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INTRODUCTION pollen grains that reach the stigma allowing the 

development of appropriate pollen and preventing the 
Interactions between the pollen grain and stigma 

germination or growth of inappropriate pollen grains. 
result in cytological and molecular changes that differ 

The major progress on the current understanding of 
depending on whether the pollination is compatible or 

pollen-pistil interaction and self-incompatibility 
not. Pollen-pistil interactions are the pre-zygotic events 

mechanisms with a focus on model species has been 
that occur between the haploid male gametophyte 

reviewed.
(pollen grain) and the diploid pistil. They consist on 

POLLEN-PISTIL INTERACTION
many steps starting with pollen capture, pollen adhesion, 

pollen hydration and pollen germination. These stages When releasing from the anther, the pollen grain is 
are followed by growth of the pollen tube through stigma dehydrated. The level of dehydration is variable between 
and style and finally entry of the pollen tube into the species; the water content of the pollen at anthesis varies 
ovule to release the sperm cells which achieve the double from 15 to 35% (Dumas et al. 1984).

Pollination success is first dependant on the ability fertilization. The successful move of the pollen tube 
of the pollen grain to adhere to the stigmatic surface. through the pistil tissue is dependent on its interactions 
Stigmas of flowering plants can be classified into two with its pistil targets, the stigma epidermal surface and 
categories “wet stigma” and “dry stigma” depending on the transmitting tissue of stigma, style and ovary which 
whether or not they possess abundant secretions at their 

act as a pre-fertilization selective barrier for the various surface (Heslop-Harrison & Shivanna 1977). For 
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ABSTRACT

Keywords : 

Pollination process in flowering plants involves a series of complex cellular and molecular interactions between the 

haploid male gametophyte (pollen grain) and the diploid female sporophyte (tissue of the pistil). It includes events 

such as pollen adhesion, hydration, germination, pollen tube growth and guidance to the ovule. Moreover, in the most 

of hermaphroditic plants, the close proximity of male and female reproductive organs has led to the evolution of 

reproductive strategies that promote cross-fertilization and thus contribute to increase genetic diversity, a crucial 

condition to angiosperm success. Self-incompatibility (SI) systems prevent self fertilization by discerning and 

rejecting self-pollen, they are genetically controlled by one or more multi-allelic loci. These SI systems control the 

interaction between the pollen and the pistil at cellular and molecular levels. This review focuses on recent progress on 

understanding the cellular and molecular mechanisms involved in pollen-pistil interactions and pollen tube growth, in 

both compatible and incompatible situations.  

Pollen-pistil interaction, Self-incompatibility
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example, families including Liliaceae, Rosaceae, with dry stigmas. In both species, stigmas adhere weakly 
Solanaceae have wet stigmas (Table 1) with surface 

to the pollen from other botanical plant families. In 
secretion including water, lipids, sugars and proteins. In 

Brassica, the stigma possesses epidermal papillae cells these plants, pollen adhesion is nonspecific and pollen 
whose wall is covered by a continuous cuticle and a thin hydration in the stigmatic secretions would be a passive 
proteinaceous pellicle which has adhesive properties. process that is not subject to regulation because water is 

accessible since it is present in stigma secretions The thin cuticle that covers the papilla and the pollen 
(Swanson et al. 2004). However, in species with dry coat surrounding the exine, are the initial interaction site 
stigma such as Brassicaceae, Asteraceae, Poaceae and between the male and female partners. The pollen coat 
Papaveraceae, adhesion and hydration of pollen are 

contains components involved in pollen-stigma 
more discriminated (Dumas et al. 1984, Dickinson & 

interactions; it is composed of proteins and lipids that fill Elleman 1995). 
the sculptured cavities of the pollen exine outer layer. 

Table 1- Dry and wet stigma in plant The initial adhesion step is mediated by the pollen exine 
angiosperm families. and does not appear to be related to the pollen coat 

because the exine maintains its binding ability even Family Stigma type
when the pollen coat is removed (Zinkl et al. 1999). Asteraceae (Senecio) Dry
After the exine-mediation for pollen capture, the pollen Asteraceae (Helianthus) Semi-dry
coat is activated to form a continuous “foot” contact at Brassicaceae Dry
the pollen-stigma interface (Fig. 1). This second phase Caryophyllaceae Dry
involves the lipidic and the proteinaceous contents of Malvaceae Dry
pollen coat and stigma surfaces; it requires protein-Papaveraceae Dry
protein interactions including the stigma specific-Poaceae Dry
proteins such as the S-locus-glycoprotein (SLG) and the Iridaceae Dry

Liliaceae Wet S-linked-related-1 (SLR1) protein (Luu et al. 1999). 
Orchidaceae Wet

The pollen adhesion to stigmatic surface is followed 
Onagraceae Wet

by the hydration of the pollen grain. In species with dry 
Rosaceae Wet

stigmas, hydration is not passive but highly regulated 
Solanaceae Wet

process; the pollen coating has an important function in 
Brassica and more recently Arabidopsis are the this hydration (Elleman & Dickinson 1990) which 

models for studies of pollen-pistil interactions in species occurs through the passage of water from the papilla to 

Fig. 1- Compatible pollen grain and incompatible pollen grain at the stigma surface of Brassica oleracea. Compatible 
pollen germinates and penetrates the papilla cell (a); its pollen coat spreads toward the pollen-stigma interface to form 
“attachment foot” (b).  Incompatible pollen adheres poorly and its pollen tube fails to penetrate papilla cell (c).

 

(b)
 

(c)
 

(a)
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the pollen grain. The stigmatic papilla also plays a key make precise and species-preferential attraction and 
role in regulating the supply of water that diffuses prevent multiple sperm cells entry (polyspermy). The 
through its cell wall to the pollen grain (Heslop-Harrison molecular mechanisms that direct the pollen tube 
1979). Lipids at the pollen-stigma interface are through the pistil is well reviewed recently 
mobilised in this process to form channel for water flow (Higashiyama 2010, Palanivelu & Tsukamoto 2011, 
and proteins regulate this process (Sarker et al. 1988, Dresselhausa & Franklin-Tong 2013, Bleckmann et al. 
Swanson et al. 2004). Recently, Exo70A1, a component 2014, Higashiyama & Takeuchi 2015).
of the exocyst complex, has been proposed to play a role Studies of the pollen-pistil interactions have 
in the early stages of pollen hydration and germination in frequently been associated with studies of self-
Brassica napus and A. thaliana (Samuel et al. 2009, incompatibility (SI). These studies have revealed that in 
Safavian & Goring 2013, Safavian et al. 2014). incompatible situations, the pollen grain falls to hydrate 

In both dry and wet stigmas, lipids are essential for or hydrates poorly on the dry stigmas. The pollen contact 
pollen hydration and directional tube growth (Mayfield with the stigmatic surface induces a rearrangement of 
& Preuss 2000, Wolters-Arts et al. 1998). Pollen actin and its depolymerization leading to changes in 
hydration is accompanied by reactivation of metabolism vacuolar structure preventing pollen hydration (Iwano et 
inducing orientation of the vegetative cell, al. 2007). Even if it germinates, the incompatible pollen 
polymerization of the actin cytoskeleton and produces a short tube that does not adhere to the papilla 
polarization of the pollen tube tip (Heslop-Harrison (Fig. 1). In contrast to dry stigma, the incompatible 
1987, Hepler et al. 2001, Lalanne & Twell 2002) and pollen hydrates and germinates on the wet stigma whose 
followed by penetration of the pollen tube into the epidermal cells often lack a continuous cuticle; so the 
stigma. penetration of the pollen tube into the stigma is relatively 

In Brassica, secreted enzymes including cutinases unconstrained. The growth of the incompatible pollen 
and pectin esterases play a role in the cuticle degradation tube is stopped later in the style or ovary.
at the contact area between the pollen tube tip and stigma More generally, the inhibition of the incompatible 
(Hiscock et al. 1994). Once the cuticle is degraded, the pollen occurs on the stigma, the style or the ovary 
pollen tube enters into the stigma but the penetration depending on the nature of the female structure (dry or 
occurs differently depending on the species. In Brassica, wet stigma) and the male structure (bi or tricellular 
the pollen tube grows within the cell wall (through the pollen) and nearly independently of the SI system
middle lamella) of the papilla. In Papaver rhoeas, the In most SI plants, le pollen tube 
pollen tubes grow underneath the cuticle to the base of inhibition occurs on the surface of the stigma or in the 
the papilla and in the Asteraceae, they grow style. However, in some angiosperm species, the 
extracellularly until they reach the base of the papilla. rejection of self-pollen tubes operates in the ovary; this 

The pollen tube that emerges at the base of papilla system designated as a late-acting self-incompatibility 
continues its growth intercellularly through the (LSI) is less common. In the LSI, the self-pollen tubes 
transmitting tract of the stigma and the style until it grow into the ovary, but they are arrested before the 
reaches the ovary. The transmitting tissue is a specialized ovule is reached, or within the ovule by preventing the 
cells with extracellular matrix materiel through which fertilization or after fertilization by post-zygotic 
the pollen tubes grow to the ovule. The final stages of the rejection of the embryo. The different stages of the 
pollen-tube guidance are controlled by the female pollen-pistil interactions and pollen tube growth, in 
gametophyte (embryo sac) trough attractant molecules compatible and incompatible situations 
secreted by the synergid cells (Okuda et al. 2009) and 
central cell (Sprunck et al. 2012). In fact, multistep SELF-INCOMPATIBILITY
controls of pollen tube guidance are made in the ovary 

SI is a common reproductive phenomenon that including chemotactic signals and growth support 
occurs in more than half of the angiosperm species (de molecules derived from the ovarian tissue and ovules. 
Nettancourt 2001). The SI is a mechanism that This includes attractant peptides by the target ovules 
contributes to the maintenance of genetic diversity and (funicular, micropyle, synergids and central cell) to 

 

 
(Hiscock 2004). 

are summarized 
in Fig. 2.
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avoidance of inbreeding depression by preventing self- the GSI, the SI phenotype of the pollen is determined by 

fertilization and promoting out-crossing. In some SI its own haploid genotype. This system occurs in several 

taxa, differences occur in the morphology of the flowers plant families, such as Solanaceae, Plantaginaceae, 

to enhance the ability of the pistil to discriminate Rosaceae, Fabaceae, Papaveraceae and Poaceae. In these 

between self and non-self-pollen. In these families, SI is genetically controlled by a single locus, the 

heteromorphic species, two or three floral morphs differ S-locus; except the Poaceae where the SI is controlled by 

reciprocally in their style length, anther height and other two loci: S- and Z-loci. The SSI is found in plant families 

secondary pollen and stigma papilla polymorphisms. such as Brassicaceae, Asteraceae, Convolvulaceae, 

They are often associated with self and intra-morph Sterculiaceae, Malvaceae, Polemoniaceae and 

incompatibility. These species as referred to as Betulaceae (de Nettancourt 2001). In the SSI, the SI 

heterostylous. Distyly, the most frequent type is first phenotype of the pollen is determined by the diploid 

observed in primrose “Primula”, the genetic control is genotype of its parent plant. In both SSI and GSI, the 

determined by a single locus which has two alleles. molecular mechanisms underlying rejection of the 

Tristyly is less frequent, for example it is encountered in incompatible pollen show major differences among the 

Narcissus and Oxalis. plant families. This suggests that SI has evolved multiple 

When no difference exists in the floral morphology, times during angiosperm diversification. In this review, I 

the SI is called homomorphic SI. This system is classified will focus on the self-incompatibility in the Brassicaceae 

into sporophytic SI (SSI) and gametophytic SI (GSI). In family.  

Fig. 2– Behavior of the pollen grain and the pollen tube in the pistil in compatible and incompatible situations.
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SELF-INCOMPATIBILITY IN BRASSICACEAE two genes are designated as the female determinants 

(Stein et al. 1991). However, the role of SLG is 
The Brassicaceae SI is the only SSI system in which 

questioned by subsequent studies. This gene has been 
the mechanism has been characterized at the molecular 

found in Brassica and Raphanus but is absent in level. In this family, the rejection of the self-pollen is 
Arabidopsis (Kusaba et al. 2001) and Capsella highly regulated; it results of a quick arrest of the pollen 
(Nasrallah et al. 2007) species, it is also absent in some grain or the pollen tube growth at the stigma surface. The 
Brassica lines (Suzuki et al. 2003). So, SLG has no site of the inhibition is restricted to the point of the 
major role in recognition, but may have an accessory contact of the pollen grain and the papilla cell; single 
function in enhancing the activity and stability of SRK stigma papilla cells are able to simultaneously reject 
(Nasrallah 2000, Takasaki et al. 2000). It is hypothesized self-pollen and accept cross-pollen (Sarker et al. 1988, 
that SLG arose in Brassica/Raphanus lineage probably Ivanov & Gaude  2009).
by partial duplication of the SRK gene (Sherman-This reproductive barrier is regulated by the S-locus 
Broyles & Nasrallah 2008). Actually it has been which is highly polymorphic as would be expected for 
demonstrated that SRK is the female determinant and a genes involved in a recognition process; 80 S-alleles 
key element in the SI reaction in Brassica (Nasrallah et have been identified in B. oleracea (Ruffio-Chable & 
al. 1994, Takasaki et al. 2000). In addition to the full Gaude 2001). This important S-allelic diversity 
length SRK protein, two other protein species that lack guarantees a high range of out-crossing in the species 
the kinase domain; eSRK (a soluble form of the because the pollen having the same S-allele than the 
extracellular S domain of SRK) and tSRK (a membrane-pistil is rejected. Based on the nucleotides similarity of 
tethered protein) have been identified (Stein et al. 1991, the genes at the S-locus, the S-alleles are classified into 
Giranton et al. 1995, Shimosato et al. 2007), however, a two groups. Class-I alleles exhibit a strong self-
recent study using in vivo imaging analysis showed that incompatibility phenotype and are dominant over the 
they are not required for SI (Rea & Nasrallah 2015).class-II alleles which exhibit a weaker SI phenotype. The 

A third gene has been identified later as the male Brassica S-locus contains three physically linked genes 
determinant in parallel studies of the Nasrallah and that co-segregate with SI phenotype. Because these three 
Hinata groups. The Nasrallah group described the S-genes are tightly linked to each other at the S-locus, and 
locus cysteine rich gene (SCR) after systematic inherited as a Mendelian locus, the set of the variant 
sequencing of the S-locus region of different S-forms of the S-locus is referred to as “S-haplotype” 
haplotypes in B. oleracea (Schopfer et al. 1999). This (Boyes & Nasrallah 1993). S-locus glycoprotein (SLG) 
gene corresponds to the S-locus protein 11 gene (SP11) gene was first identified at the S-locus as a candidate for 
described by the Hinata group in the S9 haplotype of the SI in Brassica; SLG encodes a glycoprotein, which is 
Brassica rapa (Suzuki et al. 1999). SCR gene encodes a secreted on the stigmatic papilla cells (Nasrallah et al. 
small cysteine-rich protein located in the anther tapetum 1985). The second S-locus gene isolated in Brassica is 
and in the pollen coat (Shiba et al. 2001). The SCR the S-locus receptor kinase (SRK) gene; it consists of an 
protein is highly polymorphic, with less than 50% SLG-like extracellular domain (S-domain similar to the 
amino-acid similarity between the alleles of the same SLG), a transmembrane domain and an intracellular 
species (Okamoto et al. 2004, Sato et al. 2002).serine/threonine kinase domain (Stein et al. 1991). It 

The crucial role of both SRK and SCR genes in the encodes a transmembrane serine/threonine receptor 
self-incompatibility reaction was demonstrated by the kinase expressed in the stigma papilla cells. Like SLG, 
transfer of SI trait into the naturally self-fertile model the extra-cellular S-domain of SRK is highly 
plant Arabidopsis thaliana through transformation with polymorphic. SLG and SRK are expressed in the stigma 
functional SRK-SCR genes from its close relative self-of mature floral buds just before flower opening and 
incompatible A. lyrata (Nasrallah et al. 2002, 2004). persisting throughout flower development. Given that 
Furthermore, isolation of SRK and SCR sequences from the expression patterns of SLG and SRK genes 
other Brassicaceae species, including Capsella coincided with the acquisition of the SI reaction, these 
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grandiflora (Paetsch et al. 2006), Arabidopsis lyrata domain of SRK have been identified as positive 

(Goubet et al. 2012, Kusaba et al. 2001), A. halleri signalling mediators: Arm-Repeat Containing-1 

(Roux et al. 2012), Leavenworthia (Chantha et al. 2013) (ARC1), an E3 ubiquitin ligase that promotes stigmatic 

and Raphanus sativus (Sakomoto et al. 1998) have been proteins ubiquitination (Stone et al. 2003) and M-Locus 

reported; orthologs of these genes were found in these Protein Kinase (MLPK), a plasma membrane-anchored 

species. protein kinase, which may form a signalling complex 

In Brassicaceae, the S-locus is complex; structural with SRK to mediate the rejection response (Murase et 

analyses of this locus in Brassica and Arabidopsis al. 2004). More recently, Samuel et al. (2009) by using 

showed extensive divergence in the organization and yeast two hybrids analyses identified an Exocyst subunit 

sequences of the S-genes. The various S-haplotypes Exo 70 protein (Exo70A1) as an ARC-1 interacting 

differ in the order and orientation of the S-locus genes, protein. They found that pollen hydration, adhesion and 

they also differ in the physical distances between these germination were inhibited when the expression of 

genes because of the insertion of variable transposable Exo70A1 was suppressed in self-compatible B. napus 

elements (Boyes et al. 1997, Takayama et al. 2000, and A. thaliana. Consequently, Exo70A1 was proposed 

Kuzaba et al. 2001, Guo et al. 2011, Goubet et al. 2012). to be an important SI element which acts downstream of 

The SCR and the SRK proteins act as a ligand- the SI signaling pathway, possibly interacting with 

receptor pair in the self-incompatibility response. Pollen ARC1.

SCR protein interacts with the extracellular domain of Two thioredoxin-h proteins, THL1 and THL2, were 

stigma SRK, which induces dimerization of the receptor found to negatively regulate SRK which appears to be 

and autophosphorylation of its kinase domain. This held in an inactive state through its interaction with these 

initiates an intracellular signal transduction cascade in two types of thioredoxin-h in the absence of SCR 

the papilla cell leading to the inhibition of the pollen (Cabrillac et al. 2001, Haffani et al. 2004). THL1 and 

hydration, germination and tube growth of pollen from THL2 are partially co-localize with SRK in the 

the same S-haplotype. The downstream signalling endosomes, but they are not been detected at the plasma 

pathway has not, as of yet, been well understood and is membrane (Ivanov & Gaude 2009).

subject to some debate regarding the candidate MLPK was found to have serine/threonine activity;

components of the SI signalling in Brassica and it is required for the self-incompatibility response and is 

Arabidopsis (Goring et al. 2014, Indriolo & Goring proposed to function in a complex with SRK to activate 

2014,  Kitashiba et al. 2011, Kitashiba & Nasrallah downstream signalling proteins (Murase et al. 2004, 

2014,  Nasrallah & Nasrallah 2014). Kakita et al. 2007). ARC1 is activated downstream of 

Brassica species were first the models for studies of SRK and is proposed to target compatibility factors, like 

SI mechanism in the Brassicaceae, but in recent years, Exo70A1, for ubiquitination and degradation of the 26S 

Arabidopsis thaliana has emerged as a new model proteasome. The inhibition of these compatibility 

system because of a highly efficient and easy factors which are normally required in the compatible 

transformation protocol (Rea et al. 2010) and many pollen response causes pollen rejection. 

available genetic and molecular data of this species. These findings lead to propose a model for the SI in 

Although A. thaliana is naturally self-fertile, SI Brassica. In self-incompatible pollination, the allele-

transgenic plants of this species have been successfully specific binding of SCR to its cognate SRK results in the 

obtained by their transformation with SCR-SRK gene activation of SRK intracellular domain and recruitment 

pair from its close self-incompatible relatives A. lyrata, of MLPK. SRK activation leads to the activation of the 

A. halleri and Capsella grandiflora (Nasrallah et al. ARC1 which inhibit the Exo70A1 substrate by 

2002, 2004, Boggs et al. 2009, Tsushimatsu et al. 2010). ubiquitination, thus preventing proper hydration and 

In Brassica, SRK has been found to be localized to germination of pollen grains. In the absence of SCR 

endosomes and plasma membrane. Several SRK- ligand from the same haplotype, SRK is inhibited by the 

interacting molecules were identified in this Brassica thioredoxin-h (THL1 and THL2) and the signal 

species. Two proteins interacting with the cytoplasmic transduction pathway is not activated leading to 
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