TBG1-3 

A. suecica(4x C24 x 

Aa_TBG1-3 ) half male sterile Compatible Compatible 
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Fig. 3.4 Inflorescences of the interspecific hybrid A.suecica (C24 (4x) x Aa_TBG1-3) and its parents 

 

3.2.4 Strong UI exists at level of genus between Brassica and Arabidopsis 
 

An investigation into interspecific compatibility/incompatibility amongst Brassica and 

Arabidopsis species was carried out using representative lines from each species, including B. 

oleracea (S25, S29 incompatibility haplotypes), B. napus (var. Westar), A. thaliana (Col-0, Bur-

0), A. lyrata (Al_RON27-7) and A. arenosa (Aa_TBG1). The data suggests that UI exists at the 

genus level between Brassica and Arabidopsis as pollinations were fully compatible only when 

Arabidopsis species acted as the pistil parent whereas the reciprocal pollinations on Brassica 

pistils were incompatible (Table 3.5). 

 

Table 3.5 Interspecific pollination results between Brassica species and Arabidopsis species 

                ♂                              

♀    B. oleracea  B. napus A. thaliana A. lyrata A. arenosa 

B. oleracea 
SI ✔ UI UI UI 

B. napus ✔ SC UI UI UI 

A. thaliana ✔ ✔ SC ✔ ✔ 

A. lyrata ✔ ✔ UI SC ✔ 

A. arenosa ✔ ✔ ✔ ✔ SI 

Lines used: B. oleracea (S25, S29 incompatibility haplotypes), B. napus (var. Westar), A. thaliana (Col-0, Bur-0), 

A. lyrata (Al_RON27-7), A. arenosa (Aa_TBG1). ✔ : Compatible pollination, Type VI (see Table 2.4). 
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3.2.5 Preliminary genetic analysis suggests that interspecific UI is a dominant 

trait over UC with possible involvement of stigmatically expressed genes  
 

Two individual plants in the Al_RON27 line, Al_RON27-7 and Al_RON27-2 were found to 

have different phenotypes in crosses to Col-0. Al_RON27-7 is incompatible with Col-0 (trait 

marked as ‘UI’) and Al_RON27-2 is compatible with Col-0 (trait marked as ‘UC’) in terms of 

pollen-stigma compatibility/incompatibility when A. thaliana act as the pollen donor. 

Al_RON27-7 x Col-0 crosses displayed no pollen tube penetration whereas Al_RON27-2 x Col-

0 crosses produced pollen tubes (slim and weak) that penetrating the stigmatic papillae but then 

ceased growing in the style (Fig. 3.5). The two plants were self-pollinated to check segregation 

of the UI/UC traits in the next generation (marked as SF1) and to select individuals for genetic 

analysis that likely carried more homozygosity at loci regulating UI/UC trait (Fig. 3.6). All 

offspring were pollinated with Col-0 to score for their UI/UC phenotype. The SF1 generation of 

Al_RON27-7 (Al_RON27-7SF1) displayed a UI:UC ratio of 60:2 whilst the SF1 generation of 

Al_RON27-2 (Al_RON27-2SF1) showed a UI:UC ratio of 26:30 (Fig. 3.6). These segregation 

ratios imply that UI is not controlled by a single genetic locus. In the SF1 generations of 

Al_RON27-7 and Al_RON27-2, plant Al_RON27-7SF1-21 (phenotype - ‘UI’ trait) and plant 

Al_RON27-2SF1-14 (phenotype - ‘UC’ trait) were self-pollinated and also chosen as parents to 

generate an F1 generation (Fig. 3.6). The progeny (marked as Al_RON27-7SF2) generated from 

selfing of Al_RON27-7SF1-21 had a UI:UC ratio of 49:1 and the progeny (marked as 

Al_RON27-2SF2) generated from selfing of Al_RON27-2SF1-14 displayed a UI:UC ratio of 

3:47 (Fig. 3.6), suggesting Al_RON27-7SF1-21 and Al_RON27-2SF1-14 are almost 

homozygous for the UI and UC traits, respectively. The F1 generation derived from the 

Al_RON27-7SF1-21 x Al_RON27-2SF1-14 cross displayed a UI:UC ratio of 45:5 whereas the 

F1 generation from the reciprocal cross (Al_RON27-2SF1-14 x Al_RON27-7SF1-21) had a 

UI:UC ratio of 35:15 (Fig. 3.6), indicating that the maternal parent had more impact on the UI 

trait in the F1 generation. These preliminary data indicate that UI is a dominant trait over UC 

and that pistil-expressed genes play a key role in UI in ‘Al_RON27 x Col-0’ crosses as might be 

expected. To further validate these data another F1 population was generated by hybridising 

Al_RON27-7SF1-21 and ICE16-8 (pollen parent), a different line that displays UC. In the 

resulting F1 population 35 hybrid plants displayed UI when pollinated with Col-0 (Fig. 3.7). This 

result also suggested that UI is a dominant trait over UC. In conclusion, results from this 

preliminary genetic analysis suggest that UI is a dominant trait over UC in ‘A. lyrata x A. thaliana’ 

crosses – further work will be required through analysis of F2 and backcross populations to 
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confirm these data and estimate the number of loci involved. Importantly, the A. lyrata lines 

described above appear to be useful genetic research tools to facilitate the identification of genes 

regulating interspecific UI in A. lyrata x A. thaliana crosses. 

 

 

 

 

 

 

Fig. 3.5 Two individuals from the same A. lyrata line (Al_RON27) that displayed different UI phenotypes in 

crosses to A. thaliana (Col-0). (a): RON27-7 x Col-0, incompatible. (b) RON27-2 x col-0, compatible.  Bars = 100 

μm. Yellow arrows indicate pollen tubes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.6 Crossing scheme and analysis of Arabidopsis UI based on variation for the UI trait in two 

individuals derived from the same A. lyrata line (Al_RON27). UI: an A. lyrata stigma that is 

incompatible with A. thaliana (Col-0); UC: an A. lyrata stigma that is compatible with A. thaliana (Col-

RON27-7 x Col-0 UI RON27-2 x Col-0 UC 

SF1 

F1 
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RON27-② UC X col-0 

⨂  
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0). SF1: first generation generated by self-pollination, SF2: second generation generated by self-

pollination. ⨂: self-cross. 

 

 

 

 

 

 

 

 

 

 

Fig. 3.7 Crossing scheme and analysis of Arabidopsis UI based on UI variation in two A. lyrata lines 

(Al_RON27 and Al_ICE16). UI: an A. lyrata stigma that is incompatible with A. thaliana (Col-0); UC: 

an A. lyrata stigma that is compatible with A. thaliana (Col-0) 

 

 

3.3 Discussion 
 

3.3.1 The ‘UI rule’ holds up in ‘wide’ Brassica x Arabidopsis crosses but 

substantial variation exists in interspecific pollen-stigma compatibility/ 

incompatibility amongst close Arabidopsis relatives 
 

The results of the interspecific crosses between different lines of B. oleracea, B. napus, A. 

thaliana, A. lyrata and A. arenosa presented in this study are generally consistent with classic 

previous studies of interspecific ‘SI x SC’ and some ‘SI x SI’ pollination relationships in the 

Brassicaceae that led to the ‘UI rule’ (Lewis and Crowe, 1958, Hiscock and Dickinson, 1993, 

Sampson, 1962). Amongst the species investigated, only A. thaliana is completely SC (no SI 

lineages exist), whereas B. oleracea, B. napus, A. lyrata and A. arenosa are generally SI or in 

the case of the hybrid B. napus, derived from SI parents. In this study UI occurs when A. thaliana 

acted as the pollen parent in crosses to the other (SI) species whereas all interspecific pollinations 

were compatible when A. thaliana was the pistil parent. B. oleracea x A. lyrata /A. arenosa UI 

observed in our study belongs to the ‘SI x SI’ UI type, and suggests UI operates effectively at 

RON27-7-SF1-21 
UI X 

ICE16-2-8 
UC 

UI : UC 

P 

F
1  
 

35 : 0 
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the level of genus - i.e. Brassica stigmas are incompatible with Arabidopsis pollen whereas 

Arabidopsis stigmas are compatible with Brassica pollen. Self-fertile B. napus also demonstrated 

UI in crosses to A. lyrata and A. arenosa, which is likely explained (in terms of the UI rule) by 

these plants belonging to the Sc category, described by Lewis and Crowe (1958). Sc (rather than 

SC) plants, which are self-compatible, are held to still reject interspecific pollen, because they 

have recently evolved from SI (Hiscock and Dickinson, 1993, Lewis and Crowe, 1958). B. napus 

has evolved from natural hybridization between B. oleracea and B. rapa which are both SI 

species (modern ‘synthesised’ B. napus is frequently SI). Hiscock and Dickinson (1993) reported 

two other species, Brassica nigra and Malcolmia africana, which also belong to the Sc category 

and these behaved in a similar manner. Similarly, some SC A. lyrata lines in our study displayed 

incompatibility with A. thaliana pollen. It is possible that UI between more distantly related 

genera would be generally consistent within that same genetic group (e.g. in one genus or one 

phylogenetic clade) and genetic distance may in some way influence the strength of UI to 

facilitate speciation events. Indeed Li et al. (2018) also argued that species divergence would 

affect the strength of UI amongst close relatives of A. thaliana although in that study a limited 

numbers of accessions of each species were investigated thus providing rather weak support for 

this hypothesis. A large scale and broad analysis of interspecific pollinations amongst members 

in the Brassicaceae is needed to reveal the rules of interspecific pollination relationships that 

considers genetic distance and evolutionary status. 

Although the  data presented here on pollinations between A. lyrata /A. arenosa and A. thaliana 

generally follows the ‘SI x SC’ UI rule, in that  UI was only ever recorded in crosses to  A. lyrata 

/A. arenosa as pistil parents perhaps surprisingly significant variation for the UI trait was 

uncovered. Here a broad range of A. lyrata and A. arenosa lines were screened (as pistil parents) 

for UI in crosses to A. thaliana (Col-0). As alluded to above initial expectations regarding the 

outcome of these crosses was that most would be incompatible according to the classical ‘SI x 

SC’ UI rule (Lewis and Crowe, 1958, Sampson, 1962).  However, our data revealed different 

strengths of compatibility/incompatibility in the interspecific pollen-stigma interaction when a 

variety of A. lyrata/A. arenosa accessions were investigated. Interestingly, most A. lyrata / A. 

arenosa plant lines derived from different populations tested in our study were found to be 

compatible with pollen from the SC partner A. thaliana (Col-0) (See section 3.2.1). Previous 

studies on A. arenosa have mainly focused on hybridization and polyploidization (reviewed in 

(Clauss and Koch, 2006)) and no detailed description of the features of the pollen-pistil 

interaction in A. arenosa x A. thaliana have been described.  The results reported in this chapter 
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differ from those of Bushell (2003), who reported that A. arenosa is incompatible with A. 

thaliana. Similarly, A. thaliana (pollen parent) was reported to be incompatible with A. lyrata 

and A. arenosa in the study by  Li et al. (2018). It is not surprising that in these other studies UI 

was reported however the great strength in our study is that a wide range of A. lyrata and A. 

arenosa lines were sampled revealing huge variation for compatibility in crosses to A. thaliana 

(the accessions of A. lyrata /A. arenosa used by Bushell et al. and Li et al. were different to those 

used here). We would expected a broader scale of variation for UI amongst other A. lyrata /A. 

arenosa populations beyond those investigated here. In summary the results for interspecific 

crosses presented here indicate that the UI rule does not hold up within the Arabidopsis genus or 

between close relatives.  

 

3.3.2 Variation for UI amongst A. lyrata / A. arenosa populations provides 

insights into the genetics of UI and provides evidence that the S-locus is not 

involved in UI in the Brassicaceae 
 

A. lyrata is normally considered as an obligate outcrossing species with a strong self-

incompatibility system, but multiple losses of SI and a shift in mating system towards inbreeding 

has been reported in some North American populations (Haudry et al., 2012, Hoebe et al., 2009, 

Mable et al., 2005, Stift et al., 2013), including those used in our UI study. Tremendous variation 

for UI was recorded both within and between North American A. lyrata populations in this study. 

These A. lyrata lines (ssp. lyrata), all grow in similar sand dune habitats. The North American 

A. lyrata populations contained both SC and SI populations and these displayed both 

compatibility and incompatibility with A. thaliana (Col-0) whereas A. lyrata ssp. petraea (the 

European A. lyrata populations), that possess a strong and stable SI phenotype (Clauss and 

Mitchell-Olds, 2006), were generally compatible with A. thaliana (Col-0) (Fig. 3.1, Table 3.1), 

suggesting UI strength is affected by the genetic differences between the two A. lyrata subspecies 

and the diversity of the breeding systems within the North American populations. Together these 

factors may contribute to the observed variation in compatibility/incompatibility with A. thaliana. 

Moreover, the SI population Al_PIN and SC population Al_RON displayed stronger 

incompatibility with A. thaliana (Col-0) compared with the SI population Al_IND, Al_TSS, the 

mixed breeding population Al_TSSA and another dominant SC population Al_LTP, which is 

geographically very close to the Al_PIN and Al_RON populations. These data clearly indicate 

that A. lyrata SI is not correlated with UI in A. lyrata x A. thaliana crosses. Further, pistils of the 
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two A. arenosa subspecies utilised showed contrasting outcomes in response to A. thaliana (Col-

0) pollen, with all individuals of the Aa_Bor population (which belongs to A. arenosa. ssp. 

borbasii) showed full compatibility whilst all A. arenosa. ssp. arenosa populations displayed 

considerable variation in compatibility. All the A. arenosa plants used in this study are strongly 

self-incompatible suggesting that the variation in UI is related to the genetic divergence between 

the Aa_Bor population and A. arenosa. ssp. arenosa populations rather than SI. Notably, our 

results revealed that the breeding barriers in A. lyrata /A. arenosa x A. thaliana crosses are 

prezygotic. It was observed that in these crosses most incompatible A. lyrata /A. arenosa x A. 

thaliana pollinations featured pollen germination (Table 3.1, Table 3.2), suggesting that A. 

thaliana pollen partially activates the basal compatibility system (Safavian and Goring, 2013) of 

its close relatives (A. lyrata /A. arenosa) to permit some pollen hydration and germination. The 

fact that A. arenosa displayed an unreliable UI trait in response to A. thaliana pollen, with 

variability frequently noted between flowers on the same plants, made these lines unsuitable for 

further studies on UI and thus A. lyrata will be used for further investigations into Arabidopsis 

interspecific UI. 

In order to further address the putative role of the S-locus in UI, an engineered SI A. thaliana 

line (C24[SRKb-SCRb]) (kindly supplied by June Nasrallah (Nasrallah et al., 2004)) was tested 

in interspecific crosses. This line did not behave differently to WT A. thaliana in the interspecific 

pollinations as a pollen parent (Table 3.3) and indeed the transgenic SI A. thaliana stigma was 

not able to reject interspecies pollen - this indicates that the S-locus does not have a direct 

involvement in UI. Also, individuals in Aa_Bor population must contain a range of S-alleles for 

propagation, and all lines showed consistent compatibility with A. thaliana, adding further 

weight to the thesis that UI is not related the S-locus. Additionally, QTL analysis showed that 

both the SRK and MLPK are not involved in the interspecific UI in B. rapa x B. oleracea 

(Udagawa et al., 2010). Although SI is not involved in UI, the ‘SI x SC’ UI rule and the 

physiological similarity of SI and UI (unsuccessful pollen hydration and germination or blocked 

pollen tube penetration) supports the theory that SI and UI share a common downstream pathway 

of pollen rejection. This theory gains support from a recent analyses of a pseudo-self-compatible 

(psc) A. lyrata mutant that indicate that UI shares a common pollen rejection pathway with SI as 

both types of incompatibility (SI and UI) were absent at floral stage 14 (Li et al., 2018). 
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3.3.3 Hybridization in Arabidopsis 
 

Interspecific hybridization is pivotal in plant evolution and speciation (Swanson et al., 2004, 

Yamaguchi and Iwasa, 2015, Rieseberg and Willis, 2007, Arnold, 1997). Hybridization between 

closely related plant species is relatively common (Arnold, 1997) though in the majority of cases 

interspecific hybridization results in aborted or sterile progeny (Kumar and McClure, 2010), 

which is a consequence of incomplete reproductive isolation (Rieseberg and Willis, 2007). A. 

suecica is derived from the cross  A. thaliana x A. arenosa and it is a well-documented and a 

model allotetraploid hybrid favoured in hybridization and genetic research (Clauss and Koch, 

2006). This hybridization has occurred naturally and has also been performed artificially in the 

lab (Nasrallah, 2000). Hybrids generated from A. thaliana x A. lyrata crosses have also been 

employed in research to elucidate the mechanisms causing the breakdown of SI during 

hybridization (Nasrallah et al., 2007) and polyploidy studies (Beaulieu et al., 2009). The 

interspecific hybrids generated from A. thaliana x A. arenosa /A. lyrata showed compatibility 

with pollen from the parental lines, thus UI was broken down in the hybrid population (section 

3.2.3). Although the hybrids were found to have fertility defects, it would be very interesting to 

see whether there is segregation for UI in the first or second backcross generations, and indeed 

these hybrid lines could be developed as powerful tools for future studies on UI. 

 

3.3.4 Female decision in UI 
 

It was interesting to observe that variation for interspecific UI in Arabidopsis was only present 

on the female side (amongst A. lyrata /A. arenosa populations) whereas no variation of interest 

was observed on the pollen side when screening pollen from different A. thaliana accessions 

(acting as pollen parent). This could be explained by the fact that SI species have higher genetic 

diversity than SC species. However, A. thaliana is represented by a large number of ecotypes 

which are genetically diverse and have a broad geographical distribution (Alonso-Blanco and 

Koornneef, 2000, Kover and Schaal, 2002). A. thaliana is quite diverse in relation to the 

reproductive system. A considerable number of cases for intraspecific incompatibility between 

A. thaliana lines have been reported (reviewed in (Bomblies and Weigel, 2010)). 12 accessions 

for example have intact SRK genes (Tsuchimatsu et al., 2010) and significant variation has been 

reported amongst different A. thaliana ecotypes for the engineering of SI (by introducing the 

SRK-SCR S-locus gene pair from SI A. lyrata) (Nasrallah et al., 2004). The fact that A. thaliana 
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pollen did not show variation for UI in interspecific pollinations may be related to the highly 

efficient inbreeding strategy that now characterises this SC species. SC species (or inbreeding 

species) often have very restricted levels of outcrossing (e.g. A. thaliana), therefore, it could be 

argued that selection pressure for the control of interspecific reproduction would be relaxed 

leading to loss of these traits with a concomitant reduction in variation for interspecific UI. 

Additionally, our preliminary data on the genetics of interspecific UI indicates that interspecific 

UI is a dominant trait over UC in the F1 generation and that the UI decision is centred in the 

pistil and a possible involvement of maternally expressed genes (see section 3.2.5).  Further 

study through genetic mapping of A. lyrata stigmatic UI genes in ‘A. lyrata x A. thaliana’ would 

be feasible and vital to understanding the reproductive isolation process and mechanism of our 

model species from its closed SI relatives.  

 

Chapter 4 Characteristics of interspecific UI in 

Arabidopsis 
 

4.1 Introduction 
 

Members of the Brassicaceae family (which includes Brassica and Arabidopsis species) are 

characterised by having dry stigmas that are highly discriminatory, reducing the probability that 

hetero-specific pollen grains and pathogenic spores will be captured, hydrate and germinate on 

their surfaces. In this family, compatibility is established at the stigma surface within minutes of 

pollination when compatible grains gain access to stigmatic water, but incompatible pollen 

generally fail to fully hydrate and germinate, highlighting the fact that pollen hydration on the 

stigma surface is essential for successful reproduction and is thus strictly regulated by the stigma 

(Hiroi et al., 2013, Dickinson, 1995, Wang et al., 2017, Ma et al., 2012). Pollen tube penetration 

of stigmatic papillae is another pollination ‘checkpoint’ that follows pollen hydration. For 

instance, in Brassica, some S (incompatibility) - genotypes display self-incompatibility with full 

pollen hydration and germination but inhibited pollen tube penetration (Hiroi et al., 2013, Zuberi 

and Dickinson, 1985). It has been addressed in the literature that unilateral interspecific 

incompatibility (UI) displays the same physical features of SI by blocking pollen hydration and 

pollen tube penetration (Hiscock and Dickinson, 1993, De Nettancourt et al., 1974, De 

Nettancourt, 1997). Despite similarities between UI and SI virtually nothing is known about the 
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molecular basis of UI. Work from Yoshinobu Takada’s group revealed the involvement of the 

MLPK pathway (downstream of SRK, see Chapter 1, 1.4 for more details) in intraspecies UI in 

Brassica rapa and the determinate gene pairs sui-pui (on the stigma side and pollen side 

respectively) are tightly linked just like SRK/SP11 for SI but independent from the S-locus 

(Takada et al., 2013). Notably, the pollen and stigma factors (pui and sui products) have been 

confirmed as duplicated SI determinants (SRK-SP11)  indicating that SUI-PUI act in a parallel 

system with SRK-SP11 with both being able to trigger the downstream pathway of pollen 

rejection. Evolutionarily, the genes for the UI factors in this case evolved by duplications of the 

S-locus (Takada et al., 2017) and thus it is conceivable that spread of this type of intraspecific 

UI could possibly evolve into interspecific UI during speciation. The UI rule strongly suggests 

an involvement of SI in UI despite the S-locus not being directly involved - it seems likely that 

the two systems share elements of the same downstream pathway for pollen rejection as 

evolution tends to act economically reusing and adapting existing mechanisms.  

Kitashiba and Nasrallah (2014) proposed a model of a shared universal signaling pathway that 

might cause inhibition of conspecific and heterospecific pollen at the stigma surface. So it is 

possible, perhaps probable, that one or several receptor kinase-ligand (cysteine-rich peptide) 

pairs control the interspecific incompatibility and these determinants vary between UI 

pairs/species. Thus a rigorous comparison of UI and SI is required to make progress towards 

uncovering the molecular mechanism of UI and reveal its potential links to SI.  

Pollen access to stigmatic water requires targeted secretion from the stigma immediately adjacent 

to a compatible pollen grain (Dickinson, 1995). It is now well established that in the Brassicaceae, 

targeted exocytosis to the stigmatic papillar plasma membrane under the compatible pollen grain 

is essential for pollen hydration and pollen tube penetration and that this basal pollen recognition 

pathway is overridden by the self-incompatibility pathway preventing exocytosis leading to 

rejection of self-pollen (Safavian and Goring, 2013, Samuel et al., 2008, Doucet et al., 2016, 

Safavian et al., 2015). Work in the Goring lab has revealed much relating to the cell biology of 

‘compatible’ and ‘incompatible’ responses of stigmas with intraspecific compatible pollinations 

in A. thaliana and A. lyrata being observed to lead to vesicle secretion at the stigmatic papillar 

plasma membrane under the pollen grain whereas MVBs (multi-vesicular bodies) are employed 

in B. napus. For self-incompatible pollinations, secretory vesicles/MVBs were reported to be 

absent from the stigmatic papillar plasma membrane in A. lyrata and B. napus and furthermore, 

autophagy appeared to be induced to direct vesicles/MVBs to the vacuole for degradation 

(Safavian and Goring, 2013). In plant reproduction, in addition to the autophagic process that 
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occurs in stigmatic papilla degrading vesicles/MVBs in the Brassicaceae SI response, 

autophagy has also been observed to be induced in poppy during SI-triggered program cell 

death of the pollen tube (Safavian and Goring, 2013, Indriolo et al., 2014, Bosch and Franklin-

Tong, 2008, Thomas and Franklin-Tong, 2004). Given the link between SI and autophagic 

cellular responses and a potential mechanistic link between SI and UI an important aim of 

research reported in this chapter  is to uncover the cytological responses of the stigmatic papillae 

in the early stages of an interspecific incompatible pollination (‘A. lyrata x A. thaliana’). It will 

be important to determine whether ‘UI’ pollen rejection is coupled to the typical cytological 

responses characteristic of ‘SI’ pollen rejection that has been reported in the literature. To this 

end a time-course of early post-pollination events were examined by transmission electron 

microscopy (TEM) and reported on in this chapter.  

In Brassica SI species, manual bud pollination is well known to overcome self-incompatibility 

as a mechanism to set self-seeds. This is possible due to the late formation of stigmatic S-gene 

products during bud development (Yin et al., 1981, Shivanna et al., 1978). Specifically the 

acquisition of SI in late stage, pre-anthesis buds results from the accumulation of the S-Receptor 

Kinase (SRK) in stigmatic papillae as the stigma matures, thus ‘bud’ pollination avoids the SI 

barrier. Interestingly Hiscock and Dickinson (1993) reported that in the Brassicaceae UI is 

overcome by bud pollination in very young buds adding weight to the hypothesis that SI and UI 

are mechanistically linked. Further, the protein phosphatase inhibitor okadaic acid (OA) and 

protein synthesis inhibitor cycloheximide (CHX) have been widely reported to effectively 

overcome SI in the Brassicaceae by targeting the self-incompatibility downstream pathway 

(Ferrari and Wallace, 1977, Elleman and Dickinson, 1996, Dickinson, 1995, Rundle et al., 1993, 

Kandasamy et al., 1993, Ivanov and Gaude, 2009, Scutt et al., 1993, Pandey, 1980b, Sarker et 

al., 1988). Given that it has been proposed that UI and SI  share a universal downstream pathway 

for pollen rejection, Hiscock and Dickinson (1993) demonstrated that CHX could, to some extent,  

overcome UI in the Brassicaceae,  though the frequency of tubes penetrating the stigma was 

lower than in similarly treated self-pollinations.  To expand on these insights into UI here we 

carefully examined the effect of inhibitors OA and CHX on UI of ‘B. oleracea x A. thaliana’ 

and ‘A. lyrata x A. thaliana’ in comparison with the same treatment for the corresponding SI 

pollinations. Pistils of B. oleracea and A. lyrata were treated with a range of concentrations of 

OA and CHX and UI pollinations were carried out on bud stigmas at different developmental 

stages to reveal whether UI follows the same developmental pattern as SI. 
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Possession of a dry stigma comes with the requirement that the exine surface of conspecific 

pollen must carry a coating (tryphine) (Elleman and Dickinson, 1990, Dickinson, 1995, 

Dickinson et al., 2000) that confers adhesive properties to the grain, provides a conduit for water 

to pass from the stigma to effect pollen hydration and, importantly, carries factors that determine 

compatibility (Elleman and Dickinson, 1990, Elleman et al., 1989, Stephenson et al., 1997b, 

Elleman and Dickinson, 1996, Stephenson et al., 1997a, Dickinson et al., 2000). The pollen coats 

of Brassica and Arabidopsis species are rich in proteins (Dickinson et al., 2000, Doughty et al., 

2000, Doughty et al., 1993, Mayfield et al., 2001) and it has been proposed by Edlund et al. 

(2004) that in the presence of lipids, both self and foreign pollen recognition are mediated by 

highly diverse proteins and peptides of the pollen coat (Mayfield and Preuss, 2000). Pollen coat 

contains abundant proteins that display high levels of sequence variation between species and 

even between ecotypes across the Brassicaceae, indicating that they are rapidly evolving and 

may contribute to reproductive isolation / speciation - thus it is likely that pollen coat proteins 

play a role in interspecific pollen recognition (Fiebig et al., 2004, Mayfield et al., 2001, Schein 

et al., 2004, Wang et al., 2017, Wang, 2016). In order to determine if the pollen coat carries 

factors that influence interspecific compatibility, pollen coat exchange experiments are described 

in this chapter that were designed to manipulate the outcome of a normally incompatible 

interspecific crosses of B. oleracea / B. napus / A. lyrata x A. thaliana. In summary this chapter 

reports on a range of experiment that were employed to draw out the different characteristics of 

UI to gain a better understanding of its underlying mechanisms. 

 

4.2 Results  
 

4.2.1 Pollen hydration is impaired in UI  
 

As discussed previously members of the Brassicaceae have dry stigmas that are highly 

discriminatory, reducing the probability that hetero-specific pollen grains and pathogenic spores 

will be captured, hydrate and germinate on their surfaces. In this family, compatibility is 

established at the stigma surface within minutes of pollination when compatible grains gain 

access to stigmatic water, but incompatible pollen generally fail to fully hydrate and germinate. 

Thus pollen hydration at the stigma surface is essential for successful reproduction and is strictly 

regulated by the stigma (Hiroi et al., 2013, Dickinson, 1995, Wang et al., 2017, Ma et al., 2012). 

Data obtained on UI crosses (see chapter 3 for details) revealed that A. thaliana pollen frequently 
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germinated on A. lyrata / A. arenosa stigmas (displaying Type II and Type III pollination 

phenotypes) but pollen tubes were generally not able to penetrate the stigmatic papillae. This 

raises the question as to whether this type of ‘UI’ has a pollen hydration deficiency and whether 

interspecific compatible pollination achieves sufficient hydration. Importantly previous research 

has demonstrated that slightly impaired pollen hydration does not necessarily affect successful 

pollen tube growth and seed set  (Wang et al., 2017). 

Here in vivo pollen hydration assays were carried out by pollinating A. lyrata (Al_RON27-7) 

and A. lyrata (Al_ICE16-8) stigmas with A. thaliana (Col-0) pollen to determine the pollen 

hydration phenotype for interspecific incompatible and compatible pollinations. A. lyrata 

(Al_RON27-7) stigmas were also pollinated with self-compatible pollen as a control for full 

compatibility. A. lyrata (Al_RON27-7) and A. thaliana (Col-0) pollen are similar in pollen size 

and appearance. Pollen grains were imaged for 20 minutes at 1 min intervals since placed on the 

stigma papilla, pollen hydration (%) was then calculated using the equation: Pollen hydration 

(%) = (Pollen diameter – initial pollen diameter)/ initial pollen diameter. The results showed that 

Col-0 pollen in ‘Al_RON27-7 x Col-0’ crosses hydrates more slowly than that of ‘Al_ICE16-8 

x Col-0’ crosses as well as for the ‘Al_RON27-7 self-pollination’ over a 20 minute period post-

pollination. Pollen diameter increased around 23% in ‘Al_RON27-7 x Col-0’ while ‘Al_ICE16-

8 x Col-0’ and ‘Al_RON27-7 self-pollination’ achieved similar degrees of pollen hydration of 

approximately 30% (Fig. 4.1 a). To determine whether the hydration rate was significantly 

different between the crosses slopes were statistically compared. This confirmed that the pollen 

hydration rate for the ‘Al_RON27-7 x Col-0’ cross was significantly less than that of the 

‘Al_ICE16-8 x Col-0’ and ‘Al_RON27-7 self-pollination’ combinations with the latter two 

crosses having a similar hydration rate (Fig. 4.1 b). Overall this indicates that in Arabidopsis, 

pollen hydration is significantly impaired in UI whilst interspecific compatible pollinations 

achieve hydration rates equivalent to intraspecific compatible pollinations.  
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Fig. 4.1 Pollen hydration during interspecies pollinations between A. lyrata and A. thaliana (pollen 

parent) compared to compatible self-pollination. (a): Percentage of pollen diameter change, error bars 

represent the standard error of mean value. (b): Increasing rate of pollen diameter change. Value of 

increasing rate was determined by Global Curve Fitting Non Linear Regression equation y=a*(1-e-bx) 

with shared parameter ‘a’, error bars represent the standard deviation (Sigmaplot 13.0). ‘Al_RON27-7 x 

Col-0’ is an incompatible ‘A.lyrata x A.thaliana’ cross, ‘Al_ICE16-8 x Col-0’ is a compatible ‘A.lyrata 

x A.thaliana’ cross, Al_RON27-7 is self-compatible and Al_ICE16-8 is self-incompatible. Sample size 

= 12. **, P <0.001 (Holm-Sidak method).  
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4.2.2 SI of A. lyrata/ A. arenosa and UI of A. lyrata/ A. arenosa x A. thaliana 

don’t overlap in terms of pollen germination and hydration 
 

Previously published studies have highlighted that certain structural and physical similarities 

exist between UI and SI; for instance UI pollen often fails to germinate and if tubes are produced 

they fail to penetrate the stigmatic cuticle (De Nettancourt et al., 1974, De Nettancourt, 1997, 

Hiscock and Dickinson, 1993).  Apart from the obvious physical similarities around pollen 

rejection, questions still remain around whether UI and SI differ from each other and to what 

extend the UI pollen rejection and SI pollen rejection overlap? Here a range of SI A. lyrata and 

A. arenosa lines were used to directly compare SI and UI pollen rejection. SI A. lyrata plants 

Al_INDpic23-1, Al_TSS30-12, F1 (Al_RON27-7 x Al_ICE16-8)-7 and SI   A. arenosa plants 

Aa_KZ1-16, Aa_TBG1-5 were pollinated with A. thaliana (Col-0) pollen (UI) and self-

incompatible pollen. Stigmas were collected after overnight pollination and were then fixed and 

stained with 0.1% aniline blue. Interestingly all SI pollinations showed a failure of pollen 

hydration with most pollen remaining dehydrated as indicated by their  ovoid shape  and virtually 

no pollen germination could be observed. However all the UI crosses resulted in pollen hydration 

and germination although tubes failed to penetrate the stigmatic papillae (Table 4.1; Fig. 4.2 a, 

b). A detailed assessment of pollen hydration in one A. lyrata line, ‘F1 (Al_RON27-7 x 

Al_ICE16-8)-7’, demonstrated pollen hydration for the UI pollination with A. thaliana (Col-0) 

pollen and but no hydration for the SI pollination (Fig. 4.2 c). Arabidopsis SI generally showed 

a failure of pollen hydration and no pollen germination as a consequences, while all the UI 

pollinations pollen germinated. The results showed that SI is stricter in pollen hydration and as 

a consequence, pollen germination would not happen. However, in the counterpart UI 

pollinations tested here, pollen hydration and germination are permitted although pollen tube 

penetration is blocked. These results suggested that in the Arabidopsis genus, UI an SI in the 

same plant have different levels of incompatibility and don’t overlap in terms of pollen 

germination and hydration. 
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Fig. 4.2 Comparison of pollen germination and hydration in A. lyrata SI and A. lyrata x A. thaliana 

UI crosses. a: A. lyrata self-pollination on a mature stigma, no pollen germination; b: A. lyrata x A. 

thaliana on a mature stigma, most pollen germinated. c: Percentage of pollen diameter change, error bars 

represent the standard error of the mean value. A hybrid A.lyrata line F1(Al_RON27-7 x Al_ICE16-8) 

was used as the maternal parent, Col-0 is the A.thaliana line. Pollen and pollen tube growth patterns are 

indicated by yellow arrows. Sample size = 9. Pa: papillar cell. Bars = 100 μm. 
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Table 4.1 Comparison of pollen germination in SI and UI on the same SI A. lyrata/A. arenosa 

mother plant 

Mother plants tested 

 

Self-pollinated 

SI 

pollinated by A.thaliana (Col-0) 

UI 

Aa_KZ1-16 No pollen germination Most pollen germinated 

Aa_TBG1-5 No pollen germination Most pollen germinated 

Al_INDpic23-1 No pollen germination Most pollen germinated 

Al_TSS30-12 No pollen germination Most pollen germinated 

F1(Al_RON27-7 x Al_ICE16-8)-7 No pollen germination Most pollen germinated 

Overnight pollination followed with 0.1% aniline blue staining. All the pollination were repeated 3 

times and at least 6 stigmas were selected each time.  

 

 

4.2.3 Secretory activity of the stigmatic papilla cell is not shut down in 

Arabidopsis UI but is accompanied by severe autophagy activity 
 

In the Brassicaceae family, the surface of the dry stigma is covered with stigmatic papilla cells 

that conduct the pollen recognition function in the earliest stages of pollination. Recognition 

responses in stigmatic papillae to self-incompatible pollen and self-compatible pollen or 

(intraspecific cross-compatible pollen) have been broadly studied in both the Arabidopsis and 

Brassica genera (Indriolo et al., 2014, Dickinson, 1995, Safavian and Goring, 2013). Most 

notably, Safavian and Goring (2013) reported that in the Brassicaceae, secretory activity is 

rapidly induced in stigmatic papillae by compatible pollen, but inhibited for self-incompatible 

pollen and autophagy occurs in the papilla vacuole in response to SI. The failure of ‘self’ pollen 

acceptance is considered to be due to interruption of vesicle secretion accompanied by the 

induction of autophagy where vesicles/MVBs are directed to the vacuole for degradation 

(Safavian and Goring, 2013). In this study  experiments were carried out (utilising transmission 

electron microscopy) to determine the cytological responses of stigmatic papillae in the very 

early stages of interspecific incompatible pollination (‘A. lyrata x A. thaliana’) and most 

importantly to reveal whether ‘UI’ pollen rejection is coupled to the typical cytological responses 

characteristic of ‘SI’ pollen rejection as  reported in the literature. As pollen hydration in ‘UI’ 

was found to be impaired but still active to a degree (see section 4.2.1), it would be expected that 

in ‘A. lyrata x A. thaliana’ UI pollinations secretion of vesicles to the plasma membrane under 

the pollen contact site should be evident alongside some ‘SI’-like pollen rejection characteristics 



65 

 

(i.e. autophagy), assuming shared pathways between SI and UI rejection. Al_RON27-7, an A. 

lyrata plant line that is SC but displays incompatibility with A. thaliana pollen (as previous 

described in chapter 3), was chosen as a parental line from which to select individuals in the next 

generation (following selfing) that possess robust  UI. Line Al_RON27-7SF1-21 was identified 

as having the desired characteristics and was therefore used as the stigmatic parent in UI crosses 

with A. thaliana pollen. A. lyrata (Al_RON27-7SF1-21) self-pollination was carried out as a 

compatible ‘control’ as no A. thaliana accessions have been found to date that display 

compatibility with A. lyrata (Al_RON27-7SF1-21). An examination of the papillar response in 

Al_RON27 self-compatible pollination is of particular interest to investigate as this line is 

derived from a population that appears to be undergoing a shift from SI to SC and little is known 

about the mechanisms underlying such shifts in natural populations. From our experience of 

working with the Al_RON27 population, compatible pollen achieves full hydration in 15 to 20 

minutes and some pollen tubes penetrate the papillae around half an hour post-pollination - thus 

two time points (15 min and 30 min.) post-pollination were selected to check for vesicle secretion, 

pollen tube penetration and autophagy activity.    

The TEM analysis revealed that un-pollinated A. lyrata stigmatic papillae have a clear vacuole 

with  smooth plasma membranes and cell walls, and secretory activity was not observed at the 

papillar plasma membrane in 8/8 samples (Fig. 4.3a, b). In the papillae of incompatible cross A. 

lyrata x A. thaliana 15 minutes post-pollination, vesicle-like structures accumulate under, and 

fuse with, the plasma membrane  with the plasma membrane in this area becoming ‘ruffled’ in 

appearance compared to that of  un-pollinated papillae, this being observed in 6/10 samples (Fig. 

4.3c, d; Table 4.2). Interestingly, MVB- like structures were observed to fuse with the papillar 

plasma membrane releasing their cargo at the pollen-papilla contacted site. A gap was also seen 

to form underneath the contact site in between the papillar cell wall and the plasma membrane 

which filled with MVB derived secreted exosomes (Appendix 1, Fig. S4.1a, b; Table 4.2). 

Consistent with published data the exosome vesicles ranged from 50-100 nm in diameter 

(reviewed in (van der Pol et al., 2012)) and MVBs ranged in size from 200-500 nm in diameter, 

with their intraluminal vesicles carrying electron-opaque materials (Safavian and Goring, 2013). 

Papillar cell wall expansion and loosening could be seen in all samples (Fig. 4.3c, d; Table 4.2). 

Most notably, papillar vacuoles appeared to be less clear than for the un-pollinated papillae in 

9/10 samples and these contained degraded cytoplasm and autophagic body-like structures 

having dense cytoplasm-like material within them (Fig. 4.3c, d; Table 4.2). At 30 minutes post-

pollination in all samples, vesicle / MVB secretion towards to the papillar plasma membrane was 



66 

 

no longer visible. Papillar vacuoles appeared even less clear than those at the 15 minute time 

point and a large amount of degraded cytoplasm and autophagic body-like structures containing 

dense cytoplasm were seen to accumulate in ‘muddy’ and irregular looking vacuoles (Fig. 4.3e, 

f; Table 4.2). Interestingly, initiation of pollen tube emergence was clearly observed in 5/10 

samples, however these failed to grow into the papillae with tubes appearing to fail to navigate 

a route into the papilla wall, which may result from of a lack of appropriate guidance cues from 

the papilla cell (Appendix 1, Fig. S4.1e; Table 4.2).     

 

Table 4.2 Differences of A. lyrata stigmatic papillar responses to incompatible A. thaliana pollen and self-

compatible pollen at the same time points. 

Pollinations 

Vesicles 

fusing to PM 

MVBs 

fusing to 

PM 

Gap between 

CW and PM 

ABs in 

vacuole 

CW 

expansion 

pollen tube 

penetration 

A. lyrata x A. thaliana 

15 min post-pollination 6/10 1/10 1/10 9/10 10/10 0/10 

A. lyrata x A. thaliana 

30 min post-pollination 0/10 0/10 0/10 10/10 10/10 0/10 

A. lyrata self-pollination 

15 min post-pollination 4/10 6/10 5/10 0/10 10/10 0/10 

A. lyrata self-pollination 

30 min post-pollination 0/10 0/10 9/10 10/10 10/10 4/10 

Gap between CW and PM: the gap between the papillar cell wall and the plasma membrane filled with secreted exosomes; 

CW: cell wall, PM: plasma membrane, AB: autophagic body. 

 

In self-pollinated (compatible) A. lyrata, stigmatic papilla at 15 minutes post-pollination 6/10 

samples revealed the presence of MVB-like structures fusing to the papillar plasma membrane 

and releasing exosomes, only vesicle secretion was observed in the other 4 samples.  All papilla 

vacuoles remained clear and no obvious autophagic-like structures were observed. In addition a 

transparent gap was evident between the papillar cell wall and the plasma membrane underneath 

the pollen contact site in half of the samples. Ruffled plasma membranes and expanded papillar 

cell walls could be seen in all samples (Fig. 4.3g, h; Table 4.2). Interestingly, for one imaged 

papilla cell Golgi was observed under the pollen contact site secreting vesicles towards to the 

plasma membrane. Self-pollinated A. lyrata stigmatic papillae at 30 minutes post-pollination 

frequently (4/10 samples) had a pollen tube growing in between the inner wall and outer wall of 
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the papillar cell wall (Fig. 4.3i, j; Table 4.2). In 4/10 samples pollen tubes were observed just 

emerging and about to penetrate the papillae (Appendix 1, Fig. S4.1f). Vesicle or MVB-like 

structures were no longer visible 30 minutes post-pollination but a wider gap was present 

(compared to the 15 minute time point)  between the papillar cell wall and the plasma membrane 

that was filled with secreted exosomes in 9/10 samples (Fig. 4.3i, j; Table 4.2). Most notably 

large double-membraned autophagosomes and crescent shape autolysosomes appeared in the 

papillar vacuoles, vesicle, MVB and exosome-like structures enclosed in the vacuolar autophagic 

bodies were transported to vacuole for degradation, These features appear very similar to  the 

autophagy papillar response in SI as reported by Safavian and Goring (2013) and Indriolo et al. 

(2014), but importantly unlike what was observed here for SC pollinations where the papillar 

vacuoles remain relatively clear (Fig. 4.3i, j; Table 4.2).  

More samples of the A. lyrata SC pollination displayed vesicles or MBV secretory activity at 15 

minutes post-pollination than that for ‘A. lyrata x A. thaliana’ UI pollinations (Table 4.2). 

Further, large quantities of degraded cytoplasm and autophagy-like structures appeared in the 

papillar vacuole for ‘A. lyrata x A. thaliana’ UI pollinations. In the A. lyrata SC pollination, 

autophagy-like structures were only observed at 30 minutes post-pollination rather than at 15 

min post-pollination and papillar vacuoles appeared relatively clear compared to the ‘muddy’ 

and irregular vacuoles observed in  ‘A. lyrata x A. thaliana’ UI pollinations (Fig. 4.3). In 

summary these data suggest that in the very early stages of Arabidopsis UI pollinations (‘A. 

lyrata x A. thaliana’), vesicle secretion is not shut down thus permitting hydration and limited 

tube growth, but severe autophagy is then conducted in the papillar vacuole preventing pollen 

acceptance.  
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Fig. 4.3 Representative TEM images of A. lyrata stigmatic papillae responding to self-compatible 

pollen and interspecies incompatible pollen from A. thaliana (Col-0). (a, b): Un-pollinated A. lyrata 

stigmatic papilla. Secretory activity was not observed at the papillar plasma membrane in 8/8 samples. 

(c, d): A. lyrata stigmatic papilla pollinated with A. thaliana pollen at 15 min post-pollination showing 

vesicles accumulating under plasma membrane and fusing with the plasma membrane (observed in 6/10 

samples), degraded cytoplasm and autophagic body-like structures which containing dense cytoplasm 

appeared in the vacuole (observed in 9/10 samples). (e, f): A. lyrata stigmatic papilla pollinated with A. 

thaliana pollen at 30 min post-pollination. Large amount of degraded cytoplasm and autophagic body-

like structures which containing dense cytoplasm accumulating in the vacuole (observed in 10/10 

samples). (g, h): Self-pollinated A. lyrata stigmatic papilla at 15 min post-pollination showing vesicles 

and MVBs fusing to the PM (6/10 samples). (i, j): Self-pollinated A. lyrata stigmatic papilla at 30 min 

post-pollination. Pollen tube (Pt) growing in between the inner wall and outer wall of the stigmatic papilla 

(observed in 4/10 samples). Vacuolar autophagic bodies (MVBs were transported to vacuole for 

degradation) in the vacuole (observed in 9/10 samples). The white arrowhead indicates autolysosomes 

(crescent shape membrane), the black arrowhead indicates double-membraned autophagosome. The 

white boxed areas in (a, c, e, g, i) are shown in the (b, d, f, h, j), respectively. A. lyrata line used: 

Al_RON27-7SF1-21, A. thaliana ecotype used: Col-0. Pt= Pollen tube PM= plasma membrane, MVB= 

multivesicular body, AB= autophagic body, V= vesicles, E= exosomes which contain an electron-opaque 

material released from the MVBs or vesicles. Bars (a, c, e, g, i) =500 nm, bars (b, d, f, h, j) = 200 nm. 
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4.2.4 Bud pollination effect on UI 
 

In SI species of the Brassicaceae, bud pollination is a well-known technique employed to 

overcome self-incompatibility to set self-seeds. This is held to result from the late production of 

S-gene products during bud development with the primary female determinant, SRK, being 

expressed just before anthesis (Yin et al., 1981, Shivanna et al., 1978). Thus pollination of 

immature stigmas permits pollen tube growth into the style. Hiscock and Dickinson (1993) 

reported that in the Brassicaceae UI is shown to be overcome by bud pollination in very young 

buds. This raises the question as to whether the timing of acquisition of UI is similar to that of 

SI in the Brassicaceae and potentially hints at commonalities in their mechanisms. To address 

this question SI and UI pollinations were carried out with buds at different developmental stages 

for B. oleracea and A. lyrata to determine the acquisition pattern of these two modes of 

incompatibility.   

 

4.2.4.1 Bud pollination overcomes SI in Brassica oleracea but not UI in ‘Brassica oleracea 

x Arabidopsis thaliana’ crosses 

 

Self-pollinations of mature SI stigmas for B. oleracea  resulted, as expected, in only very small 

numbers of pollen grains producing short tubes that failed to penetrate the papillae with pollen 

adhesion also being very poor (as evidenced by few grains remaining on the stigma following 

fixation and staining, Fig. 4.4 a). Similarly little to no pollen germination was evident in the UI 

B. oleracea X A. thaliana cross, with again very poor pollen adhesion (Fig. 4.4 b). When 

pollinations were carried out on stigmas derived from  buds having lengths ranging from 15 to 

10 mm, both UI and SI were maintained as no pollen tube penetrating the papillae, though for 

the B. oleracea self-pollination pollen hydration and germination was improved but this was not 

the case for the interspecific pollination (Table 4.3). SI was seen to be dramatically broken down 

in 10 - 7.5 mm buds whereas UI was maintained in the interspecific B. oleracea x A. thaliana 

(Col-0) cross (Table 4.3; Fig. 4.4 c, d). Self-pollination remained compatible in 7.5 - 4.0 mm 

buds but with reduced pollen tube penetration compared with that of 10 - 7.5 mm buds, however, 

the interspecific pollination remained incompatible although there was an improvement in pollen 

germination (Table 4.3; Fig. 4.4 e, f). For buds smaller than 4 mm, self-pollination and 

pollination with A. thaliana pollen displayed a similar phenotype with only a few pollen tubes 

being observed penetrating the immature and unexpanded papillae but failing to grow into the 



71 

 

             

Fig. 4.4 Bud pollinations of SI B. oleracea self-pollination and interspecies UI pollinations with A.thaliana 

(pollen parent). (a): B. oleracea self-pollination on a mature stigma - no pollen tube penetration. (b): B. oleracea 

x A. thaliana on a mature stigma - poor pollen adhesion and germination, no pollen tube penetration. (c): B. oleracea 

self-pollination on a 10 mm bud stigma - pollen tubes penetrate and grow beyond the papillar cells. (d): B. oleracea 

x A. thaliana on a 10 mm bud stigma - poor pollen adhesion and germination, no pollen tube penetration. (e): B. 

oleracea self-pollination on a 5 mm bud stigma - pollen tubes penetrate and grow beyond papillar cells; (f): B. 

oleracea x A. thaliana on a 5 mm bud stigma - increased pollen germination, no pollen tube penetration. (g): B. 

oleracea self-pollination on a 3.5 mm bud stigma - a few pollen tubes penetrate the unexpanded small papillae. (h): 

B. oleracea x A. thaliana on a 3.5 mm bud stigma, similar phenotype as (g). S29 was the B. oleracea line and Col-

0 was the A. thaliana line used. Pollen and pollen tube growth patterns are indicated by yellow arrows, red arrows 

indicate pollen tubes growing beyond papilla cells into transmitting tissue. Pa: papilla cell. Bars = 100 μm. 
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transmitting tissue (Table 4.3; Fig. 4.4 g, h). It is worth noting that at this developmental stage, 

the limited pollen tube penetration could not be considered as a true breakdown of SI or UI as 

the very small and incompletely differentiated papilla cells (20-30 μm in length) have not 

developed to a point where they can support compatible pollen tube growth -for buds smaller 

than 4 mm papillary tissue could not easily be recognised under the light microscope (Fig. 2.3; 

Fig. 4.4 g, h). 

 

Table 4.3 Acquisition of interspecific incompatibility and self-incompatibility in Brassica oleracea 

Bud length (mm) 

of B. oleracea                  

Self-pollination 

 

Pollinated with A. thaliana (Col-0) 

 

15 – 10 

 

Germination, no penetration, 

type III, incompatible 

 

Poor pollen adhesion, no pollen 

germination, type I, incompatible 

 

10 - 7.5    

Full penetration, type IV, 

compatible 

Increased pollen adhesion, type I, 

incompatible, incompatible 

7.5 - 4.0 

Reduced penetration,  type VII, 

compatible 

 

Increased pollen adhesion and 

germination, type II, incompatible 

Pollen-pistil interaction types refer to Table 2.4, compatibility categories refer to Table 2.4 

 

4.2.4.2 Bud pollination does not overcome SI in Arabidopsis lyrata or UI in ‘Arabidopsis 

lyrata x Arabidopsis thaliana’ crosses    

 

A hybrid A. lyrata line F1 (RON27-7 x ICE16-8) was used as the maternal parent, which is SI 

and also showed strong UI when pollinated with A. thaliana (see Section 3.2.5) was used to test 

the effect of bud pollination of UI. The bud stages of A. lyrata are defined by their opening time 

and positions within the inflorescence. Flowers that had just opened were taken as position ‘0’, 

one day after opening as ‘+1’, two days after opening as ‘+2’, one day before opening as ‘-1’, 

two days before opening as ‘-2’, three days before opening as ‘-3’, four days before opening as 

‘-4’. Importantly the ‘+2’ stage stigma of A.lyrata showed the best pollen acceptance in 

compatible crosses from our empirical experience and thus was taken as a fully mature stigma. 

Stigmas from buds younger than stage ‘-4’ has no papillae cells to support pollen growth and so 

were not included in the study reported here. The results clearly demonstrated that bud 

pollination could not overcome either SI or UI in the A. lyrata line used in this experiment. 

Stigmas derived from buds of stages ‘+1’ to ‘-3’ showed very poor pollen adhesion and pollen 

germination. Only stigmas from bud stage  ‘-4’ displayed  a small number of pollen tube 

penetration events with 2 or 3 pollen tubes being observed to grow beyond the papillae – again 

due to the highly underdeveloped state of the papillae this could not be considered true 
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breakdown of SI or UI. Interestingly other work during the course of this thesis has revealed that  

SI is broken down by bud pollination in A. arenosa lines (data not shown, but A. arenosa seeds 

were matained by self bud pollination  during this PhD course), however, those A. arenosa plants 

are either compatible with A. thaliana pollen or displayed a very unstable interaction response 

with A. thaliana as mentioned previously (see chapter 3, 3.2.1.2). SI is appears to be very robust 

in A. lyrata and it proved impossible to generate seeds by bud pollination in most lines during 

the course of this project.  

        

 Fig. 4.5 Bud ‘self’ pollinations of SI A. lyrata and UI pollinations with A. thaliana (pollen parent).                           

(a): A. lyrata self-pollination of a mature stigma - no pollen germination. (b): A. lyrata x A. thaliana of a 

mature stigma - most pollen germinated, no pollen tube penetration. (c): A. lyrata self-pollination of a 

bud stigma (bud position, -2) - poor pollen adhesion. (d): A. lyrata x A. thaliana of a bud stigma (bud 

position, -2) - some pollen germination and reduced pollen adhesion. (e): A. lyrata self-pollination of a 

bud stigma (bud position, -4) - several pollen tubes penetrated and 2 or 3 pollen tubes grew beyond the 

papilla cells. (f): A. lyrata x A. thaliana of a bud stigma (bud position, -4) - similar phenotype as (e). A 
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hybrid A. lyrata line F1 (RON27-7 x ICE16-8) was used as the maternal parent, Col-0 is the A. thaliana 

line used. Each pollination were repeated 3 times with at least 6 stigmas used for each replicate. Pollen 

and pollen tube growth patterns are indicated by yellow arrows, red arrows indicate pollen tubes growing 

beyond papilla cells into transmitting tissue. Pa: papilla cell. Bars = 100 μm. 

4.2.5 Effect of okadaic acid (OA) and cycloheximide (CHX) treatment on 

interspecific UI 
 

The protein phosphatase inhibitor okadaic acid (OA) and protein synthesis inhibitor 

cycloheximide (CHX) have been utilised in widely in pollen-pistil interaction studies where they 

have been reported to effectively overcome SI by targeting the self-incompatibility downstream 

pathway (Ferrari and Wallace, 1977, Elleman and Dickinson, 1996, Dickinson, 1995, Rundle et 

al., 1993, Kandasamy et al., 1993, Ivanov and Gaude, 2009, Scutt et al., 1993, Pandey, 1980b, 

Sarker et al., 1988). It has been proposed that UI and SI in the Brassicaceae may share a universal 

downstream pathway for pollen rejection; Hiscock and Dickinson (1993) demonstrated that 

CHX could overcome UI in the Brassicaceae  to some extent, with the frequency of tubes 

penetrating the stigma being lower than in similarly treated SI self-pollinations. Here we 

carefully examined the effect of inhibitors OA and CHX on UI for ‘B. oleracea x A. thaliana’ 

and ‘A. lyrata x A. thaliana’ pollinations in comparison to the same treatment on the 

corresponding SI pollinations.  Pistils of B. oleracea and A. lyrata were treated with a range of 

OA and CHX concentrations followed by aniline blue staining.  

 

4.2.5.1 Okadaic acid (OA) treatment of Brassica stigmas failed to break down UI but 

increased A. thaliana pollen hydration and germination  

 

The phosphatase inhibitor OA was unable to break down interspecific incompatibility between 

B. oleracea and A. thaliana with no pollen tube penetrations being recorded. However 

interestingly pollen behaviour was affected on these stigmas where an increase in pollen 

adhesion and germination was observed (Fig. 4.6 b, d). On the other hand, 1 μM OA had a 

substantial effect on breaking down SI in B. oleracea as expected (Fig. 4.6 a, c). OA 

concentrations of around 1 μM were sufficient to overcome SI in Brassica (Scutt et al., 1993). 

In our study of OA treatment on UI, 0.5 μM, 1 μM, 2 μM OA were found to be equally effective 

in promoting pollen germination compared with other concentrations (Fig. 4.6 e), which is 

similar to the optimal concentration for overcoming SI. These data showed that OA has only a 

minor influence on interspecific incompatibility, at least in B. oleracea x A. thaliana crosses, by 

improving pollen germination, but is not sufficient to permit tube penetration of the stigma.  
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Fig. 4.6 Effect of the OA treatment on pistils of SI B. oleracea in the incompatible interspecific cross B. 

oleracea x A. thaliana. a: control B. oleracea self-pollination - poor pollen adhesion and germination, no pollen 

tube penetration; b: control cross of B. oleracea x A. thaliana - poor pollen adhesion and germination, no pollen 

tube penetration; c: B. oleracea self-pollination with 1 μM OA treatment - pollen tubes penetrated and grew beyond 

the papilla cells; d: B. oleracea x A. thaliana with 1 μM OA treatment - most pollen germinated, no pollen tube 

penetration observed; e: Numbers of geminated pollen per stigma in B. oleracea x A. thaliana crosses with OA 

treatment. Concentration used: 0.1 μM, 0.5 μM, 1 μM, 2 μM, 5 μM, 10 μM. Sample size = 9, *, P< 0.5; **, P< 0.01, 

multiple comparisons of treatment groups different concentrations versus the control group (Dunnett's Method). 

S29 is the B. oleracea line and Col-0 is the A. thaliana line used. Pollen and pollen tube growth patterns are indicated 

by yellow arrows, red arrows indicate pollen tubes growing beyond papilla cells into the transmitting tissue. Pa: 

papillary cell. Bars = 100 μm. 
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4.2.5.2 Cycloheximide (CHX) failed to break down UI but increased pollen hydration and 

germination of A. thaliana on Brassica stigmas 

 

Generally, CHX has a similar effect to that of OA in its ability to overcome SI as reported in the 

literature (Sarker et al., 1988). SI was shown to be overcome with 200 μM CHX with pollen 

tubes being observed penetrating the stigmatic papillae and growing into the transmitting tissue 

(Fig. 4.7 a, c), whereas no pollen tube penetrations were observed following CHX treatment for 

UI crosses, however, the inhibitor caused an increase in pollen adhesion and germination (Fig. 

4.7 b, d). Concentrations of 200 μM were most effective at promoting pollen germination in UI 

interactions compared with other concentrations (Fig. 4.7 e), thus the optimal CHX concentration 

for impacting UI is consistent with the optimal concentration for breaking down SI. These 

experiments demonstrate that CHX has only a minor influence on interspecific incompatibility 

for B. oleracea x A. thaliana crosses by improving pollen germination but is not sufficient to 

permit tube penetration of the stigma as is the case for SI.  

 

4.2.5.3 Cycloheximide (CHX) treatment of Brassica bud stigmas enables A. thaliana 

pollen tubes to penetrate stigmatic papillae but not grow beyond them 

 

Inhibitor treatment was shown to only improve pollen germination in ‘B. oleracea x A. thaliana’ 

UI with pollen tubes being blocked from penetrating the papillae (see Section 4.2.51 and 4.2.5.2), 

thus the Brassica papilla appears to act as a robust barrier to A. thaliana pollen. Here we tested 

if CHX would be more effective at breaking down ‘B. oleracea/ B. napus x A. thaliana’ UI on 

bud stigmas compared to mature stigmas. B. oleracea bud stigmas (bud length = 7 mm) and B. 

oleracea bud stigmas (bud length = 5 mm) were treated with 200 μM CHX (which works best 

in both SI and UI) prior to pollination with A. thaliana pollen. Results showed that CHX 

treatment permitted several pollen tube penetrations in both B. oleracea and B. napus bud 

papillae whereas bud pollination without CHX treatment only permitted pollen germination with 

no penetration (Fig. 4.8). These data provide strong evidence that CHX has an effect on ‘B. 

oleracea/ B. napus x A. thaliana’ UI and could suggest that UI may share downstream pathway(s) 

with SI. 
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Fig. 4.7 Effect of CHX treatment of pistils on SI in B. oleracea and in the incompatible interspecific cross B. 

oleracea x Col-0. a: control B. oleracea self-pollination - poor pollen adhesion and germination, no pollen tube 

penetration; b: control cross of B. oleracea x A. thaliana - poor pollen adhesion and germination, no pollen tube 

penetration; c: B. oleracea self-pollination with 1 μM OA treatment - pollen tubes penetrate and grow beyond papilla 

cells; d: B. oleracea x A. thaliana with 1 μM OA treatment - most pollen germinates, no pollen tube penetration 

observed; e: Numbers of geminated pollen per stigma in B. oleracea x A. thaliana crosses with OA treatment. 

Concentration used: 0.1 μM, 0.5 μM, 1 μM, 2 μM, 5 μM, 10 μM. Sample size = 9, *, P< 0.5; **, P< 0.01, multiple 

comparisons of treatment groups different concentrations versus the control group (Dunnett's Method). S29 is the 

B. oleracea line and Col-0 is the A. thaliana line used. Pollen and pollen tube growth patterns are indicated by 

yellow arrows, red arrows indicate pollen tubes growing beyond papilla cells into the transmitting tissue. Pa: 

papillary cell. Bars = 100 μm. 
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Fig. 4.8 Effect of 200 μM CHX treatment of pistils for SI B. oleracea (immature buds of 7 mm) and 

SC B. napus (immature buds of 5 mm) in the incompatible interspecific crosses B. oleracea/ B.napus 

x A. thaliana. a: control cross of B. oleracea x A. thaliana on a 7 mm bud stigma - poor pollen adhesion 

and germination, no pollen tube penetration observed; b: control cross of B. napus x A. thaliana on a 5 

mm bud stigma - most pollen germinated, no pollen tube penetration observed; c: B. oleracea x A. 

thaliana on a 200 μM CHX treated 7 mm bud stigma - 5-10% of papilla cells were penetrated however 

pollen tubes failed to grow beyond the papillae; d: B. napus x A. thaliana on a 200 μM CHX treated 5 

mm bud stigma - nearly 40% of papilla cells were penetrated but pollen tubes failed to grow beyond the 

papillae. Plant lines used: B. oleracea (S29), B. napus (‘Westar’), A. thaliana (Col-0). Pollen and pollen 

tube growth patterns are indicated by yellow arrows. Sample size = 9. Pa: papilla cell. Bars = 100 μm. 

 

 

4.2.5.4 Okadaic acid (OA) and Cycloheximide (CHX) are unable to break down either SI 

in Arabidopsis lyrata or UI in ‘Arabidopsis lyrata x Arabidopsis thaliana’ crosses 

 

A similar set of experiments were carried out to those reported in the previous sections to 

investigate the effect inhibitors OA and CHX on ‘A. lyrata x A. thaliana’ UI and SI. No 

differences in outcome could be observed between the treatment groups and the control groups 

for both SI and UI crosses despite the fact that A. lyrata pistils were treated with inhibitors 

covering a broad range of concentrations and treated for different time durations in order to try 

and optimise the conditions (Table 4.4). 
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Table. 4.4 Effect of inhibitors CHX and OA on SI and UI in A. lyrata.  

Inhibitor A. lyrata self-pollination A. lyrata x A. thaliana 

 
SI UI 

OA Type II Type II 

CHX Type II Type II 

CHX concentrations used: 20 µM,50 µM, 100 µM, 200 µM, 500 µM, 1000 µM; OA concentrations used: 

0.1 µM, 0.5 µM, 1 µM, 5 µM, 10 µM; different inhibitor treatment times for UI crosses: 30 min, 1 h, 2 h, 

4 h. 9 stigmas were used for each treatment. For pollination phenotype refer to Table 2.4. 

 

4.2.6 Pollen coat (tryphine) carries factor(s) that influence interspecific UI 
 

In order to determine if the pollen coat carries factors that influence interspecific compatibility, 

pollen coat exchange experiments were designed that involved placing ‘compatible’ pollen coat 

at the pollen-stigma interface of normally incompatible interspecific crosses . This approach to 

manipulate the outcome of a normally incompatible interspecific cross was carried out for B. 

oleracea/ B. napus/ A. lyrata x A. thaliana interactions. 

 

4.2.6.1 Brassica pollen coat improves A. thaliana (Col-0) pollen tube emergence on the 

Brassica stigma 

 

Application of freshly manually isolated pollen coat (PC) derived from two B. oleracea SI lines 

(incompatibility haplotypes S25 and S29), and a SC B. napus line (var. Westar) to stigmas of 

these three Brassica lines prior application of A. thaliana (Col-0) pollen (see Fig. 2.4 for methods) 

lead to the production of long pollen tubes on the Brassica stigma for all coat combinations (Fig. 

4.10). In the absence of the isolated Brassica pollen coat pollen adhesion was poor and no tube 

growth occurred for all crosses (Fig. 4.10). Notably, all pollen tubes grew outside of the papillae 

cells (penetration was not observed) and none were observed growing directly towards the 

papillae. In the cross B. oleracea (S25 or S29) x Col-0, both the PC of B. napus and PC of B. 

oleracea (S25, S29) helped the pollen of Col-0 to hydrate and produce long tubes (Fig. 4.10 a, 

b, d, e, g, h). In the presence of PC from B. napus or B. oleracea (S25 or S29), increased pollen 

hydration, germination and pollen tube elongation also occurred in the cross B. napus x Col-0 

(Fig. 4.10 c, f, i, l). Interestingly, the PC derived from plants having the same S genotype as the 
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stigma parent could also have this effect in the cross B. oleracea (S25 or S29) x Col-0. In order 

to determine if this was simply an effect of the pollen coat in isolation (rather than an effect 

related to the coat in the presence of the stigma) A. thaliana pollen was placed in contact with 

isolated Brassica pollen coat on a glass slide. All pollen failed to hydrate even after a prolonged 

incubation period (Fig. 4.9 b). These data clearly indicate that the PC plays an important role in 

the interspecific pollen-stigma interaction in the Brassicaceae and suggests that a lack of basic 

compatibility factors carried by the pollen coat will result in interspecific incompatibility. 

 

  

Fig. 4.9 A. thaliana pollen immersed in Brassica pollen coat fails to hydrate. a: isolated pollen; b: 

pollen in Brassica pollen coat (PC); c: pollen in aqueous mounting media hydrated rapidly. Pollen was 

placed in pollen coat and mounting media for 4 hours and the experiment was repeated 3 times. Bars = 

100 μm. 
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Fig. 4.10 Application of isolated Brassica pollen coat permits pollen germination in UI Brassica x 

A. thaliana crosses. a-c: control crosses of  B. oleracea (S25) x  A. thaliana (Col-0),  B. oleracea (S29) x  

A. thaliana (Col-0) and B. napus x  A. thaliana (Col-0); d-f: Application of  B. oleracea (S25) pollen coat 

in the crosses of  B. oleracea (S25) x  A.thaliana (Col-0),  B. oleracea (S29) x  A.thaliana (Col-0) and 

B.napus x  A.thaliana (Col-0); g-i: Application of  B. oleracea (S29) pollen coat in the crosses of 

B.oleracea (S25) x A.thaliana (Col-0), B. oleracea (S29) x  A. thaliana (Col-0) and  B .napus x  A .thaliana 

(Col-0); j-l: Application of  B. napus pollen coat in the crosses of  B. oleracea (S25) x  A. thaliana (Col-

0),  B. oleracea (S29) x A.thaliana (Col-0) and B. napus x A. thaliana (Col-0). Stigmas were pollinated 

and left overnight prior to staining with 0.1% aniline blue, all combinations of pollinations were repeated 

at least 3 times. Pollen and pollen tube growth patterns are indicated by yellow arrows. Bars = 100 μm.  
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4.2.6.2 Brassica pollen coat overcomes Arabidopsis UI by promoting A. thaliana pollen 

tubes penetration of A. lyrata papillae 

 

In order to understand the role of the pollen coat more clearly in interspecific pollination 

relationships, similar PC exchange experiments were carried out as described in the previous 

section, except that here the pollen and pistil parents were from within the Arabidopsis clade. 

Experiments carried out during the course of this thesis determined that pollen from B. oleracea 

can be fully accepted by A. lyrata stigmas and thus freshly isolated B. oleracea (S29) pollen coat 

was applied to the A. lyrata stigma surface prior to pollination with A. thaliana pollen. The results 

revealed that the presence of B. oleracea pollen coat permitted the UI pollen to become 

compatible on the A. lyrata stigma, with pollen tubes  penetrating the stigmatic papillae whereas 

no penetration occurred in the control cross (Fig. 4.11). This data illustrate that Brassica oleracea 

pollen coat is able to permit A. thaliana pollen tubes to penetrate the A. lyrata papillae (which 

ought to be rejected), and this adds to the evidence that pollen coat carries recognition factors 

that can act across genera for interspecific compatibility.  

 

          

Fig. 4.11 Brassica pollen coat overcomes UI between A. lyrata and A. thaliana. (a): control pollination 

A. lyrata (F1 (Al_RON27-7 x Al_ICE16-8)-7) x  A. thaliana (Col-0), without the inclusion of isolated 

pollen coat -  no pollen tubes were observed penetrating the stigmatic papillae. (b): Application of 

B.oleracea (S25) pollen coat to the stigmatic surface in the cross A. lyrata (F1 (Al_RON27-7 x Al_ICE16-

8)-7) x A. thaliana (Col-0). 
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4.3 Discussion 
 

4.3.1 Arabidopsis interspecific UI generally acts at the site of pollen tube 

penetration whereas Arabidopsis SI inhibits pollen hydration 
  

Following arrival of pollen on stigmatic papillae of Brassicaceae species, pollen-stigma 

recognition events rapidly follow that result in successful compatible pollen acceptance or 

incompatible pollen rejection at the stigma surface. This highly discriminatory process ensures 

that a plant’s resources are reserved solely for the most appropriate pollen grains for fertilisation 

and seed set by blocking pollen hydration and germination on the stigma surface (reviewed in 

(Chapman and Goring, 2010a, Swanson et al., 2004, Edlund et al., 2004, Hiscock and Allen, 

2008)). Thus pollen hydration is a fundamental prerequisite for compatible pollen-stigma 

interactions and a failure of sufficient hydration will consequently lead to either poor, or no, 

pollen germination and pollen tube growth. Most cases of SI in the Brassicaceae display a failure 

of full pollen hydration and poor pollen adhesion, although some Brassica lines have less ‘strong’ 

S-alleles that permit some pollen hydration and pollen germination. However all existing fully 

SI A. lyrata lines studied to date are characterised by a failure of pollen hydration, no pollen 

germination and notably no pollen adhesion is evident after aniline blue staining (Hiroi et al., 

2013, Indriolo et al., 2012, Stone et al., 1999, Samuel et al., 2009). In the studies reported in this 

chapter 2.5% glutaraldehyde was used as a fixative (rather than the more typical 60% v/v ethanol, 

30% v/v chloroform, 10% v/v acetic acid) in the staining protocol as it was effective at reducing 

the quantity of pollen washed off stigmas so that un-hydrated pollen could also be visualized. 

The findings reported here are consistent with currently published data as A. lyrata and A. 

arenosa SI lines failed in pollen hydration and  pollen germination (Fig. 4.2 ; Table 4.1), 

confirming that Arabidopsis SI acts rapidly to block pollen hydration. Interestingly, all UI 

pollinations involving Arabidopsis species used in this study displayed good pollen germination 

(although with impaired hydration), but pollen tubes were unable to invade the stigmatic papillae 

(Table 3.2; Table 3.3; Fig. 4.1). These data indicate that Arabidopsis UI generally acts to prevent 

pollen tube penetration and that UI pollen triggers at least some provision of water from the 

stigmatic papillae. These conclusions are further backed up by the comparison of UI and SI on 

the same plants (Fig. 4.2; Table 4.1). The differences observed for pollen hydration and 

germination between SI and UI interactions implies that the SI barrier operates earlier than that 

for UI. Further, therefore, is seems likely that different pollen ‘perception’ mechanisms operate 

for SI and UI although they may share downstream pathways for pollen rejection. 
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4.3.2 UI pollination activates a basal compatibility response in stigmatic 

papillae with autophagy also being rapidly induced during the early stages of 

UI pollination 
 

Complex communication events between pollen and papillar cells result in compatible pollen 

acceptance or incompatible pollen rejection. It has been proposed by the Goring group that 

targeted exocytosis to the stigmatic papilla plasma membrane directly under a compatible pollen 

grain is essential for pollen hydration and pollen tube penetration. This mechanism constitutes 

the basal pollen recognition pathway in the stigmatic papilla that promotes exocytosis to accept 

compatible pollen, whereas in SI interactions, this pathway is blocked thus preventing exocytosis 

which ultimately results in rejection of self-pollen (Samuel et al., 2008, Safavian et al., 2015, 

Safavian and Goring, 2013, Samuel et al., 2009). The secretory vesicles delivered to the plasma 

membrane are thought to discharge cargo (e.g. possibly aquaporins for water transportation to 

the pollen grain, hydrolytic wall loosening enzymes etc.) to the apoplastic space to promote 

pollen hydration and pollen tube penetration of the stigma surface (Safavian and Goring, 2013). 

In the work reported in this chapter vesicle and MVB (multi-vesicular body) secretions to the 

papillar plasma membrane, typical features of compatibility, were observed at 15 minutes post-

pollination in both UI pollinations of ‘A. lyrata x A. thaliana’ and A. lyrata self-compatible 

pollinations (Fig. 4.3 c, d, g, h; Supplementary Fig. 4.1a, b, c, d; Table 4.2). This likely explains 

why pollen hydration was evident in the UI interactions. It has been reported by (Safavian and 

Goring, 2013) that B. napus stigmatic papillae appeared to use MVBs for secretion whereas A. 

lyrata stigmas appeared to only utilise vesicles. This inconsistency with the data reported here 

(our data clearly revealed the presence of MVBs and vesicles) might be due to the different A. 

lyrata lines used in the studies. However despite these differences the vesicles and MVBs likley 

transport similar cargo simply being different sized secretory ‘containers’ shuttling resources to 

the plasma membrane. The TEM data gathered for UI pollinations are consistent with the 

observations of the UI pollinations prepared for light microscopy with aniline blue staining - 

both revealing that UI pollen initiates the basal compatibility reaction leading to pollen hydration 

but that pollen tubes fail to penetrate stigmatic papillae. In  A. lyrata x A. thaliana crosses, pollen 

was seen to become polarised and to attempt pollen tube penetration of  the papillar cell at 30 

minutes post-pollination although papilla cell wall expansion was evident at both 15  and 30 

minutes post-pollination (Fig. 4.3).  Failure to penetrate the papilla may result from of a lack of 

guidance from the papilla cell and/or a failure to degrade the cuticular layer of the papilla cell. 
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The stigmatic cuticle of many species possessing 'dry stigmas' (Heslop-Harrison and Shivanna, 

1977) is known to be invested by a thin proteinaceous pellicle that can be disrupted by 

proteinases (Heslop-Harrison and Heslop-Harrison, 1975, Knox et al., 1976, Mattsson et al., 

1974). It has been suggested by the Heslop-Harrisons (Heslop-Harrison and Heslop-Harrison, 

1975) that activation of a pollen-held cutinase is needed for penetration of the stigmatic cuticle. 

It is perhaps conceivable that the cargo released by stigmatic papillae exocytosis not only 

contains components that enable pollen hydration but also contains substances that inhibit or 

degrade pollen enzymes that are responsible for degrading the cuticle for the pollen tube entry 

in the interspecific incompatibility pollination. 

 

Work to understand the papillar cellular response during UI interactions revealed that autophagy 

is rapidly induced in UI, as features such as degraded cytoplasm and large quantities of 

autophagy-like structures appeared in the vacuole (Fig. 4.3). Interestingly the autophagy 

response of the papilla cell in the UI interactions examined appeared more severe compared to 

that reported for A. lyrata SI pollinations (Safavian and Goring, 2013). This indicates that 

endocytosis is occurring rapidly and very actively in the stigmatic papillae when interspecies 

incompatible pollen is received. The autophagy response observed in the UI pollinations studied 

here resembles a pathogen defense response as it was characterized by large scale cytoplasmic 

degradation, which in pathogen responses is typically followed by cell death (Shimada et al., 

2018, Hofius et al., 2009, Liu and Levine, 2014) . One possible scenario is that interspecific 

incompatible pollen could be perceived as a putative ‘pathogen’. Evolution is economical, for 

example Hodgkin (Hodgkin et al., 1988) proposed that SI may have evolved from a pre-existing 

pathogen defense system into a highly specialized recognition and signalling system enabling 

recognition and rejection of self-pollen. It is conceivable that the GSI RNase evolved from an 

RNase once important in plants' defense against invasion by pathogens and that the Brassica 

SRK similarly evolved from a pre-existing receptor kinase involved in defense-related signalling 

events (Mondragon et al., 2017). More recently, Mondragon et al. (2017) revealed similarities 

between reproductive and immune pistil transcriptomes of Arabidopsis species and showed that 

up to 79% of down-regulated genes are shared between conditions and include especially 

defensin-like genes. Future work could involve the use of markers for autophagy markers the 

study of UI pollination and in this respect it would be interesting to determine the involvement 

of autophagy-related (Atg) genes (like ATG5, ATG10 and ATG18a) in UI.   
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4.4.3 The slower autophagy response observed in SC A. lyrata self-pollinations 

suggests residual SI function  
 

Samuel et al. (2009) examined papilla cellular responses in both compatible and incompatible 

intraspecific A. lyrata pollinations and found that for SI autophagy appeared to be rapidly 

induced directing vesicles/MVBs to the vacuole for degradation (observed at 10 min post-

pollination), whilst this phenomenon was absent in the compatible pollination at both 10 and 20 

min post-pollination (Samuel et al., 2009). Interestingly for the SC A. lyrata lines used in this 

study crescent shape autolysosomes and double membraned autophagosomes were visualized (at 

30 min post-pollination) to direct vesicles/MVBs to the vacuole for degradation in self-

pollinations (Fig. 4.3 i, j) - typical of the very early cellular responses seen for SI pollinations. 

The North American A. lyrata line used in our studies is held to have recently evolved from SI 

(Haudry et al., 2012, Hoebe et al., 2009, Mable et al., 2005, Stift et al., 2013), and it may be that 

the SI machinery is still largely intact but that mutation has affected the effectiveness/speed with 

which it targets the basal compatibility system. This hypothesis to explain the SC phenotype in 

the North American populations (helpful discussions with Prof. Daphne Goring) will require 

further careful research to gather molecular and cellular evidence to support this view. 

Morphologically, the A. lyrata RON population keeps approach herkogamous flower (stigma 

positioned above the anthers, strategy for avoid self-pollination) although it becomes 

predominantly inbreeding. (Indriolo et al., 2014) discovered that the SI downstream pathway 

gene ARC1 promoted an approach herkogamous phenotype in transgenic SI A. thaliana flowers. 

 

4.3.4 UI in B. oleracea x A. thaliana is robust and difficult to break down 

compared with SI 
  

The developmental series of bud pollination carried out in this study for B. oleracea with self-

pollen and A. thaliana pollen revealed different patterns of acquisition for SI and UI. SI is 

gradually  acquired and is strongest in the stages of stigma maturation whilst a UI barrier was 

found to be in place at very early stages of papilla cell development ( as soon as immature papilla 

cells become reproductively competent, i.e. being able to support compatible tube growth). 

Hiscock and Dickinson (1993) reported that UI was overcome by bud pollinations (3mm buds) 

involving B. oleracea (S63 line), consistent with observations from this study where some A. 

thaliana pollen tube penetration was observed following bud pollination (3.5mm buds) of B. 
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oleracea (S29) stigmas (Fig. 4.4 g, h). However at this stage of floral development in B. oleracea, 

stigmatic papillae are not well enough developed to be considered reproductively functional. 

These stigmas were found to be non-selective as in our study both UI and SI pollinations 

displayed a similar phenotype and the study carried out by Hiscock and Dickinson (1993) 

showed that the UI breaking down event was non-specific as bud pollinations with pollen from 

different relative species showed a similar results. This phenomenon is very similar to other 

findings that revealed that pollen hydration, germination and penetration was possible on other 

non-reproductive plant tissue surfaces (Wolters-Arts et al., 1998).  

 

 

4.3.5 Inhibitors OA and CHX impaired the incompatibility response in B. 

oleracea x A. thaliana crosses implying a shared downstream pathway of UI 

and SI.   
 

Use of the phosphatase inhibitor okadaic acid (OA) and the protein synthesis inhibitor 

cycloheximide (CHX) in B. oleracea x A. thaliana pollinations failed to break down UI but 

weakened it with increased A. thaliana pollen hydration and germination being recorded (Fig. 

4.6, 4.7). This is in contrast to SI, which can be completely broken down with OA (Scutt et al., 

1993, Rundle et al., 1993, Pandey, 1980b) or CHX pre-treatment of stigmas (Sarker et al., 1988, 

Ferrari and Wallace, 1977, Hiscock and Dickinson, 1993).  Interestingly, CHX broke down UI 

to some extent on both B. oleracea and B. napus bud stigmas, as A. thaliana pollen tubes 

penetrated the papillae but stopped growing at the base of the papillae failing to exit into 

stigmatic transmitting tissue. Hiscock and Dickinson (1993) reported a similar phenotype in their 

study on the breaking down of UI and SI, where on cycloheximide-treated mature stigmas of B. 

oleracea (S63), the majority of interspecific pollen germinated, but the frequency of tubes 

penetrating the stigma was lower than for similarly treated self-pollinations. Where interspecific 

tubes did penetrate they appeared to cease growing soon after penetration - earlier than they did 

in self-pollinations following cycloheximide treatment. Rundle et al. (1993) showed cases in 

Brassica where the protein phosphatase inhibitors okadaic acid and microcystin broke down SI 

in flower buds just prior to anthesis rather than matured flowers and the magnitude of this effect 

was S-genotype dependent. From our data, inhibitor treatment of A. lyrata stigmas had no effect 

on both SI and UI, despite many attempts. Current knowledge thus suggests that the use of 

inhibitors may simply not work on the A. lyrata plants, however the reason for this remains 
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unclear. Others who have reported on the use of inhibitors on Arabidopsis species have reported 

similar findings, for example Kandasamy et al. (1993) (Kandasamy et al., 1993) found that 

okadaic acid did not prevent self-pollination in Arabidopsis thaliana. Further, previous work in 

the Doughty lab (J. Doughty pers. Comm.) found that the use of OA and the proteasome inhibitor 

MG132 failed to affect incompatibility in Arabidopsis. In summary work reported here showed 

that the inhibitors OA and CHX weakened incompatibility in B. oleracea / B. napus x A. thaliana 

crosses and the concentration that were most effective were similar to those found to be optimal 

for breaking down Brassica SI – this suggests that the downstream pathways for UI and SI pollen 

rejection may be identical or share similar components. 

 

 

4.3.6 The pollen coat carries factors that govern interspecific incompatibility. 
 

Unlike UI between Arabidopsis relative species, UI pollination of Brassica x A. thaliana 

displayed very poor pollen adhesion and germination (Fig. 4.4), perhaps due to the increased 

evolutionary distance between the two partners. It appears that A. thaliana pollen fails to activate 

the basal compatibility system of the Brassica papilla thus raising the possibility that the pollen 

coat may be lacking the appropriate factors. To address this question pollen coat ‘swap’ 

experiments were devised which revealed that application of Brassica pollen coat to the Brassica 

stigma surface prior to pollination enabled A. thaliana pollen to germinate and grow long tubes, 

though these failed to  penetrate the papillae. These results demonstrated that pollen coat plays 

an important role in the interspecific pollen-stigma interaction in crosses of B. oleracea x A. 

thaliana by facilitating A. thaliana pollen hydration, germination and pollen tube emergence. 

This supports earlier findings that the pollen coat provides a conduit for water to pass from the 

stigma to effect pollen hydration and that it carries factors that determine compatibility in the 

pollen-pistil interaction in the Brassicaceae (Dickinson et al., 2000, Doughty et al., 1993, 

Doughty et al., 2000, Elleman and Dickinson, 1986a, Elleman and Dickinson, 1990, Marshall et 

al., 2011). Application of pollen coat isolated from the same B. oleracea S-haplotype as the 

female parent in B. oleracea x A. thaliana crosses also resulted in pollen hydration and 

germination, where it might have been expected that activation of self-incompatibility (SI) would 

have led to pollen rejection. In Brassica, it has been reported that the SI phenotype has different 

strengths depending on the S-haplotype. Even the strongest B. oleracea SI lines (like S29) do 

promote pollen hydration to some extent (Hiroi et al., 2013)  demonstrating that the pollen coat 
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must activate the basal compatibility system prior to SI pollen rejection (Safavian and Goring, 

2013). Thus in the B. oleracea x A. thaliana crosses described here, activation of the basal 

compatibility system and associated secretion by self-incompatible Brassica pollen coat would 

be sufficient for A. thaliana pollen (which is much smaller than that of Brassica species) to 

germinate and grow tubes. In addition considering the relatively large quantity of pollen coat 

applied to the papillae it is likely that initially (prior to activation of SI) a substantial 

compatibility response would have been mounted. The observed phenomenon that all pollen 

tubes were growing outside the stigmatic papillae cells and that none of them were growing 

towards the papillae (Fig.4.10) suggests that polarised tube development and guidance was 

disrupted. This could be due to the fact that the relatively large qualities of pollen coat used did 

not accurately mimic the much more focussed interaction that normally occurs in the pollen ‘foot’ 

region of the pollen-papilla interaction. Notably, Arabidopsis UI was also overcome by Brassica 

pollen coat with A. thaliana pollen tubes being observed penetrating the A. lyrata papillae and 

growing into the transmitting tissue. This contrasts with the situation on Brassica stigmas where 

tubes failed to grow in a polarised fashion and penetrate papilla cells implying that directional 

guidance cues, presumably supplied by the stigma, were ineffective in this wider cross. These 

experiments provide strong evidence that Brassica pollen coat carries compatibility factors that 

are responsible for activating appropriate stigmatic responses that permit pollen tube penetration 

in Arabidopsis UI, and these compatibility factors are shared across these genera. Thus 

experiments that seek to modify the pollen coat of A. thaliana pollen by introducing potential 

compatibility factors could make a difference in gaining an understanding of this recognition 

process. Thus a study of pollen coat protein profiles of relative species that display interspecific 

UI will be necessary to identify candidate pollen coat factors involved in interspecific 

incompatibility. 

 

4.3.7 Differences between UI in ‘B. oleracea x A. thaliana’ and UI in ‘A. lyrata 

x A. thaliana ’ 
 

In this study we have demonstrated a developmental story of A. thaliana pollen being blocked 

by three layers of pre-zygotic barrier in B. oleracea (Fig. 4.12). UI in ‘B. oleracea x A. thaliana’ 

crosses occurred at the very first stage of the pollen-stigma interaction (pollen adhesion and 

hydration) and was more robust than B. oleracea SI. It is likely that A. thaliana pollen completely 

failed to activate the basal compatibility in this wide cross. Application of manually isolated  
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Fig. 4.12 Comparison of two pair of UI ‘B. oleracea x A. thaliana’ and ‘A. lyrata x A. thaliana’ 

based on the data in this chapter.  

 

compatible pollen coat from Brassica helped A. thaliana pollen overcome the first pre-zygotic 

pollination barrier permitting hydration and germination but the pollen was then blocked at the 

next barrier, that of pollen tube penetration. The protein synthesis inhibitor CHX permitted A. 

thaliana pollen to penetrate the papillae of B. oleracea bud stigmas by weakening the B. oleracea 

incompatibility system. However in this case, A. thaliana pollen was blocked by the third layer 

of incompatibility, being unable to penetrate the bottom wall of the papillae and growing into 

the style. The overlap of these three layers of the barrier to incompatible pollen make UI in ‘B. 

oleracea x A. thaliana’ very strong and robust. In contrast UI in ‘A. lyrata x A. thaliana’ crosses 

predominantly occurred mainly at the level of pollen tube penetration with this barrier being 

overcome by the application of compatible pollen coat from Brassica (Fig. 4.12). These data 

could potentially be explained by the genetic distance between A. thaliana and B. oleracea 
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making A. thaliana less compatible with the B. oleracea stigma. In addition the particularly 

strong incompatibility being mounted by the Brassica stigma could be down to evolution of a 

more advanced pollen surveillance system. UI is common between Brassica and Arabidopsis 

with Arabidopsis pollen being discriminated (see chapter 3, 3.2.6). A. thaliana is closely related 

to A. lyrata, with estimates of divergence occurring only some 5 million years ago, and thus 

interaction between these partners activates basal compatibility on A. lyrata stigmas - and 

generally only the barrier of pollen tube penetration has formed for UI in ‘A. lyrata x A. thaliana’ 

crosses during the pollen-stigma interaction. 

 

 

Chapter 5 Small cysteine-rich proteins are abundant 

components of A. thaliana, A. lyrata and B. oleracea 

pollen coat proteomes - potential roles in interspecific 

reproduction  
 

5.1 Introduction 
 

The pollen coat is the outermost layer of the pollen grain and is believed to carry recognition 

factors that conduct an intimate interaction with the female reproductive tissue (Edlund et al., 

2004, Elleman and Dickinson, 1986a, Dickinson, 1995). Pollen coat is derived from 

degeneration of the anther tapetum (Dickinson and Lewis, 1973) and the main components of 

pollen coat are lipids, proteins, pigments, and aromatic compounds (reviewed in (Edlund et al., 

2004)). The pollen coats of Brassica and Arabidopsis species are rich in proteins (Dickinson et 

al., 2000, Doughty et al., 2000, Doughty et al., 1993, Mayfield et al., 2001) and it has been 

proposed that in the presence of lipids, both self and foreign pollen recognition are mediated by 

highly diverse proteins and peptides of the pollen coat (Mayfield and Preuss, 2000, Wang, 2016, 

Edlund et al., 2004). Much progress has been made in identifying factors influencing the pollen-

stigma interaction by analysing pollen coat components and mutational studies in the 

Brassicaceae. Studies of the A. thaliana ECERIFERUM (CER) mutant cer6-2, which fails to 

produce a pollen coating (Zinkl and Preuss, 2000, Zinkl et al., 1999) have shown that lipids are 

required for pollen hydration at the pollen–stigma interface (Wolters-Arts et al., 1998, Zinkl and 

Preuss, 2000). However, pollen lipids of most Brassicaceae species are quite similar and appear 
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to act as a mediator to trap water for the hydration of the desiccated pollen, making them poor 

candidates for molecules that could dictate species specificity (Edlund et al., 2004, Hiscock and 

Allen, 2008, Hülskamp et al., 1995, Piffanelli et al., 1998, Wolters-Arts et al., 1998, Zinkl and 

Preuss, 2000, Zinkl et al., 1999). Impaired pollen hydration has also been revealed in the mutants 

lacking extracellular lipase 4 (EXL4) and an oleosin-domain-containing glycine-rich protein 

(GRP17) in the pollen coat (Updegraff et al., 2009). It is likely that these molecules act to 

facilitate water transportation cooperatively from papillar cells to pollen grains by altering the 

lipid composition at the pollen-stigma interface (Updegraff et al., 2009, Mayfield and Preuss, 

2000). Interestingly, GRP family genes show high levels of variation between species and even 

between ecotypes across the Brassicaceae, indicating that this gene cluster evolves rapidly and 

may contribute to speciation - thus GRP17 homologues could possibly play a role in interspecific 

pollen recognition (Fiebig et al., 2004, Mayfield et al., 2001, Schein et al., 2004). The other 

group of factors influencing pollen-stigma interactions appears to be small cysteine-rich proteins 

(CRPs) some of which have been shown to act as signalling molecules. The S-cysteine-rich 

protein (SCR) is the male (pollen) determinant of self-incompatibility (Shiba et al., 2001) and 

the male determinant in Brassica intraspecific unilateral incompatibility is also a cysteine-rich 

protein (Takada et al., 2017). SLR-BP1, which belongs to the PCP-A (Pollen Coat Protein ‘A’ 

class), binds the S-locus related 1 (SLR1) stigmatic protein and may play a role in pollen 

adhesion in Brassica (Takayama et al., 2000). Another PCP-A class CRP , PCP-A1, was 

demonstrated by Doughty et al. (1998) to bind the stigmatic S-locus glycoprotein (SLG) in 

Brassica oleracea though its role in pollination has yet to be characterized; PCP-Bs (Pollen Coat 

Protein ‘B’ class) are another group of CRPs isolated from the Brassica pollen coat (Doughty et 

al., 2000), and four Arabidopsis thaliana PCP-B encoding genes have been identified as positive 

regulatory factors in pollen hydration (Wang et al., 2017). The evidence described above 

implicates that the CRPs in the pollen coat mediate both incompatibility and compatibility in the 

pollen-stigma interaction in Arabidopsis. Apart from those on the pollen side, a range of CRPs 

present in female reproductive tissues have been discovered to act as important signalling factors 

mediating diverse aspects of cell–cell communication in plant reproduction such as pollen-

stigma self-recognition, tube germination, pollen tube guidance and seed development, 

suggesting the pivotal roles of CRPs in plant reproduction (reviewed by Marshall et al. (2011)).  

Rapid divergence of reproductive proteins is a common feature of molecules involved in 

reproductive isolation (Swanson and Vacquier, 2002). To identify the candidates of important 

components involved in pre-zygotic reproductive isolation, a search for evidence of positive 
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selection on the genes is required. Previous discoveries on the features of positive selection in 

angiosperm genes have been mainly focused on S-related genes involved in SI systems 

(Takebayashi et al., 2003, Sato et al., 2002, Ikeda et al., 2004, Guo et al., 2011, Fiebig et al., 

2004). For example, an evolutionary study on the male and female determinates of the GSI 

system in the Solanaceae revealed that positive selection acts on the adaptive diversification of 

their functional domains (Takebayashi et al., 2003, Ikeda et al., 2004). In the SSI system of the 

Brassicaceae, adaptive diversification of the two S-determinants, SCR and SRK, was also found 

to be driven by positive selection (Takebayashi et al., 2003, Sato et al., 2002, Guo et al., 2011). 

Very few studies have provided evidence of positive selection on genes outside those of the S-

locus of the SI systems in plants. CRPs are extremely diverse (Nieuwland et al., 2005) and 

abundant in the pollen coats of A. thaliana and Brassica species (Wang, 2016). Among the genes 

encoding small CRPs, some can be considered as ‘speciation genes’ that contribute to 

reproductive isolation (reviewed in (Rieseberg and Blackman, 2010)). Recent research in our lab 

(Doughty lab, University of Bath, UK) has revealed the presence of a large number and diversity 

of CRPs in the pollen coat of Brassica species and A. thaliana (Wang, 2016), making  CRPs 

good candidates for signalling molecules that could participate in interspecific pollen-stigma 

interactions. 

The pollen coat contains abundant proteins that display high levels of sequence variation between 

species and even between ecotypes across the Brassicaceae, indicating that they are rapidly 

evolving and may contribute to reproductive isolation / speciation - thus it is likely that pollen 

coat proteins play a role in interspecific pollen recognition (Fiebig et al., 2004, Mayfield et al., 

2001, Schein et al., 2004, Wang et al., 2017, Wang, 2016). Our pollen coat ‘swap’ experiments 

demonstrated (chapter 4, section 4.2.6) that Brassica pollen coat plays an important role in the 

interspecific pollen-stigma interaction in crosses of B. oleracea x A. thaliana by facilitating A. 

thaliana pollen hydration, germination and pollen tube emergence. Notably, these compatibility 

factors are shared across these genera, Brassica pollen coat also carries compatibility factors that 

could overcome Arabidopsis UI by permitting A. thaliana pollen tube penetration of A. lyrata 

stigmatic papillae. Meanwhile, our TEM data from interspecific UI interactions revealed a 

dramatic autophagic response that occurred in the very early stages of an Arabidopsis UI 

pollination, thus implying that A. thaliana pollen coat likely carries factors that trigger the 

incompatibility response of the A. lyrata papilla. Thus a study of pollen coat protein profiles of 

relative species that display interspecific UI will be necessary to identify candidate pollen coat 

factors involved in interspecific incompatibility. In this chapter (note – work carried out in 
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collaboration with Dr Ludi Wang), a newly acquired A. lyrata pollen coat proteome data set is 

presented  together with pre-existing pollen coat proteomes from A. thaliana  and B. oleracea  

obtained by our lab (Wang, 2016). The powerful LC-MS/MS system (See Section 2.2.11) 

enabled this study achieve a better level of data richness compared to previous pollen coat 

proteomic analyses. This proteomic profiling of pollen coat from Arabidopsis thaliana, 

Arabidopsis lyrata and Brassica oleracea has revealed a strikingly large number of small CRPs 

that have not been previously discovered as pollen coat components. Additionally, CRPs shared 

by different species have been identified and molecular evolutionary analyses presented here 

demonstrate evidence of positive selection on some of the genes encoding CRPs shared by the 

three pollen coat proteomes. Those CRPs appear to be good candidates that potentially have a 

role in interspecific pollen recognition. The richness of the data sets reported on here reveals the 

complexity of the pollen coat amongst members of the Brassicaceae and provides a source of 

targets that can be explored for their potential novel roles in plant reproduction. 

 

5.2 Results  
 

5.2.1 Total pollen coat protein (PCPs) purification from Arabidopsis thaliana, 

Arabidopsis lyrata and Brassica oleracea 
 

The standard pollen coat isolation method initially developed for Brassica oleracea (Doughty et 

al., 1998) involves rinsing pollen with the solvent cyclohexane and this technique was 

successfully adapted for Arabidopsis. The extracts of pollen coat from Arabidopsis thaliana, 

Arabidopsis lyrata and Brassica oleracea were found to have different consistencies following 

evaporation of the cyclohexane on glass slides. For Arabidopsis lyrata and Brassica oleracea, 

the pollen coat residue was noted to have honey-like appearance and consistency. In contrast the 

pollen coat from Arabidopsis thaliana was observed to be a yellow oily crust-like mass that was 

difficult to collect from surface of the glass slide. In order to improve ease of handling the 

Arabidopsis thaliana pollen coat the extraction mixture was freeze-dried to remove the solvent. 

This observation correlated with the breeding system of these three members of the Brassicaceae: 

the extracted pollen coat from self-incompatible species (A. lyrata and B.oleracea) showed a 

more fluid and lipid-rich texture and the pollen coat extract from the self-compatible species (A. 

thaliana) showed a less dense and loosened ‘drier’ texture. Although to date there is no other 

description related to this observed difference in pollen coat consistency, it is worth considering 
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that the molecular evolution of the mating system might potentially be related to this minor 

biophysical change.  

SDS-PAGE analysis confirmed that pollen coat proteins had been successfully isolated from the 

pollen coat of all three species and also revealed similar, though clearly different, protein profiles 

(Fig. 5.1). The three species had similar patterns of protein distribution and protein abundance 

in particular molecular weight ranges. Most conspicuously all the three species displayed 

abundant protein bands in the 5-15 kDa (Fig. 5.1). When compared with the previously published 

Arabidopsis pollen coat protein profile following SDS-PAGE (Mayfield et al., 2001), this  

analysis (Fig. 5.1) revealed a greater representation of  proteins having a low molecular weight 

(<20 kDa) but fewer polypeptide species of higher molecular weight (>40 kDa).  

                          

Fig. 5.1 Pollen coat protein extracts from A. thaliana, A. lyrata and B. oleracea. 5 μl of the protein 

extraction from each preparation was loaded onto the SDS-PAGE gel followed by silver staining. 

 

5.2.2 Pollen coat proteomes for three members of the Brassicaceae 
 

The pollen coat proteomic analyses by LC-MS/MS of A. thaliana, A. lyrata and B. oleracea 

revealed 298, 358 and 263 unambiguous protein identifications, respectively (Appendix 2, 

Supplemental Data S1-S6). These numbers of protein hits were obtained by merging the data 

from three independent replicates of each pollen coat protein extraction for each species in order 
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to provide a more accurate picture of the ‘complete’ pollen coat proteome. The relative 

abundance of proteins identified (Relative abundance was estimated based on the percentage of 

peptide area in each data set) from A. thaliana pollen coat (Appendix 1, Fig. S5.1) indicated that 

the proteins that were common across more than one replicate were likely to be those proteins 

that were relatively abundant in the pollen coat. Thus the lack of substantial overlap for A. 

thaliana (Fig. 5.2A) is likely due to the naturally low abundancy of the proteins present in pollen 

coat rather than a result of false identification and highlights the importance of having 

independent sample replicates for proteomic analyses. Integrated proteomic data sets of pollen 

coat proteins from all three species revealed profiles with a size range of 5-254 kDa with a large 

proportion of the proteomes being made up of small proteins (Appendix 2, Supplemental Data 

S4-S6). For A. thaliana, A. lyrata and B. oleracea, 42%, 31% and 48% of identified pollen coat 

proteins had a molecular weight below 20 kDa (Fig. 5.2 B). The overall similarity in the total 

numbers of proteins obtained in each data set and the relative proportions of the size classes (Fig. 

5.2B) success that the bulk of proteins in each of the proteomes have been captured in this study. 

Interestingly, the three pollen coat proteomes are significantly rich in small proteins when 

compared with total proteome of A. thaliana plants (Tiessen et al., 2012).  

We compared our A. thaliana pollen coat proteome with some of the previously reported 

Arabidopsis transcriptomes and proteomes (Fig. 5.3). Interestingly, 277 out of 287 of the 

constituent genes encoding members of the A. thaliana  pollen coat proteome are included in the 

floral transcriptome (Zhang et al., 2015), of which 27 are included in the pollen transcriptome 

(Honys and Twell, 2003) (Fig. 5.3 A), which indicates that the majority (87%) of proteins present 

in the pollen coat are likely to be products of the tapetum during the development of pollen rather 

than from proteins expressed inside pollen grains and exported. Only a very small proportion of 

pollen coat protein identified in our A. thaliana proteome dataset (4% and 3%) overlap with the 

previous published mature pollen proteome (Holmes-Davis et al., 2005) and pollen coat 

proteome (Mayfield et al., 2001), respectively (Fig. 5.3 B). which only a small number of pollen 

coat protein were detected. This comparison demonstrates that the majority of proteins identified 

from mature pollen grains were not present in the pollen coat, thus validating our dataset and 

indicating that our analysis achieved a significant improvement for the coverage of protein 

components present in the pollen coat. Additionally, 66 proteins from the A. thaliana pollen coat 

proteome were previously identified from at least one of the membrane or cytosolic proteomes 

for A. thaliana (Fig. 5.3 C, Appendix 2, Supplemental Data S7 ) (Marmagne et al., 2007, Ito et 

al., 2011, Nikolovski et al., 2012), and these are likely due to the deposition of whole tapetal cell 



97 

 

residue (tapetal cells degrade during pollen development) or minor contamination from broken 

cells during pollen coat isolation.  

 

Fig. 5.2 Characterisations of pollen coat profiles of Arabidopsis thaliana, Arabidopsis lyrata and 

Brassica oleracea. A. Overlaps of pollen coat proteins identified in independent sample replicates. B. 

Distribution of protein sizes in each pollen coat proteome obtained from three merged datasets for each 

species.  
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Fig. 5.3. Overlap of the Arabidopsis thaliana pollen coat proteome with previously reported 

transcriptomes and proteomes. A, Overlap among constituent genes of A. thaliana pollen coat proteome, 

floral transcriptome (Zhang et al., 2015) and pollen transcriptome (Honys and Twell, 2003). B, Overlap 

of A. thaliana pollen coat proteome from this study with a mature pollen proteome (Holmes-Davis et al., 

2005) and the previously reported A. thaliana pollen coat proteome (Mayfield et al., 2001), respectively. 

C, Overlap of A. thaliana pollen coat proteome from this study with previously reported A. thaliana 

membrane and cytosolic proteomes respectively (Marmagne et al., 2007, Ito et al., 2011, Nikolovski et 

al., 2012).  
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5.2.3 Gene ontology (GO) analyses of pollen coat proteomes for three 

members of the Brassicaceae 
 

Gene ontology (GO) analyses of the pollen coat proteomes obtained for A. thaliana, A. lyrata 

and B. oleracea revealed similar enrichment of GO terms (Fig. 5.4). Among the successfully 

annotated pollen coat proteins in A. thaliana (76% of the proteome), GO terms associated with 

killing of cells from other organisms, defense responses and lipid transport were the most 

enriched biological processes. Lipid binding was the most enriched molecular function, which 

indicated that a large proportion of the protein components present in pollen coat may function 

via interactions with lipid. For cellular localisation, the ‘extracellular region’ is the most enriched 

GO term across the datasets, which corresponds to the extracellular localisation of pollen coat 

(Fig. 5.4, Appendix 1 Fig. S5.2 ). Overrepresented categories for the A. lyrata and B. oleracea 

pollen coat proteomes largely overlapped with the enriched GO function groups reported for the 

A. thaliana pollen coat proteome, including ‘lipid storage’, ‘lipid binding’, ‘defense response to 

fungus’ and ‘killing of cells of other organism’ (Appendix 1 Fig. S5.2-5.4, Appendix 2 

Supplemental Data S9, S10). GO terms for the cellular context of proteins from all three pollen 

coat proteomes were consistent with the proteins being derived from the lipid-rich extracellular 

domain of the pollen coat. These results provided confirmatory evidence of the general location 

and functions of the protein components in the pollen coat and also suggested that many of these 

polypeptides may have roles beyond plant reproduction however interpretation of GO terms 

should be treated with caution in terms of assigning definitive functions to proteins. 

For the GO enrichment results of pollen coat proteomes in A. thaliana and B. oleracea, the GO 

term ‘negative regulation of cysteine-type endopeptidase activity’ showed dramatic enrichment 

(Fig. 5.4, Appendix 1 Fig. S5.2, 5.4). This resulted from the detection of three cysteine proteinase 

inhibitors (CYS1, 2 and 6) from A. thaliana pollen coat and three homologues of CYS1, 2 and 4 

from B. oleracea pollen coat (Appendix 2 Supplemental Data S8, S10). Although the GO 

enrichment analyses also showed evidence of proteins that usually locate in the cytosol and 

vacuole the fold enrichments were very low (< 3) (Appendix 1 Fig. S5.2-5.4). This probably 

reflects the fact that some of these proteins are likely to be derived from degradation of  tapetal 

cells during pollen development (Dickinson and Lewis, 1973), and these representatives are also 

likely to have contributed to part of the overlap between our A. thaliana pollen coat proteome 

and previously obtained floral and pollen proteomes (Fig. 5.3A) (Zhang et al., 2015, Honys and 

Twell, 2003) (Honys and Twell, 2003, Zhang et al., 2015). 
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Fig. 5.4 Gene ontology enrichment of genes encoding proteins identified from the pollen coat of 

Arabidopsis thaliana, A. lyrata and B. oleracea. Numbers beside bars represent the fold enrichment of 

genes observed in the pollen coat proteome over the expected values. Only the categories with fold 

numbers > 3 and p-value (determined by Fisher’s exact test) smaller than 0.05 are shown. Black bars 

represent biological processes, grey bars represent cellular components and empty bars represent 

molecular functions.  
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5.2.4 Small cysteine-rich protein families (CRPs) are highly represented in the 

pollen coat of members of the Brassicaceae 
 

Among the proteins with a molecular weight below 15 kDa in the pollen coat proteomes 

identified here, most of them were found to be cysteine-rich. The pollen coat proteomes of the 

three Brassicaceae species analysed revealed a total of 164 small cysteine-rich proteins (CRPs) 

(Table 5.1, Appendix 2 Supplemental Data S11-S13). Based on the pattern of cysteine residues, 

these CRPs can be divided into classes and five main classes were found to be shared across the 

three proteomes, these being the pollen coat protein a class (PCP-A) which includes defense-like 

proteins (DEFLs) and (low molecular weight cysteine-rich proteins) LCRs, the pollen coat 

protein B class (PCP-B), SCR-like proteins, non-specific lipid transfer proteins (nsLTPs) and 

Gibberellin-regulated proteins (GASAs) (Table 5.1). PCP-A-like proteins share a similar 

cysteine residue pattern with DEFL and LCR proteins, and these made up the largest proportion 

of CRPs. Only a small proportion of pollen coat CRPs are classified in the PCP-B/PCP-BLs and 

GASAs (Fig. 5.5). The five main CRP classes identified in the A. thaliana, A. lyrata and B. 

oleracea pollen coat proteomes account for 15%, 13% and 25% of identified proteins, 

respectively (Fig. 5.5). These proportions are dramatically larger than the estimate that genes 

encoding CRPs account for 2-3% of all genes in A. thaliana and Oryza sativa (Silverstein et al., 

2007), thus supporting  previous research that highlighted that subgroups of CRPs are 

overrepresented in reproductive structures (Silverstein et al., 2007, Huang et al., 2015). The 

cysteine residue patterns of the CRPs from A. lyrata were found to be more similar with the ones 

from A. thaliana than the ones from B. oleracea, which corresponds to the evolutionary distance 

of the three species. This observation also corresponds to the previous hypothesis that plant CRP 

classes may evolve by the rearrangement of cysteine motifs (Silverstein et al., 2007). 
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Table 5.1. CRP classes shared across the proteomes of Arabidopsis thaliana, Arabidopsis lyrata 

and Brassica oleracea pollen coat. PCPA, pollen coat protein A; DEFL, defensin - like protein; 

SCR(L), S-locus cysteine-rich (like) protein; nsLTP, non-specific lipid transfer protein. GASA, 

gibberellin-regulated proteins.  

 

a, The subgroup identifiers assigned by Silverstein et al., 2007. b, Numbers of CRPs belonging to CRP classes 

identified in each pollen coat proteome (merged data sets). c, Capital letter C represents conserved cysteine residues. 

Letter X represents any amino acid. Numbers in brackets represent the number range of residues. 

 

Table 1. Classification of CRPs shared in the proteomes of Arabidopsis thaliana,

Arabidopsis lyrata and Brassica oleracea pollen coat. PCP, pollen coat protein;

DEFL, defensin - like protein; SCR(L), S - locus cysteine - rich (like) protein;

nsLTP, non - specific lipid transfer protein; GASA, giberellic acid stimulated in

Arabidopsis.

CRP classes (subgroup identifiersa) Species
No. of 
CRPsb Sizes Cysteine-patternsc

PCPA-1/DEFL/LCR (CRP0000, 0260, 
0520, 0560, 0570, 0580, 0650, 
0700, 0710, 0960)

A. thaliana 19 76-90 CX(5-12)CX(4-8)CXXXCX(9-16)CX(3-14)CXCX(0-5)C

A. lyrata 21 53-96 CX(7-16)CX(4-8)CXXXCX(9-16)CX(4-13)CXC(1-8)C

B. oleracea 32 52-209 CX(3-21)CX(4-11)CXXXCX(9-15)CX(4-12)CXCX(1-6)C

PCP-B/PCP-BL (CRP5500, 5460)

A. thaliana 4 74-82 CXXXXCX(7-8)CXCCX(6-8)CX(6)CXXXC

A. lyrata 2 74-77 CXXXXCX(7-8)CXCCX(6-8)CX(6)CXXXC

B. oleracea 2 66-134 CX(4-10)CX(8)CXCCX(6-9)CX(6)CXXXC

SCR/SCRL (CRP0830)

A. thaliana 10 87-98 CX(9)CX(7)CX(13-19)CXCX(11-15)CXCX(3-7)C

A. lyrata 13 79-105 CX(9-10)CX(7-10)CX(13-19)CXCX(10-16)CXCX(3-7)C

B. oleracea 11 73-108 CX(9-10)CX(7-8)CX(13-23)CXCX(11-27)CXCX(3-7)C

nsLTP (CRP3860, 4000, 4380, 4670, 
4820, 4900)

A. thaliana 10 91-180 CX(6-9)CX(13-16)CCX(8-19)CXCX(12-25)CX(6-15)C

A. lyrata 7 93-119 CX(6-9)CX(12-16)CCX(8-19)CXCX(17-24)CX(6-15)C

B. oleracea 20 90-265 CX(6-9)CX(13-16)CCX(8-19)CXCX(12-25)CX(6-13)C

GASA (CRP2700)

A. thaliana 2 89-94 CXXXCXXXCX(8)CXXXCXXCCXXCX(1-2)CX(11)CXCX(12)C

A. lyrata 2 89-94 CXXXCXXXCX(8)CXXXCXXCCXXCX(1-2)CX(11)CXCX(12)C

B. oleracea 2 89-91 CXXXCXXXCX(8)CXXXCXXCCXXCXXCX(11)CXCX(12)C

Others (CRP1850, 3500, 3670, 
3600, 2865, 3080, 6260)

A. thaliana 3 104-140 -

A. lyrata 0 - -

B. oleracea 4 73-165 -

a. The subgroup identifiers assigned in Silverstein et al., 2007.

b. Numbers of CRPs belong to each class identified in each pollen coat proteome (merged data sets)

c. Bold letter C represents conserved cysteine residues. Letter X represents any amino acid. 

Numbers in braces represent the number range of residues.
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Fig. 5.5 Proportions of CRP classes in each pollen coat proteome. Pie charts represent the proportions 

of five CRP classes for all CRPs identified in each pollen coat proteome. Bar charts represent the 

proportions of the five CRP classes in each pollen coat proteome. 

 

To obtain an overview of the pollen coat CRPs across the members of the three species studied, 

the CRPs from the A. lyrata and B. oleracea pollen coat proteomes were annotated based on their 

best hits in A. thaliana. Excluding the CRPs without best hits in A. thaliana, 77 CRPs and their 

homologues were identified across the three pollen coat proteomes, of which 31 were shared by 

at least two proteomes and 12 were shared by all three proteomes (Fig. 5.6). For the 36 identified 

pollen coat CRPs in the PCP-A class, 15 of 86 Arabidopsis LCRs were detected in all three 

pollen coat proteomes, whereas 11 belong to previously classified DEFLs (Silverstein et al., 

2005). Importantly, two previously reported A. thaliana PCP-Bs (PCP-Bγ/At2g16535 and PCP-

Bδ/At2g16505) were detected in the pollen coat of three species under study, which provides 

further evidence of  the pivotal role of PCP-Bs in plant reproductive signalling (Fig. 5.6) (Wang 

et al., 2017). For the SCR-like class, 15 of 28 Arabidopsis SCRLs (Vanoosthuyse et al., 2001) 

were identified. For non-specific LTPs, there was a total of 20 nsLTPs or homologues detected 

in our pollen coat proteomes. However only 14 were included in the 79 previously reported 

Arabidopsis nsLTPs, while the other 6 pollen coat nsLTPs were not included in the previous 

study (Edstam et al., 2011). Based on the classification of Arabidopsis nsLTP (Class 1, 2, c, d, e 
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and g), six pollen coat nsLTPs belong to Class 1, one belongs to Class 2, three belong to Class c 

(only three nsLTPc), one belongs to Class d and three belong to Class g (Edstam et al., 2011) 

(Appendix 1 Table S5.1). Previous studies revealed that three AtLTPcs are expressed in anthers 

and secreted to the locule as abundant constituents of pollen exine (Huang et al., 2013), while 

AtLTPgs are involved in the accumulation of sporopollenin (Edstam and Edqvist, 2014). Our 

detection of these different classes of AtLTPs confirms the view from previous studies that LTPs 

are likely playing important roles in the development of pollen grains. 

For GASAs, 2 (GASA10 and 11) of 14 Arabidopsis GASAs (Roxrud et al., 2007) were detected 

across the three pollen coat proteomes (Fig. 5.6, Appendix 2 Supplemental Data S11-S13). It has 

been reported that GASA4 promotes gibberellin responses during floral development and 

gibberellin signalling regulates stamen development (Plackett et al., 2011, Rubinovich and Weiss, 

2010). Though the functions of most of the GASAs are not clear, the detection of two GASAs 

suggests that some members of the GASA family may be playing important roles in plant 

reproduction or the development of reproductive tissues. 
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Fig. 5.6 Distribution of CRPs belonging to the five main classes identified in three Brassicaceae 

pollen coat proteomes. Black blocks represent that the CRP identified in the corresponding pollen coat 

proteome. White blocks represent that the CRP was not identified in the corresponding pollen coat 

proteome. Annotations of CRPs identified from A. lyrata and B. oleracea pollen coat proteomes are based 

on the best hits in A. thaliana proteomes. CRPs identified in A. lyrata and B. oleracea pollen coat 

proteomes that did not have ‘hits’ in A. thaliana are not displayed. 

 

 

 

PCP-AL A. thaliana A. lyrata B. oleracea SCRL A. thaliana A. lyrata B. oleracea

AT2G24615 Y Y Y AT4G32714 Y Y Y

AT2G28355 Y Y Y AT1G65113 Y Y Y

AT4G11760 Y Y Y AT1G08695 Y Y Y

AT2G02140 Y Y Y AT3G27503 Y Y N

AT1G28335 Y Y N AT4G14785 Y Y N

AT2G15535 Y Y N AT5G45875 Y Y N

AT2G22941 Y Y N AT4G32717 Y Y N

AT5G60615 Y N Y AT4G10115 Y Y N

AT5G48543 Y N Y AT4G33465 Y N Y

AT2G25344 Y N N AT4G10457 N Y Y

AT1G61070 Y N N AT2G06983 Y N N

AT3G43083 Y N N AT3G23715 N Y N

AT4G09984 Y N N AT2G25685 N Y N

AT4G10603 Y N N AT2G14282 N Y N

AT2G43530 Y N N AT3G23727 v N Y

AT2G28405 Y N N LTPs A. thaliana A. lyrata B. oleracea

AT2G43520 Y N N AT1G66850 Y Y Y

AT3G25265 Y N N AT4G33355 Y Y Y

AT4G29305 Y N N AT3G59455 Y Y N

AT5G39365 N Y N AT3G11825 Y N Y

AT4G09647 N Y N AT5G52160 Y N Y

AT2G24625 N Y N AT1G18280 Y N Y

AT3G10195 N Y N AT3G08770 N Y Y

AT5G19315 N Y N AT2G38540 N Y Y

AT4G19038 N Y N AT2G16592 Y N N

AT1G14755 N Y N AT5G59310 Y N N

AT1G35537 N Y N AT5G62080 Y N N

AT2G22807 N Y N AT5G07230 Y N N

AT2G13542 N N Y AT2G16594 N Y N

AT1G34360 N N Y AT1G64230 N N Y

AT3G59930 N N Y AT2G38530 N N Y

AT2G43510 N N Y AT5G64080 N N Y

AT2G26020 N N Y AT3G29152 N N Y

AT4G10595 N N Y AT4G08670 N N Y

AT1G72670 N N Y AT5G55450 N N Y

AT1G64195 N N Y AT3G51590 N N Y

PCP-BL A. thaliana A. lyrata B. oleracea GASA A. thaliana A. lyrata B. oleracea

AT2G16535 Y Y Y AT5G59845 Y Y Y

AT2G16505 Y Y Y AT2G18420 Y Y N

AT2G41415 Y Y N

AT5G61605 Y N N

Figure 5. Distribution of CRPs belong to the five main classes identified in threre pollen coat proteomes.

Black blocks represent that the CRP was identified in the corresponding pollen coat proteome. White

blocks represent that the CRP was not identified in the corresponding pollen coat proteome.

Figure 5
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5.2.5 Other main protein families identified in pollen coat 
 

Intriguingly, a series of cysteine-rich repeat secretory proteins (CRRSPs) and their homologues 

were identified from the pollen coat proteomes (Fig. 5.7, Appendix 2 Supplemental Data S14). 

Two CRRSPs (CRRSP18 and 41) were detected in a previous A. thaliana pollen coat proteomic 

analysis (Mayfield et al., 2001). These proteins all contain N-terminal signal peptides and a non-

transmembrane domain at the C-terminus containing two copies of a cysteine-rich repeat (CRR) 

motif CX(8)CXXC (Chen, 2001). Among the 61 genes encoding CRRSPs in A. thaliana, 47 of 

them locate to several tandem arrays, including four gene clusters encoding CRRSP4-9, 

CRRSP16-38, CRRSP40-54 and CRRSP57-59 (Fig. 5.7, Appendix 1 Fig. S5.5). The 

phylogenetic tree of 61 A. thaliana CRRSPs demonstrates a clade formed by eight 

plasmodesmata (PD)-located proteins (PDLPs) that have been found to be involved in facilitating 

viral movements between plant cells (Thomas et al., 2008, Amari et al., 2010). Interestingly, 

almost all of the CRRSPs detected in the 3 pollen coat proteomes are encoded by genes located 

in clusters on chromosome 3 and 4 in the A. thaliana genome. None of CRRSPs identified in our 

pollen coat proteomes belong to the PDLP family, and the genes encoding PDLPs and pollen 

coat CRRSPs are not locating in the same gene clusters (Fig. 5.7, Appendix 1 Fig. S5.5). 

Additionally, all detected pollen coat CRRSPs fall into the clades encoded by the gene clusters 

on chromosome 3 and 4 but not chromosome 1 and 5 (Fig. 5.7). These observations suggest 

diverged functions of CRRSP family and pollen coat CRRSPs may play important roles in plant 

reproduction or the development of reproductive organs.  
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Figure 5.7. Neighbour-joining tree of 61 CRRSPs (Signal peptides not excluded) in Arabidopsis 

thaliana. Branch length is scaled to the scale bar defined as 0.2 units of the number of amino acid 

substitutions per site. The percentage bootstrap values (1000 re-samplings) are shown by interior branches. 

The proteins encoded by the four clusters of gene tandem arrays are indicated by coloured blocks. Red 

dots represent the CRRSPs identified from the pollen coat proteomes in this study. PDLPs, 

plasmodesmata-located proteins (PDLPs) (Thomas et al., 2008, Amari et al., 2010). 

 

In a previous proteomic analysis of the A. thaliana pollen coat, the majority of the identified 

proteins are encoded by two gene clusters, of which one encodes six extracellular lipases (EXLs) 

and the other one encodes six oleosin/ glycine-rich proteins (GRPs) (Mayfield et al., 2001). A 

later study reported that eight genes encoding oleosin-domain GRPs are specifically expressed 

in the tapetum during floret development when the tapetal cells accumulate tapetosomes (Kim 

et al., 2002). In our analyses, all eight tapetum oleosins (T-oleosins) were detected from at least 

one proteome, additionally an extra GRP, GRP21 (AT5G07565) was detected in the pollen coat 

(Appendix 2 Supplemental Data S14). The GRP21-encoding gene At5g07565 was identified to 

be located on chromosome 5 next to GRP20 (Fiebig et al., 2004), thus GRP21 is likely to share 

similar characteristics with the other T-oleosins. The detection of these oleosin-domain GRPs in 

the Brassicaceae pollen coat not only corresponds to previous proteomic work, but also provides 

evidence for the importance of oleosins and tapetosome formation and protein deposition to the 

pollen coat (Levesque-Lemay et al., 2016) / origin of pollen coat material in the Brassicaceae. 

Among the six EXLs encoded by the six EXL genes located within a tandem array (Mayfield et 

al., 2001), four EXLs were detected in our pollen coat proteomes. EXL 4 and 5 were found in 

the A. thaliana pollen coat, while EXL 3 and 6 were found in A. lyrata, and two homologs of 

EXL4 and 5 were found in the B. oleracea pollen coat (Appendix 2 Supplemental Data S14). 

However, EXL1 and 2 were not detected in pollen coat. Considering the previous evidence of 

delayed initiation of pollen hydration in a grp17 mutant (Mayfield and Preuss, 2000) and a defect 

in pollen hydration in an exl4 mutant (Updegraff et al., 2009), our detection of all nine T-oleosins 

and four of the EXLs further support the thesis that these proteins may be playing important roles 

in the pollen-stigma interaction. 
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5.2.6 Evidence of positive selection in regions of CRPs identified in the pollen 

coat proteomes 
 

To investigate the evolutionary divergence of the 12 CRPs that were found to be shared across 

all three pollen coat proteomes (Fig. 5.6), molecular evolutionary analyses were performed by 

using the codeml programme in PAML (Yang, 2007). The number of nonsynonymous 

substitutions per possible non-synonymous codon sites is defined as dN, whereas the number of 

synonymous substitution per possible synonymous codon sites as dS. For the amino acid 

changing substitution, ω (dN/dS) >1 represents positive selection whereas ω (dN/dS) = 1 

demonstrates a neutral amino acid changing substitution, whereas (reviewed in Yang & 

Bielawski, 2000). 

To estimate the selection pressure on sites of each CRP-encoding gene, one putative orthologous 

gene was selected from each species under study. The phylogeny and codon alignment of 

orthologous genes was analysed using three models (M0, M7 and M8) within the codeml 

programme (Yang, 2007). Model M0 assumes that all the sites are under the same selection 

pressure and performs the same ω (dN/dS) ratio. By using this method, only two CRPs (PCP-

Bγ/ESFL8) and PCP-Bδ/ESFL9) showed an average ω (dN/dS) >1 (Table 5.2). To demonstrate 

the variation of selection forces across sites and to detect sites with ω > 1, comparison of the 

model M7 (that confines ω to the interval of 0 to 1) and the general model M8 using a likelihood 

ratio test for each gene, was carried out. For the genes with a result where model M7 was rejected 

in favour of model M8, M8 was carried out to identify sites under positive selection using the 

Bayes empirical Bayes (BEB) method (Yang et al., 2005) (Table 5.2). The analyses assumed that 

the sites with ω > 1 and a Bayesian posterior probability >= 99% were likely to be under positive 

selection (Table 5.2, Fig 5.8). For 9 out of 12 CRPs analysed, the positive selection model M8 

appeared to fit the data significantly better than the null model M7 (Table 5.2). The ω (dN/dS) 

ratios for each site calculated under M8 that were greater than 1 were plotted in Fig. 5.8 

illustrating the CRP-encoding amino acid sites that had approximate means of the posterior 

distribution ω>1, in addition the sites with posterior probabilities greater than 95% and 99% are 

respectively highlighted. The conserved cysteine residues showed no evidence of positive 

selection, which corresponds to their function of maintaining the secondary structures of the 

molecules by forming disulphide bonds. These results provided evidence of different selection 

pressures for amino acid sites along the CRP sequences and positive selection on some of the 

sites. 
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Table 5.2 Evidence of positive selection on codon sites for genes encoding cysteine-rich proteins 

(CRPs) that were shared across the three pollen coat proteomes (A. thaliana, A. lyrata and B. 

oleracea).  

 
M0 data shows the average dN/dS ratio across all sites and lineages. 2ΔInL (M7 vs. M8) and its p-value 

indicate the results of likelihood ratio test (LRT). Positive selected sites are amino acids under positive 

selection with Bayesian posterior P>0.99 based on model M8 using the Bayes Empirical Bayes (BEB) 

method. DEFL, (putative) defensin-like protein; LCR, low-molecular-weight cysteine-rich protein; ESFL, 

EMBRYO SURROUNDING FACTOR 1-like protein; nsLTP, non-specific lipid-transfer protein; GASA, 

Gibberellin-regulated protein. Estimated parameters (M8), proportion of amino acid predicted to be under 

adaptive evolution and corresponding dN/dS ratio from model M8.  
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Fig. 5.8 Positive selection and dN/dS values for codons with posterior means of ω>1 based on the 

M8 model in the codeml programme of the PAML package. The amino acid residues are shown below 

the x-axis. The Bayesian posterior probabilities greater than 99% are represented by black bars and the 

Bayesian posterior probabilities greater than 95% are represented by grey bars. 
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5.3 Discussion 
 

5.3.1 Pollen coat proteomes 
 

Much evidence is now available that demonstrates the crucial roles that components of the pollen 

coat playing to influence pollen adhesion, hydration and germination. Importantly, multiple 

pollen coat proteins have been identified to act as molecular regulators of pollen-stigma 

compatibilities including SCR/SP11, PCP-A1, SLR-BP1 and PCP-Bs, GRP17 (Wang et al., 2017, 

Doughty et al., 1998, Takayama et al., 2000, Shiba et al., 2001, Mayfield and Preuss, 2000). The 

pollen coat ‘swap’ experiments reported on in chapter 4, section 4. 2.6 demonstrated that the 

Brassica pollen coat plays an important role in the interspecific pollen-stigma interaction. Thus, 

a full profile of pollen coat composition, especially the proteome would broaden our 

understanding of the biological function of the pollen coat. The proteomic analyses of pollen 

coat previously carried out in A. thaliana (Mayfield et al., 2001) and Zea Mays (Wu et al., 2015)  

led to the identification of very few proteins. Although these data sets certainly provide valuable 

information on the protein composition of the pollen in these species proteins of low abundance 

and small sizes were largely missed. Our proteomic analyses of pollen coat from three intensively 

studied species in the Brassicaceae provide a dramatically improved coverage of the pollen coat 

protein constituents, especially ones that have low molecular weights (< 10k Da) - these have 

never been directly detected from any other published pollen coat analysis to date. The low level 

of overlap between our A. thaliana pollen coat proteome with previously reported whole pollen 

proteomes or transcriptomes indicates that only a very small proportion of the protein population 

in pollen coat was detected prior to this study (Fig. 5.3). This likely results from a combination 

of factors including the method of protein extraction, the low abundance of many pollen coat 

proteins and the limited sensitivity of detection techniques utilised in previous studies. The state-

of-the-art LC-MS/MS utilized in this study enabled us to draw a relatively full picture of the 

protein constituents of the pollen coat in three members of the Brassicaceae. Comparison of our 

A. thaliana pollen coat proteome with previously published data from the A. thaliana floral 

transcriptome and pollen transcriptome revealed that the majority of the protein components in 

the pollen coat are likely to originate from gene expression in other parts of the flower (likely to 

be the tapetum) and deposited in the pollen coat during pollen development (Fig. 5.3 A). 

Amongst the 27 proteins shared between the A. thaliana pollen coat proteome presented in this 

study and those identified from the floral and pollen transcriptomes (Fig. 5.3 A), 15 were not 

detected by the proteomic analyses of Arabidopsis membrane or cytosolic material (Fig. 5.3 C), 
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which indicates that these 15 proteins may be expressed inside pollen and relocated to the pollen 

surface. However, the lack of a signal peptide from some of these 15 proteins implied that the 

detection of these proteins in the pollen coat sample could result from contamination by broken 

pollen grains.  However given the low number of proteins falling into this category it appears 

the pollen coat extraction methodology provides high quality samples largely free of 

contamination. 

The A. thaliana, A. lyrata and B. oleracea pollen coat proteomes largely overlapped for the 

enriched GO functional groups, including ‘lipid storage’, ‘binding’, ‘defense response to fungus 

and killing of cells of other organism’. For the transcriptome age, pollen transcriptome appeared 

to be the ‘youngest’ (i.e. the most recently evolved genes) (Cui et al., 2015). Cui et al. (2015) 

according to GO predictions, ‘young’ genes are more likely extracellular or anchored to a 

membrane and involved in reproduction (Cui et al., 2015). Intriguingly, these results perfectly 

fit the overrepresented GO terms of our three pollen coat proteomes. 

 

5.3.2 Identification of CRPs in the pollen coat reveals their highly diverged 

functions and an evolutionary link between reproduction and immunity 
 

Among the most up-to-date list of Arabidopsis CRPs with 756 members (Huang et al., 2015), 

over 300 were originally annotated and defined as defensin-like proteins (DEFLs) because of 

their N-terminal signal peptide, γ-core and a cysteine-stabilised αβ (CSαβ) motif that forms a 

thermostable pseudo-cyclic structure (Lay and Anderson, 2005, Silverstein et al., 2005). 

Functional studies on members of the DEFL family initially reported their pivotal role in the 

innate immune system of plants by acting in defense against pathogens (reviewed in (Tam et al., 

2015)). Most CRPs involved in plant reproduction, belong to the DEFL family (Silverstein et al., 

2007). Comparisons of the morphology and downstream mechanisms of CRP signalling in 

reproduction and defense responses reveal intriguing similarities. For example, the invasion of 

pollen tubes into the style morphologically resembles infection of plant tissues by fungal hyphae. 

Downstream signalling in cells targeted by small CRPs share general mechanisms such as the 

influx of ions, ROS production and sometimes programmed cell death (reviewed in (Van 

Hautegem et al., 2015, Bircheneder and Dresselhaus, 2016)). These observations naturally lead 

to an intriguing hypothesis: CRPs involved in reproductive signalling probably evolved from 

peptides that have roles in plant defense (Bircheneder and Dresselhaus, 2016). In recent years, 

evidence has been growing that pointing to some protein families, especially small CRPs, likely 
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have important roles in both reproduction and defense in plants (reviewed in (Bircheneder and 

Dresselhaus, 2016)). For example, the defensin-like protein ZmES1-4 not only possess the 

ability to induce the bursting of the pollen tube tip to release sperms cells, but also possess anti-

fungal activity (Amien et al., 2010, Woriedh et al., 2015). A putative defensin ZmESR-6 found 

to be exclusively expressed in the embryo surrounding region during seed development was also 

able to inhibit fungal and bacterial growth (Balandín et al., 2005). A further example includes 

the receptor FER was found to be involved in the processes of reception of pollen tubes and also 

invasion of fungal hyphae (Kessler et al., 2010).  

Interestingly, a recent transcriptomic study on reproductive and immune responses in the pistils 

of Arabidopsis species revealed that some of the CRPs detected in our pollen coat proteomic 

analyses were up- or down-regulated during both fungal infection and interspecific pollination 

(Mondragon et al., 2017). For example, genes encoding CRP subgroups CRP0570 

(PCPAL/DEFL) and CRP0830 (SCR-like) identified in the pollen coat (see Table 5.1) are down-

regulated during both pollination and fungal infection in A. thaliana and A. halleri (Mondragon 

et al., 2017). Four CRRSPs (CRRSP17, 22, 24 and 61) were found to be down-regulated during 

both fungal infection and interspecific pollination (Mondragon-Palomino et al., 2017) and three 

of these were also identified in our pollen coat data set (Fig. 5.7). In the same study, a summary 

of the top overrepresented GO terms shared by differentially expressed genes from both pistil 

immune and pollination responses in A. thaliana and A. halleri resembles the overrepresented 

GO terms of the three pollen coat proteomes characterised here (Mondragon-Palomino et al., 

2017). These discoveries not only suggest some CRP families may possess multiple functions in 

both plant reproduction and defense systems, but also support the hypothesis that signalling 

systems involved in some reproductive processes could possibly have evolved from more ancient 

plant defense systems (Bircheneder and Dresselhaus, 2016). 

The gibberellic acid-stimulated Arabidopsis (GASA) gene family consists of 14 genes in A. 

thaliana (Roxrud et al., 2007). Although the amino acid sequences of this CRP family are 

relatively conserved compared to other CRP classes, their expression pattern was shown to have 

diverged (Roxrud et al., 2007). Reproductive tissue-related expression was found to be limited 

to within the stamen filaments based on histochemical localization of GASA1 and GASA4. 

Phylogenetic analysis showed the GASA10 and GASA11 identified from our pollen coat 

proteomic analyses pair with GASA8 and GASA1, and no expression of these two pairs of 

GASAs were detected by GUS staining in male reproductive tissue (Roxrud et al., 2007). 

Function has only been reported for one GASA, GASA4, which was demonstrated to be involved 
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in gibberellic acid responses related to flowering and seed germination (Roxrud et al., 2007, 

Rubinovich and Weiss, 2010). The detection of two GASAs in pollen coat indicated that the 

GASA family is likely to play a range of roles relating to aspects of plant development and 

reproduction. 

 

5.3.3 Positive selection on CRP-encoding genes suggests their likely 

importance in molecular recognition in interspecific incompatibility 
 

Positive selection is considered to be a common feature of genes that underlie the formation of 

reproductive barriers ((Swanson and Vacquier, 2002) and Vacquier, 2002). Previously published 

reports that have investigated the modes of selection for gene families that include those 

encoding pollen coat proteins identified from this study, were based on pairwise comparison 

methodologies which assume that the selective pressure on each codon site is the same. For 

example, pairwise evolutionary analyses of more than 300 mature DEFLs (i.e. signal peptides 

were trimmed) demonstrated 18 comparisons that showed evidence of divergent selection 

(dN/dS values > 1). Relatively rapid evolution (average dN/dS values > 1) was detected in LTPs 

from rice and wheat by pairwise comparisons within and between different LTP types (Jang et 

al., 2008). The same approach was taken for the study of the evolution of pollen-specific T-

oleosins/ GRPs across species in the Brassicaceae, which also provided evidence of rapid 

evolution (Fiebig et al., 2004, Schein et al., 2004). However, the pairwise comparison method 

does not reveal the variation of selection forces across a sequence, which may then result in 

missing a signal of adaptive divergence across domains or sites. A study on the evolution of the 

S-locus region in Arabidopsis and relatives provided evidence of positive selection among sites 

within SCR, SRK and ARK3 (A. thaliana receptor kinase 3) (Guo et al., 2011). Our evolutionary 

study on the CRPs shared by the three pollen coat proteomes revealed the same story - 

significantly variation in selective pressure was detected amongst codon sites. It is also 

noteworthy that the conserved cysteine and aromatic residues are mostly under purifying 

selection, a process that is considered to be crucial for the maintenance of protein function (Wang 

et al., 2017, Costa et al., 2014) (Costa et al., 2014, Wang et al., 2017). The discovery of sites 

under positive selection in genes encoding nine pollen coat CRPs in this study demonstrated the 

likely importance of these CRPs in reproductive isolation, perhaps acting as recognition factors 

in interspecific pollen-stigma interaction amongst related species. Taken together with the cases 

reported for genes at the S-locus (Guo et al., 2011), these results also strongly support the 
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hypothesis that the evolution of reproductive proteins is driven by selective pressure to establish 

reproductive barriers through their interactions with molecular targets. Considering the 

potentially diverged functions of these pollen coat CRPs in plant reproduction and defense, the 

detection of positive selection may be also be usefully applied to the discovery of a broader range 

of molecules involved in cell-cell recognition and communication.   

 

Chapter 6 General discussion  
 

Interspecific unilateral incompatibility (UI) is a widespread phenomenon that has been described 

for pollinations between related species (Lewis and Crowe, 1958). In UI crosses prezygotic 

reproductive barriers are robust in one cross, but weak or absent in the reciprocal cross. In the 

Brassicaceae, the ‘SI x SC’ UI rule generally holds true where it has been found that stigmas of 

SI species generally reject pollen from both SI and SC species whereas SC species stigmas 

generally accept pollen from both SI and SC species (Hiscock and Dickinson, 1993). These 

observations indicate that SI species possess a more selective stigma and more compatible pollen 

compared to SC species, and that UI may have a functional connection with SI. Although 

significant progress has been made in unravelling the molecular basis of SI in a number of 

angiosperm families, the mechanisms that govern interspecific incompatibility are relatively less 

understood. Much progress has been made in the genetic mapping and elucidation of the 

molecular basis of UI in the Solanaceae, where a mechanistic link between S-RNase and UI has 

been made, though SI independent factors are also involved (Li and Chetelat, 2015, Baek et al., 

2015, Li et al., 2010, Covey et al., 2010, Onus and Pickersgill, 2004, Bernacchi and Tanksley, 

1997, Murfett et al., 1996). For the Brassicaceae, genetic analyses have been carried out to 

identify major QTLs for two examples of UI (Li et al., 2018, Udagawa et al., 2010). These data 

suggest that the S-locus not involved in UI and the most popular hypotheses is that UI shares a 

universal downstream pollen rejection pathway with SI. However, UI has only really been 

addressed from the point of view that it involves active rejection of pollen by the stigma, whereas 

alternatively UI could result from pollen lacking compatibility with the stigma rather than being 

actively rejected. In this alternative scenario pollen would lack the compatibility factors 

necessary for activation of a compatibility response in the stigma. This project investigated 

interspecific incompatibility in the genus Arabidopsis and provided a clear picture of the 

interspecific pollination relationships between A. thaliana and its SI relatives, A. arenosa and A. 

lyrata. A key finding was that tremendous variation exists for the strength of UI amongst 
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accessions of the SI species A. arenosa and A. lyrata when pollinated with A. thaliana. 

Physiological, structural and developmental features of UI have been characterised during the 

course of this research and the pollen coat proteomes of three species (A. thaliana, A. lyrata, B. 

oleracea) providing an invaluable resource for hunting candidate pollen coat factors that regulate 

interspecific incompatibility/compatibility.  

Previous studies of interspecific ‘SI x SC’ and some ‘SI x SI’ pollination relationships in the 

Brassicaceae led to the proposal of the ‘UI rule’ (Lewis and Crowe, 1958, Hiscock and Dickinson, 

1993, Sampson, 1962). Our investigation into UI amongst species in the Brassicaceae revealed 

that the ‘UI rule’ holds true in ‘wide’ Brassica x Arabidopsis crosses but substantial variation 

exists in interspecific pollen-stigma compatibility / incompatibility amongst close Arabidopsis 

relatives. It is possible that UI between more distantly related species would be generally 

consistent within that same genetic group (e.g. within one genus or one phylogenetic clade) and 

genetic distance may in some way influence the strength of UI. Indeed Li et al. (2018) also argued 

that species divergence would affect the strength of UI amongst close relatives of A. thaliana, 

although in that study a limited numbers of accessions for each species were investigated. 

Strikingly, the data obtained in this thesis revealed different strengths of compatibility / 

incompatibility for the interspecific pollen-stigma interaction when a variety of A. lyrata / A. 

arenosa accessions were investigated. Breeding barriers in ‘A. lyrata / A. arenosa x A. thaliana’ 

crosses appeared act prezygotically through our investigations. Interestingly, most A. lyrata / A. 

arenosa plant lines derived from different populations tested in our study were found to be 

compatible with pollen from the SC partner A. thaliana (Col-0) (See section 3.2.1), which 

contrasted with previous studies where different lines were used (Bushell, 2003, Li et al., 2018). 

The North American A. lyrata populations utilised in this study have a range of mating systems 

(outbreeding, inbreeding and mixed breeding) and it has been reported that within these 

populations multiple losses of SI have occurred, with a developing shift in mating system 

towards inbreeding (Haudry et al., 2012, Hoebe et al., 2009, Mable et al., 2005, Stift et al., 2013). 

Tremendous variation for UI was recorded both within and between these A. lyrata lines (ssp. 

lyrata) which all grow in similar sand dune habitats (Clauss and Mitchell-Olds, 2006, Mable et 

al., 2005, Wright et al., 2003, Mable et al., 2003). However, counter to what might have been 

expected considering the ‘UI rule’ A. lyrata ssp. petraea accessions (the European A. lyrata 

populations), that possess strong and stable SI (Clauss and Mitchell-Olds, 2006), were generally 

compatible with A. thaliana (Col-0). These general observations between the two geographically 

distant subspecies does not therefore lend support to the thesis that SI may be central to 
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determining the outcome of interspecies pollinations. Moreover, the SC population Al_RON 

displayed stronger incompatibility with A. thaliana (Col-0) compared with the SI populations 

Al_IND, Al_TSS, and the mixed breeding population Al_TSSA. Further, pistils of the two A. 

arenosa subspecies utilised showed contrasting outcomes in response to A. thaliana (Col-0) 

pollen, with all individuals of the Aa_Bor population (ssp. borbasii) showing full compatibility 

whilst all A. arenosa. ssp. arenosa populations displayed considerable variation in compatibility. 

Importantly all the A. arenosa lines used are strongly self-incompatible suggesting that the 

variation in UI is related to the genetic divergence between the Aa_Bor and A. arenosa. ssp. 

arenosa populations rather than SI. Interestingly an engineered SI A. thaliana line (C24[SRKb-

SCRb]) (Nasrallah et al., 2004) did not behave differently to WT A. thaliana in the interspecific 

pollinations as a pollen parent (Table 3.3) and indeed the transgenic SI A. thaliana stigma was 

not able to reject interspecies pollen (Nasrallah et al., 2004)- this indicates that the S-locus does 

not have a direct involvement in UI, at least in A. thaliana pistils. Additionally, genetic analysis 

has revealed that both the SRK and MLPK genes are not involved in interspecific UI in B. rapa 

x B. oleracea (Udagawa et al., 2010) and that the S-locus is not involved with UI in A. lyrata x 

A. arenosa crosses (Li et al., 2018). Taken together, these data clearly indicate that the S-locus 

is not involved in UI in the Brassicaceae. It is the reproductive strategies selfing or outbreeding 

that affect UI rather that S locus. 

Variation for interspecific UI in Arabidopsis was only found to be present on the female side 

(amongst A. lyrata / A. arenosa populations) whereas no variation of interest was observed on 

the pollen side when screening pollen from different A. thaliana accessions. SC species (or 

highly inbreeding species) often have very restricted outcrossing opportunities (e.g. A. thaliana), 

and therefore it is logical to assume that selection pressure for the regulation of interspecific 

reproduction would be relaxed (Wang, 2016), leading to a concomitant reduction in variation for 

interspecific UI. Additionally, our preliminary data on the genetics of interspecific UI indicates 

that UI is a dominant trait over UC in the F1 generation and that the UI ‘decision’ is centred in 

the pistil (see section 3.2.5). Further study through genetic mapping of A. lyrata stigmatic UI 

genes in ‘A. lyrata x A. thaliana’ would be feasible and vital to building an understanding of the 

reproductive isolation process that exists between the A. thaliana ‘model’ species and its close 

SI relatives.  

Members of the Brassicaceae, which have stigmas of the ‘dry’ type, generally have very strong 

prezygotic barriers that can operate rapidly at the earliest stages of the pollen-stigma interaction. 

Molecular recognition events that operate at the pollen-stigma interface result in either 
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compatible pollen acceptance or incompatible pollen rejection (reviewed in (Chapman and 

Goring, 2010a, Swanson et al., 2004, Edlund et al., 2004, Hiscock and Allen, 2008)). In our 

study, it was revealed that Arabidopsis interspecific UI generally acts at the site of pollen tube 

penetration whereas Arabidopsis SI inhibits pollen hydration. All fully SI A. lyrata lines studied 

to date are characterised by a failure of pollen hydration, no pollen germination and notably no 

pollen adhesion is evident after aniline blue staining (Hiroi et al., 2013, Indriolo et al., 2012, 

Stone et al., 1999, Samuel et al., 2009). These observations further reinforce other data 

(described above) that indicate that different pollen ‘perception’ mechanisms operate for SI and 

UI - although they may share downstream pathways for pollen rejection. Similarly a UI study in 

the tomato clade (Solanaceae) revealed significant differences in pollen tube growth patterns 

between SI and UI rejection (Li et al., 2010).  

Clearly complex communication events occur between pollen and papillar cells that result in 

compatible pollen acceptance or incompatible pollen rejection. It has been proposed by the 

Goring group (University of Toronto) that a basal pollen recognition pathway regulates 

compatibility in stigmatic papilla by promoting exocytosis to the pollen-stigma interface 

(delivering compatibility factors), whereas in SI interactions this pathway is blocked - thus 

preventing exocytosis which ultimately results in rejection of self-pollen (Samuel et al., 2008, 

Safavian et al., 2015, Safavian and Goring, 2013, Samuel et al., 2009). Our TEM results revealed 

that in UI pollen-stigma interactions, A. thaliana pollen rapidly activated a basal compatibility 

response in stigmatic papillae with autophagy also being rapidly induced at these early stages. 

Vesicle and MVB (multi-vesicular body) secretions to the papilla plasma membrane, typical 

features of   compatibility, were observed at 15 minutes post-pollination in both UI pollinations 

of ‘A. lyrata x A. thaliana’ and A. lyrata self-compatible pollinations. In UI crosses, pollen grains 

were observed to become polarized and to attempt pollen tube penetration of the stigmatic 

papillae at 30 minutes post-pollination. In these interactions penetration failed though papilla 

cell wall expansion was evident at both 15 and 30 minutes post-pollination. Failure to penetrate 

the papilla may result from of a lack of guidance from the papilla cell and/or a failure to degrade 

the cuticular layer of the papilla cell. These data are consistent with observations of UI 

pollinations obtained by light microscopy with aniline blue staining - both revealing that UI 

pollen initiates the basal compatibility reaction leading to pollen hydration but that pollen tubes 

fail to penetrate stigmatic papillae. 

The TEM study also revealed that autophagy was seen to be rapidly induced in UI, as features 

such as degraded cytoplasm and large quantities of autophagic-like structures appeared in the 
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vacuole. Interestingly the autophagic response of the papilla cell in the UI interactions examined 

appeared more severe compared to that reported for A. lyrata SI pollinations (Safavian and 

Goring, 2013). This indicates that endocytosis is occurring rapidly and very actively in the 

stigmatic papillae when interspecies incompatible pollen is received. The autophagic response 

observed in the UI pollinations studied here resembles a pathogen defence response as it was 

characterized by large scale cytoplasmic degradation, which in pathogen responses is typically 

followed by cell death (Shimada et al., 2018, Liu et al., 2005, Liu and Bassham, 2012). One 

possible scenario is that interspecific incompatible pollen could be perceived as a putative 

‘pathogen’. More recently, Mondragon et al. (2017) revealed similarities between reproductive 

and immune pistil transcriptomes of Arabidopsis species and showed that up to 79% of down-

regulated genes are shared between conditions and include especially defensin-like genes. Future 

work could involve investigating the expression of defence genes in UI,  as well as utilising 

markers of autophagy in the study of UI pollination and in this respect it would be interesting to 

determine the involvement of autophagy-related (Atg) genes (like ATG5, ATG10 and ATG18a) 

in UI. Interestingly, the self-compatible pollination in A. lyrata was found to be different from 

the results obtained by Safavian and Goring (2013) as signs of an autophagic response were 

detected. Crescent shape autolysosomes and double membraned autophagosomes were 

visualized (at 30 minutes post-pollination) directing vesicles/MVBs to the vacuole for 

degradation in self-pollinations (Fig. 4.3 i, j) - typical of the very early cellular responses seen 

for SI pollinations. The North American A. lyrata line used in our studies is held to have recently 

evolved from SI (Haudry et al., 2012, Hoebe et al., 2009, Mable et al., 2005, Stift et al., 2013),  

and it may be that the SI machinery is still largely intact but that mutation has affected the 

effectiveness/speed of the incompatibility response. This hypothesis to explain the SC phenotype 

in the North American populations (helpful discussions with Prof. Daphne Goring) will require 

further careful research to gather molecular and cellular evidence to support this view.   

The developmental series of bud pollinations carried out in this study for B. oleracea with self-

pollen and A. thaliana pollen revealed different patterns of acquisition for SI and UI. UI in B. 

oleracea x A. thaliana crosses was found to be more robust and much more difficult to overcome 

by molecular inhibitors compared to SI. The interspecific incompatibility response of the 

Brassica stigmatic papillae to A. thaliana pollen was impaired by the protein synthesis inhibitor 

cycloheximide and the phosphatase inhibitor okadaic acid, but not to the same extent as reported 

for SI where both are very effective at overcoming pollen rejection (Scutt et al., 1993, Rundle et 

al., 1993, Hiscock and Dickinson, 1993, Sarker et al., 1988, Pandey, 1980b, Ferrari and Wallace, 
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1977). These data suggest that there may be a shared downstream pathway for UI and SI, though 

given the general nature of these inhibitors caution must be exercised in drawing parallels. Both 

CHX and OA inhibitors had no effect on Arabidopsis UI pollinations while the counterpart SI 

response was also unaffected. Current knowledge thus suggests that the use of inhibitors may 

simply not work on the A. lyrata plants, however the reason for this remains unclear. Others who 

have reported on the use of inhibitors for Arabidopsis species have reported similar findings, for 

example Kandasamy et al. (1993) (Kandasamy et al., 1993) found that okadaic acid did not 

prevent self-pollination in Arabidopsis thaliana. Further, previous work in the Doughty lab (J. 

Doughty, pers. comm.) found that the use of OA and the proteasome inhibitor MG132 failed to 

affect incompatibility in Arabidopsis. Possibly such small stigmas are negatively impacted by 

the use of these inhibitors (Brassica material is much larger and may withstand exposure 

compared to Arabidopsis). Another possibility targeting Brassica downstream pathway (basal 

compatibility or universal incompatibility) would not function same way on Arabidopsis due to 

the molecular differences of these systems in this two genus. It is well known that the 

downstream pathway of SI in Brassica and Arabidopsis appeared to be different, e.g. 

Arabidopsis don’t have MLPK (reviewed in (Kitashiba and Nasrallah, 2014)). 

The pollen coat ‘swap’ experiments demonstrated that the Brassica pollen coat plays an 

important role in the interspecific pollen-stigma interaction in B. oleracea x A. thaliana crosses 

by facilitating A. thaliana pollen hydration, germination and pollen tube emergence. Notably, 

the data obtained suggested that pollen compatibility factors are shared across these genera as 

Brassica pollen coat was also able to overcome Arabidopsis UI by permitting A. thaliana pollen 

tube penetration of A. lyrata stigmatic papillae. This supports earlier findings that the pollen coat 

provides a conduit for water to pass from the stigma to effect pollen hydration and that it carries 

factors that determine compatibility in the pollen-pistil interaction in the Brassicaceae 

(Dickinson et al., 2000, Doughty et al., 1993, Doughty et al., 2000, Elleman and Dickinson, 

1986a, Elleman and Dickinson, 1990, Marshall et al., 2011). These experiments provide strong 

evidence that Brassica pollen coat carries compatibility factors that are responsible for activating 

basal compatibility system of the relative species. The protein synthesis inhibitor CHX permitted 

A. thaliana pollen to penetrate the papillae of B. oleracea bud stigmas by weakening the B. 

oleracea incompatibility system. However in this case, A. thaliana pollen was blocked by the 

third layer of incompatibility, being unable to penetrate the bottom wall of the papillae and 

growing into the style. The overlap of these three layers of the barrier to incompatible pollen 

make UI in ‘B. oleracea x A. thaliana’ very strong and robust. In contrast UI in ‘A. lyrata x A. 
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thaliana’ crosses predominantly occurred only at the level of pollen tube penetration with this 

barrier being overcome by the application of compatible pollen coat from Brassica. These data 

could potentially be explained by the genetic distance between A. thaliana and B. oleracea 

making A. thaliana less compatible with the B. oleracea stigma. 

For intraspecific pollen discrimination in Brassicaceae, Goring’s group has proposed a model 

where the basal pollen compatibility pathway in the stigmatic papilla is activated by conspecies 

pollen for pollen acceptance whilst this pathway is overridden/disrupted by the intraspecies self-

incompatibility pathway leading to self-pollen rejection (reviewed in (Doucet et al., 2016)). 

Based on our data, here we propose a model to explain interspecific unilateral incompatibility 

based on the activation of both compatibility and incompatibility systems centred in stigmatic 

papillae. UI is a phenomenon of pollen discrimination that operates between related species and 

could possibly have resulted from differences in the evolution of breeding systems such that 

species arise that can be categorised as either ‘highly discriminating’ (in relation to pollen 

acceptance/rejection by stigmas) or ‘weakly/non-discriminating’. During the evolution of  

breeding systems, species falling into the ‘highly discriminating’ group have a strong selective 

force for interspecific pollination and thus developed a more specific recognition mechanism for 

conspecies, or very closely related pollen, that activates the compatibility system. Alongside the 

compatibility system another mechanism (incompatibility) also developed that permitted these 

stigmas to perceive and reject interspecies pollen, thus preventing the possibility of hybridisation 

with other potentially less well adapted genomes. In this model demonstrated in Fig 6.1, to 

explain interspecific incompatibility between wide related species, interspecific pollen does not 

carry the necessary specific compatible factors and so fails to activate (or may only slightly 

activate) the compatibility system of the ‘highly discriminating’ species papillae, thus pollen (e.g. 

likely B. oleracea x A. thaliana or more distanced species). Whereas for interspecific 

incompatibility between close related species, pollen carries some necessary specific compatible 

factors and partially activate the compatibility system of the ‘highly discriminating’ species 

papillae (to what extend the interspecific pollen could activate the compatibility system depends 

on how much required compatible factors it carries), and simultaneously this pollen carries 

‘incompatibility factors’ that activate the stigmatic incompatibility system resulting in pollen 

rejection (e.g. likely B. oleracea x A. thaliana). Meanwhile, the recognition mechanism that 

activates the compatibility system in species falling into the ‘weakly/non-discriminating’ group 

remains conserved and compatible factors carried by pollen are able to activate the compatibility 

pathway resulting in pollen acceptance. Species group typically possess SI or have recently 
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shifted to SC belong to the ‘highly discriminating’ in our model. In relation to this the evolution 

of SC from SI may contribute to the formation of UI. Recent population genetics studies on 

species isolation provide support for the idea that transition of breeding systems from SI to SC 

may promote speciation (Coyne and Orr, 2004, Levin, 1971, Martin and Willis, 2007, Wendt et 

al., 2002). More recently, Payne and Alvarez-Ponce (2018) showed that the evolution rate of 

overall proteins in the SC species A. thaliana is slightly but significantly higher than in both its 

close SI relative species,  A. halleri and A. lyrata.  

 

Fig. 6.1 Model of example UI pollination in Brassicaceae. A: highly discriminating species, B: 

weakly/non-discriminating species. 

As an SC phenotype is established selective pressures that act on factors relating to breeding 

system may be relaxed  (e.g. as may have occurred in A. thaliana) that could facilitate speciation 

such as the loss  pollen-borne compatibility factors (possibly lipids, lipid transfer proteins, 

compatibility ligand proteins).This could result in a failure for pollen in these species to activate 
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the compatibility system of some related species (supported by our pollen data, see section 4.2.6 

and 4.3.7 for more details). In addition the SC species may also lose specific factors (possibly 

receptor kinases) expressed on the stigma side that are responsible for activating the interspecific 

incompatibility system and thus SC species that had advanced down this evolutionary route 

would generally accept pollen from other relative species (e.g. A. thaliana can accept the pollen 

of almost all species tested) (Hiscock and Dickinson, 1993).  As very effective SC reduces, or 

effectively eliminates, mating with other individuals these SC species could thus reduce the ‘cost’ 

of produce these factors that govern interspecies pollination relationships. This model attempts 

to describe what may occur during speciation events involving a shift to self-compatibility that 

ultimately could lead to interspecific UI in the Brassicaceae. Rather than only focused on 

incompatibility, this Model has brought together both incompatibility and compatibility systems 

to putatively elucidate the machinery operation of UI. It is also consistent with data obtained in 

this study and could generally explain the results of the UI study conducted by Hiscock and 

Dickinson (1993) on the Brassicaceae and other interspecific pollination studies (Lewis and 

Crowe, 1958, Sampson, 1962, Pandey, 1980b, De Nettancourt, 1997). However, more genetic 

evidence is needed to verify and support the model and better elucidate the interspecific pollen-

pistil interaction. For example, function study (knock out or overexpression) of genes known to 

involve in intraspecific compatibility (e.g. Exo70A1) or downstream pathway of self-

incompatibility in UI (e.g. ARC1, MLPK) would be sensible to further test this model. From the 

lesson of the intraspecific pollen-stigma interaction, the increasing power of either or will impede 

the other. An insufficient or none activation of the compatibility system would contribute to 

interspecific incompatibility. Thus understanding compatibility would be an alternative way to 

get in sight into the interspecific incompatibility. 

Much evidence is now available that demonstrates the crucial roles that components of the pollen 

coat play in influencing pollen adhesion, hydration and germination. Importantly, multiple pollen 

coat proteins have been identified to act as molecular regulators of pollen-stigma compatibilities 

including SCR/SP11, PCP-A1, SLR-BP1 and PCP-Bs, GRP17 (Wang et al., 2017, Doughty et 

al., 1998, Takayama et al., 2000, Shiba et al., 2001, Mayfield and Preuss, 2000). The pollen coat 

‘swap’ experiments reported on in chapter 4 demonstrated that the Brassica pollen coat plays an 

important role in the interspecific pollen-stigma interaction. Thus we investigated the pollen coat 

proteome of three Brassicaceae species (A. thaliana, A. lyrata and B. oleracea), to provide an 

insight into pollen factors that could potentially play roles in interspecific pollen recognition. 

Interestingly the pollen coat extracts from the three species were found to have different 
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consistencies following evaporation of the solvent used in the extraction protocol. For A. lyrata 

and B. oleracea, the pollen coat residue was noted to have a honey-like appearance and 

consistency. In contrast, the pollen coat from A. thaliana was observed to be a yellow oily crust-

like mass. This physical difference may be a contributing factor in the poor compatibility of A. 

thaliana pollen observed in interspecific crosses. The underlying reason for this striking 

difference in the physical characteristics of A. thaliana pollen coat remain obscure but should be 

a goal of future studies. Our proteomic analyses of the pollen coat from three intensively studied 

members of the Brassicaceae provide dramatically improved coverage of the pollen coat protein 

constituents compared to previous studies, especially for proteins that have low molecular 

weights (< 10k Da) - these have never been directly detected from any other published pollen 

coat analysis to date. 

Comparison of our A. thaliana pollen coat proteome with previously published data from the A. 

thaliana floral tissue transcriptome (Zhang et al., 2015) and pollen transcriptome (Honys and 

Twell, 2003) revealed that the majority of the protein components in the pollen coat are likely to 

originate, as expected, from gene expression in other parts of the flower (likely to be the tapetum) 

and deposited on the pollen surface during pollen development. The A. thaliana, A. lyrata and B. 

oleracea pollen coat proteomes largely overlapped for the enriched GO functional groups, 

including ‘lipid storage’, ‘binding’, ‘defence response to fungus’ and ‘killing of cells of other 

organism’. A large number of cysteine-rich proteins (CRPs) were detected in the pollen coat of 

all three species studied. Most CRPs involved in plant reproduction, belong to the DEFL family 

(Silverstein et al., 2007). Comparisons of the morphology and downstream mechanisms of CRP 

signalling in reproduction and defence responses reveal intriguing similarities (reviewed in (Van 

Hautegem et al., 2015, Bircheneder and Dresselhaus, 2016)). Some CRP families may possess 

multiple functions in both plant reproduction and defence systems, and it has been hypothesised, 

as discussed above, that signalling systems involved in some reproductive processes could 

possibly have evolved from more ancient plant defence systems (Bircheneder and Dresselhaus, 

2016). CRP families are characterised by an evolutionary history of large scale gene duplication 

events and are highly divergent, further suggesting their potential for a role in reproductive 

isolation and plant speciation events (Bircheneder and Dresselhaus, 2016, Wang, 2016). CRPs 

shared by A. lyrata, A. thaliana and B. oleracea were identified in this study and molecular 

evolutionary analyses (see chapter 5, section 5.2.4) have provided evidence of positive selection 

on some of these shared genes. Those CRPs appear to be good candidates for having a role in 

interspecific pollen recognition. The richness of the proteomic data sets obtained reveals the 
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highly complex nature of the pollen coat amongst members of the Brassicaceae and provides a 

source of targets that can be explored for their potential novel roles in plant reproduction. 

In summary, this PhD project provided an in-depth characterisation of interspecific reproductive 

relationships in the Brassicaceae with a particular focus on variation for the UI trait amongst 

Arabidopsis species. Further the research presented in this thesis has expanded current 

knowledge of interspecific breeding barriers by extending previous studies by addressing 

physiological, structural and cell biological features of UI. The discovery of abundant cysteine-

rich proteins (CRPs) in the pollen coats of Arabidopsis and Brassica species provides a source 

of targets that can be explored for their potential roles in interspecific incompatibility. Future 

work will need to be focus on identifying major UI genes on the female side with genetic 

mapping and RNA sequencing by taking advantage of the A. lyrata lines displayed UI variation 

(See section 3.2.5). Feasible strategies would be further analysing UI segregation in the F2 

population of Al_RON27-7 x Al_RON27-2 when pollinated with A. thaliana. QTL mapping to 

find the functional region in together with pooled genomic or RNA sequencing of individuals 

with divergent UI phenotype could narrow down the list of candidate genes, following with gene 

functional studies. F1 (Al_RON27-7 x Al_ ICE16-2) population showed robust SI so 

constructing back cross populations with the parent lines would be useful for further analysis. 

Operations of different UI pairs of different species may variable but there is a possibility that 

the some factors or strategies to unable interspecific pollen acceptance. Thus referring to the 

recent progress on genetic mapping of A. arenosa x A. lyrata UI would be important to 

understand the A. lyrata x A. thaliana UI. On the pollen side, further analysing of pollen coat 

protein profiles of the three species (A. thaliana, A. lyrata and B. oleracea) would be pivotal to 

selecting candidate genes controlling interspecific pollen-stigma interaction, especially those 

rapidly evolved genes. Pollen factors that plays a role in reproductive isolation are likely to co-

evolving with the correspondent pistil factors (ligand-receptor pairs) (Guo et al., 2011, Sato et 

al., 2002), thus co-evolution analysis of positive selected pollen coat proteins with stigma 

specific proteins would be meaningful for elucidating the mechanism of pollen-stigma 

interaction. Functional study could be carried out afterwards when candidates have been 

circulated out by bio informative analysis. On the other hand, component analysis of the three 

species would be valuable to understand the poor performance of A. thaliana pollen in 

interspecific crosses as the physical texture of pollen coat of A. thaliana appeared to be different 

from A. lyrata and B. oleracea (see Section 5.2.1). The lack could possibly associated with an 

efficient lipid environment (presumably less abundancy of lipid and lipid transfer proteins) 
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which is essential for compatible pollen-stigma interactions (See Section 1.7). The work 

advances our knowledge of the subject of UI in Brassicaceae, particularly that there is extensive 

interspecific variation in UI (A. lyrata/ A. arenosa x A. thaliana), physiological and cytological 

features of UI, that aspects of UI appear to function differently in Arabidopsis compared to 

Brassica, and the more detailed characterization of pollen coat protein profiles of three 

Brassicaceae species. The comprehensive survey of UI among these species has generated new 

insights into the UI system. 
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Appendix 1 
 

                  

Fig. S4.1 Representative TEM images of A. lyrata stigmatic papillae responding to self-compatible 

pollen displaying other features from Fig. 4.1. (a, b): A. lyrata stigmatic papilla pollinated with A. 

thaliana pollen at 15 min post-pollination showing MVBs fusing to the PM. (c, d): Self-pollinated A. 

lyrata stigmatic papilla at 15 min post-pollination showing Golgi under the pollen contact site secreting 

vesicles to the gap between the plasma membrane and the cell wall. (e)  A. lyrata stigmatic papilla 

pollinated with A. thaliana pollen at 30 min post-pollination. The black arrowhead indicates the pollen 

polarized to initiate pollen tube growth but failing to penetrate the papillar cell. Pollen tube growing 

parallel to rather than against to the papillar cell wall, pollen coat contacted with the papilla remained 

intact. (f) Self-pollinated A. lyrata stigmatic papilla at 30 min post-pollination. The black arrowhead 

indicates pollen tube just emerging and about to penetrate the papilla. Pollen coat contacted with the 

papilla fused with the papillar cuticle layer and the papilla being partially deformed by the penetrating 

pollen tube. The white boxed areas in (a, c,) are shown in the (b, d), respectively. A. lyrata line used: 

Al_RON27-7SF1-21, A. thaliana line used: Col-0. PM= plasma membrane, V= vesicles, MVB= 

multivesicular body. Bars (a, c) = 500 nm, bars (b, d) = 200 nm, bars (e, f) = 1 μm. 
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Fig. S5.1 Relative abundance of the pollen coat proteomic data sets from Arabidopsis thaliana. Relative 

abundance was estimated based on the percentage of peptide area in each data set.  

 

 

 

A8MQY8, ESFL9/PCP-Bγ

Q9ZUL8, DEFL10

P82739,DEFL159

P31169, KIN2

Q9C947, DEFL5

0%

2%

4%

6%

8%

10%

12%

14%

16%

18%

0 20 40 60 80 100 120

Data 1 area ranking order

B3H4Y0, D-galactoside/L-rhamnose binding SUEL lectin protein 

Q9C9N7, At1g66850

Q8LFQ6, Glutaredoxin-C4

F4IL53, Protein disulfide-isomerase like 2-1

B3H6K7, D-galactoside/L-rhamnose binding SUEL lectin protein

0%

2%

4%

6%

8%

10%

12%

14%

16%

18%

20%

0 50 100 150 200
Data 2 area ranking order

3 Overlapping

2 Overlapping

No overlapping

Q9FLY6, At5g39493

Q9LRK2, CRRSP35

Q9LY07, GRP20

P82716, DEFL147

Q9C9N7, At1g66850

0%

2%

4%

6%

8%

10%

12%

14%

16%

18%

0 20 40 60 80
Data 3 area ranking order



142 

 

 

Fig. S5.2 Gene ontology enrichment of genes encoding proteins identified from Arabidopsis thaliana pollen coat. The arrows indicate the 

hierarchy of the categories: terms of the most specific subclasses are shown without arrow, followed by the parent terms shown below indicated 

with arrow. Numbers beside bars demonstrate the Fold Enrichment of genes observed in the pollen coat proteome over the expected. Fold 

numbers greater than one beside blue bars indicate overrepresented categories. Fold numbers less than one beside red bars are underrepresented 

categories. Only the categories with p-value (determined by Fisher’s exact test) smaller than 0.05 are shown. 
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Fig. S5.3 Gene ontology enrichment of genes encoding proteins identified from Arabidopsis lyrata pollen coat. The arrows 

indicate the hierarchy of the categories: terms of the most specific subclasses are shown without arrow, followed by the parent 

terms shown below indicated with arrow. Numbers beside bars demonstrate the Fold Enrichment of genes observed in the pollen 

coat proteome over the expected. Fold numbers greater than one beside blue bars indicate overrepresented categories. Fold 

numbers less than one beside red bars are underrepresented categories. Only the categories with p-value (determined by Fisher’s 

exact test) smaller than 0.05 are shown. 
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Fig. S5.4 Gene ontology enrichment of genes encoding proteins identified from Brassica oleracea pollen coat. The arrows 

indicate the hierarchy of the categories: terms of the most specific subclasses are shown without arrow, followed by the parent 

terms shown below indicated with arrow. Numbers beside bars demonstrate the Fold Enrichment of genes observed in the 

pollen coat proteome over the expected. Fold numbers greater than one beside blue bars indicate overrepresented categories. 

Fold numbers less than one beside red bars are underrepresented categories. Only the categories with p-value (determined by 

Fisher’s exact test) smaller than 0.05 are shown. 
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Fig. S5.5 Distribution of 61 genes encoding CRRSPs on the chromosomes of Arabidopsis thaliana.  

 

 

 

 

 

 

Figure S5

Accessions Protein names Gene loci

Q9SYB1 CRRSP1 At1g61750

Q8GUJ2 CRRSP2 At1g70690

Q6NM73 CRRSP3 At1g04520

Q9CAC7 CRRSP4 At1g63600

Q9SH43 CRRSP5 At1g63590

Q9SH42 CRRSP6 At1g63580

Q9SH41 CRRSP7 At1g63570

Q9SH40 CRRSP8 At1g63560

Q5Q0E2 CRRSP9 At1g63550

Q9SIP6 CRRSP10 At2g31620

O22784 CRRSP11 At2g33330

Q9ZU94 CRRSP12 At2g01660

Q9LJW2 CRRSP13 At3g29040

Q9LJW1 CRRSP14 At3g29050

Q6NKQ9 CRRSP15 At3g60720

Q9LRM3 CRRSP16 At3g21900

Q9LRM2 CRRSP17 At3g21910

Q9LRM1 CRRSP18 At3g21920

Q9LRM0 CRRSP19 At3g21930

Q9LRL9 CRRSP20 At3g21933

Q9LRL8 CRRSP21 At3g21937

Q9LRL7 CRRSP22 At3g21940

Q9LRL6 CRRSP23 At3g21945

Q9LRL4 CRRSP24 At3g21960

Q9LRL2 CRRSP25 At3g21965

Q9LRL1 CRRSP26 At3g21970

Q9LRL0 CRRSP27 At3g21980

Q9LRK9 CRRSP28 At3g21985

Q9LRK8 CRRSP29 At3g21990

A0MEX7 CRRSP30 At3g22000

Q9LRK6 CRRSP31 At3g22010

Q9LRK5 CRRSP32 At3g22020

Q9LRK4 CRRSP33 At3g22030

Q9LRK3 CRRSP34 At3g22040

Q9LRK2 CRRSP35 At3g22050

Q9LRK1 CRRSP36 At3g22053

Q9LRK0 CRRSP37 At3g22057

Q9LRJ9 CRRSP38 At3g22060

Q6E263 CRRSP39 At3g04370

Q9SVH9 CRRSP40 At4g20680

Q9SVI0 CRRSP41 At4g20670

P0CJ49 CRRSP42 At4g20645

P0CJ50 CRRSP43 At4g20640

P0CJ51 CRRSP44 At4g20630

P0CJ52 CRRSP45 At4g20620

P0CJ53 CRRSP46 At4g20610

P0CJ54 CRRSP47 At4g20600

P0CJ55 CRRSP48 At4g20590

P0CJ56 CRRSP49 At4g20580

P0CJ57 CRRSP50 At4g20570

P0CJ58 CRRSP51 At4g20560

P0CJ59 CRRSP52 At4g20550

P0CJ60 CRRSP53 At4g20540

P0CJ61 CRRSP54 At4g20530

Q9LV60 CRRSP55 At5g48540

Q8GXV7 CRRSP56 At5g43980

Q9FHD5 CRRSP57 At5g41280

Q9FHD4 CRRSP58 At5g41290

Q9FHD3 CRRSP59 At5g41300

Q0WPN8 CRRSP60 At5g37660

Q9M2I5 CRRSP61 At3g58310
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Table S5.1 79 nsLTPs reported in Edstam et al., 2011. nsLTPs identified from three pollen coat 

proteomes are highlighted as red. 

Names Gene ID Gene names Names Gene ID Gene names 

AtLTP1.1 AT2G15050 LTP AtLTPd9 AT1G32280 AT1G32280 

AtLTP1.10 AT5G01870 AT5G01870 AtLTPe1 AT3G07450 AT3G07450 

AtLTP1.11 AT5G59310 LTP4 AtLTPe2 AT3G52130 AT3G52130 

AtLTP1.12 AT5G59320 LTP3 AtLTPg1 AT1G03103 AT1G03103 

AtLTP1.2 AT2G15325 AT2G15325 AtLTPg10 AT1G73890 AT1G73890 

AtLTP1.3 AT2G18370 AT2G18370 AtLTPg11 AT2G13820 XYP2 

AtLTP1.4 AT2G38530 LTP2 AtLTPg12 AT2G27130 AT2G27130 

AtLTP1.5 AT2G38540 LP1 AtLTPg13 AT2G44290 AT2G44290 

AtLTP1.6 AT3G08770 LTP6 AtLTPg14 AT2G44300 AT2G44300 

AtLTP1.7 AT3G51590 LTP12 AtLTPg15 AT2G48130 AT2G48130 

AtLTP1.8 AT3G51600 LTP5 AtLTPg16 AT2G48140 EDA4 

AtLTP1.9 AT4G33355 AT4G33355 AtLTPg17 AT3G22570 AT3G22570 

AtLTP2.1 AT1G43665 AT1G43665 AtLTPg18 AT3G22580 AT3G22580 

AtLTP2.10 AT3G57310 AT3G57310 AtLTPg19 AT3G22600 AT3G22600 

AtLTP2.11 AT5G38160 AT5G38160 AtLTPg2 AT1G05450 AT1G05450 

AtLTP2.12 AT5G38170 AT5G38170 AtLTPg20 AT3G22620 AT3G22620 

AtLTP2.13 AT5G38180 AT5G38180 AtLTPg21 AT3G43720 LTPG2 

AtLTP2.14 AT5G38195 AT5G38195 AtLTPg22 AT3G58550 AT3G58550 

AtLTP2.2 AT1G43666 AT1G43666 AtLTPg23 AT4G08670 AT4G08670 

AtLTP2.3 AT1G43667 AT1G43667 AtLTPg24 AT4G12360 AT4G12360 

AtLTP2.4 AT1G48750 AT1G48750 AtLTPg25 AT4G14805 AT4G14805 

AtLTP2.5 AT1G66850 AT1G66850 AtLTPg26 AT4G14815 AT4G14815 

AtLTP2.6 AT1G73780 AT1G73780 AtLTPg27 AT4G22630 AT4G22630 

AtLTP2.7 AT2G14846 AT2G14846 AtLTPg28 AT4G22666 AT4G22666 

AtLTP2.8 AT3G12545 AT3G12545 AtLTPg29 AT5G09370 AT5G09370 

AtLTP2.9 AT3G18280 AT3G18280 AtLTPg3 AT1G18280 AT1G18280 

AtLTPc1 AT5G07230 AT5G07230 AtLTPg30 AT5G13900 AT5G13900 

AtLTPc2 AT5G52160 AT5G52160 AtLTPg31 AT5G64080 XYP1 

AtLTPc3 AT5G62080 AT5G62080 AtLTPg32 AT1G70250 AT1G70250 

AtLTPd1 AT5G48485 DIR1 AtLTPg4 AT1G27950 LTPG1 

AtLTPd10 AT4G30880 AT4G30880 AtLTPg5 AT1G36150 AT1G36150 

AtLTPd11 AT4G33550 AT4G33550 AtLTPg6 AT1G55260 AT1G55260 

AtLTPd12 AT5G56480 AT5G56480 AtLTPg7 AT1G62790 AT1G62790 

AtLTPd2 AT5G48490 AT5G48490 AtLTPg8 AT1G73550 AT1G73550 

AtLTPd3 AT5G55410 AT5G55410 AtLTPg9 AT1G73560 AT1G73560 

AtLTPd4 AT5G55450 AT5G55450 AtLTPx1 AT1G52415 AT1G52415 

AtLTPd5 AT5G55460 AT5G55460 AtLTPx2 AT1G64235 AT1G64235 

AtLTPd6 AT2G37870 AT2G37870 AtLTPx3 AT4G08530 AT4G08530 

AtLTPd7 AT3G53980 AT3G53980 AtLTPx4 AT4G28395 A7 

AtLTPd8 AT5G05960 AT5G05960       
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Appendix 2 
 

Supplementary data, see the CD attached. 


