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Abstract

:

In non-cleistogamous plants, the male gametophyte, the pollen grain is immotile and exploits various agents, such as pollinators, wind, and even water, to arrive to a receptive stigma. The complex process of pollination involves a tubular structure, i.e., the pollen tube, which delivers the two sperm cells to the female gametophyte to enable double fertilization. The pollen tube has to penetrate the stigma, grow in the style tissues, pass through the septum, grow along the funiculus, and navigate to the micropyle of the ovule. It is a long journey for the pollen tube and its two sperm cells before they meet the female gametophyte, and it requires very accurate regulation to perform successful fertilization. In this review, we update the knowledge of molecular dialogues of pollen-pistil interaction, especially the progress of pollen tube activation and guidance, and give perspectives for future research.
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1. Introduction


Successful pollination and fertilization are crucial for sexual plant reproduction in flowering plants. The entire pollination and fertilization process consists of a number of successive steps initiated after pollen landing on the stigma, and its adhesion, hydration, and germination to produce a pollen tube. The pollen tube grows through the style, and then enters into the transmitting tract. It will be attracted by the signals from the ovule [1], and emerge onto the septum, and grow along the funiculus, navigating to the micropyle of the ovule (Figure 1). During pollen tube growth, sperm cells move within the pollen tube, and once the pollen tube reaches the female gametophyte, the two sperms will be released and fuse with the egg cell and the central cell, respectively, for double fertilization. It is a long journey for the pollen tube and its valuable passengers, two sperm cells. There are lots of cell-cell signaling and other interactions involved in these complicated processes. In the past three decades, we have progressed in our understanding of the molecular regulation of the pollen tube journey following the huge advances in plant genetics, genomics, and molecular biology, as well as following the use of model plants. Here, we review the progress of molecular regulation of pollen-pistil interaction.




2. Pollen Adhesion and Recognition


Once the pollen grains, released from the anther, arrive to the stigma’s surface, they form productive contacts with the pistil tissues. Different from the intercellular contacts that participate in animal cells, these interactions take place between cells with cell walls and with their extracellular matrices. The mature pollen cell wall includes three main layers with some variation between different species: (1) A pollen coat that fills the empty cavities of the exine, and there are aromatic compounds, lipids, pigments, and proteins within it; (2) an outer strata (exine wall), which is multilayered, composed of sporopollenin, and broken by gaps called apertures; (3) an internal strata (the intine) primarily made of pectin and cellulose [2]. On the basis of the character of the extracellular matrix that covers their surface, stigmas are generally divided into two categories: Wet stigmas coated with viscous secretions are found in various families, including Leguminosae, Solanaceae, and Orchidaceae, and pollen tends to be captured and hydrate nonspecifically on wet stigmas; dry stigmas found in families, such as Asteraceae, Gramineae, and Brassicaceae, are coated with a proteinic pellicle [3]. Because of the surface barriers responsible for hampering pathogen infections, dry stigmas tightly regulate the adopting of pollen [3]. In the Brassicaceae, which includes the model plant, Arabidopsis thaliana, dry stigmas are coated with papillae cells, which act as the first point of contact with pollen during pollen-pistil interactions.



Self-incompatibility (SI) is one of the most important systems to preventing inbreeding in many flowering plants. Based on genetic studies, SI can be classified into two systems, gametophytic SI (GSI) and sporophytic SI (SSI), which are distinguished by the genetic behavior of the pollen’s SI phenotype [4]. In the Brassicaceae, SSI will occur rapidly during pollen adhesion to the stigma [5].



On account of the variety of pollen coats and stigma exudates, the pollen-stigma interface is also highly variable. In self-compatible Arabidopsis, it is proven that the property of the pollen-stigma interface alters during pollination progresses, becoming fairly tougher over time, with different kinds of adhesive interactions supplanting and replenishing each other [6]. Pollen grains adhere to their own stigma with high affinity; while they bind stigmas from other botanic families poorly, even stigmas from relevant Brassica species, indicating a species-specific manner that lower improper pollen access [6]. A very rapid “original” adhesion step was measured that depends on the pollen exine, but not on the pollen coat [6]. The pollen coat is mobilized after exine-mediated adhesion to make the mixture of proteins and lipids extrude on the stigma to form a “pollen foot” [7]. The pollen coat is crucial to successful pollen contact with the dry stigma, and exchange of signals is allowed by the “pollen foot” that results in the activation of the basic compatible pollen responses.




3. Pollen Hydration and Germination


Pollen grains need to absorb water from the stigma for hydration and germination. When released from the anther, most mature pollen grains are metabolically inactive and are quite desiccated, and their water content ranges from 15 to 35% [8,9]. With regard to pollen germination and pollen tube growth, the hydration of the dehydrated pollen grains on the stigma surface is a pivotal step. During pollen hydration, the stigma functions as a source of water. Nevertheless, the interaction between pollen and stigma regulates water absorption, particularly on the surface of dry stigma [5,10,11]. The hydration of pollen grains on dry stigma is greatly regulated, as a point that control for rejecting self-pollen grains in the self-incompatible species of the Brassicaceae family [12,13] and for rejecting foreign pollen grains in interspecific crosses [14]. In Arabidopsis, it is proved that lipids and proteins from the pollen coat and stigma play a pivotal role in pollen hydration [15]. Previous studies discovered that functional aquaporins are expressed in stigma papillae cells of Brassica oleracea [16] and in pollen grains in Arabidopsis [17]. In Arabidopsis, there are long- and short-chain lipids as well as a small set of proteins existing in the pollen coat, including six lipases and six glycine-rich proteins (GRPs) [18,19]. Mutations in GRP17 detain the oncoming of pollen hydration and lessen the ability of the mutant pollens to compete with wild-type pollen [20]. Pollens from eceriferum (cer) mutants, which are defective in long-chain lipids biosynthesis, fail to hydrate on the stigma [13,21]. Interestingly, the defects can be overcome under high humidity, or the addition of wild-type pollen or triacylglycerides to the stigma [21,22,23]. As for mutants in fiddlehead lacking a β-ketoacyl-CoA synthase, which is involved in long-chain fatty acids synthesis, the permeability of the leaf cuticle increases and pollen unexpectedly hydrates on inappropriate cell surfaces [24]. The above results provide us a conceivable model that lipids from the male and female surface regulate water transfer from the stigma to pollen, while various proteins modulate self and foreign pollen recognition.



Besides the external components, the internal signaling pathways of pollen also contribute to its hydration. In Arabidopsis, the KINβγ subunit of the Snf1-related protein kinase 1 (SnRK1) complex plays an important role in pollen hydration by regulating reactive oxygen species (ROS) levels [25]. The Arabidopsis kinβγ mutant pollen grain only has a germination problem on the stigma, while in vitro pollen germination is not affected, indicating that pollen ROS signaling may modulate the water permeability of the stigma cuticle [25]. Further study demonstrated that the KINβγ subunit of the SnRK1 complex can also regulate the expression of Shaker Pollen Inward K+ channel (SPIK) [26].



The perception of mechanical force at the membrane is thought to be critical for pollen hydration. Mechanosensitive (MS) ion channels are adopted to monitor the osmotic challenges and other mechanical stimuli [27]. Recently, a pollen-specific mechanosensitive channel of small conductance like protein, MSL8, was reported to be critical for pollen hydration and germination [28]. Further study proved that ion transport activity of MSL8 is required for its physiological functions [29].



Within minutes after hydration, the pollen grain transforms from nonpolar to highly polarized and organizes its cytoplasm and cytoskeleton to extend a tubular structure. At the same time, the pollen plasma membrane selects targeting secretory vesicle and callose depositing at the site of pollen tube emergence [30]. In many species, the pollen tube will emerge through the pollen aperture, where the pollen wall exine deposition is reduced [31]. Modification of pectin is critical for pollen germination, and knockdown of Pectin Methylesterase48 (PME48) in Arabidopsis will display a significant delay in pollen germination [32]. Moreover, pollen cell wall proteins also play an important role in pollen germination, and mutations of Leucine-Rich Repeat Extensins (LRXs) will lead to compromised pollen germination [33].



Beneath the potential germination site, a Ca2+ gradient will be established once the pollen grain is hydrated, which is essential for pollen germination [34]. Mutations of the plasma membrane-localized Ca2+ pump [35], Ca2+ channel [36], or even the mitochondria-localized Ca2+ uniporter complex [37] will cause pollen germination defects. Furthermore, downstream signaling components of Ca2+, such as calmodulin [38] and calmodulin-like protein [39], are also involved in pollen germination.



The actin cytoskeleton is involved in the transport of secretory vesicles for cell elongation. Thus, it is also essential for pollen germination. In Arabidopsis, actin is encoded by eight functional actin (ACT) genes, and mutation of ACT11 will cause a delay of pollen germination [40]. Actin dynamics are modulated by multiple actin-binding proteins (ABPs), including nucleation factors, depolymerization factors, and filament bundling proteins [41]. Formins act as actin nucleation factors. Recently, a formin family protein, AtFH5, was proved to be essential for polarity establishment and vesicle mobility during pollen germination [42]. Vesicle-localized AtFH5 rotates ahead of actin filaments during pollen germination, and it will translocate to the plasma membrane to initiate the collar-like actin structure at the potential germination site [42]. Actin-depolymerizing factors (ADFs) mainly contribute to actin turnover by depolymerizing actin filaments. Loss-of-function of ADF5, a member of subclass III ADFs, will lead to delayed pollen germination [43]. Villins and fimbrins are actin filament-bundling factors. Overexpression of a lily (Lilium longiflorum) ser/argine-rich (SR) protein in Arabidopsis will inhibit pollen germination, while mutation of the SR45 gene in Arabidopsis will lead to earlier pollen germination than that of wild-type [44]. Full-length transcript of Arabidopsis Villin1 (AtVLN1) was increased and the truncated mRNA was decreased in an SR45 mutant [44]. The expression levels of other ABPs were also changed in SR45 mutant [44]. Loss-of-function of Arabidopsis FIMBRIN5 (FIM5) will also result in delayed pollen germination [45,46].




4. Pollen Tube Penetration the Style and Its Interaction with the Sporophytic Tissues


After germination, the pollen tubes have to penetrate the physical barrier of the stigma and the style tissues and extend until they get to the ovule. The genetic regulation of pollen tube penetration remains unclear. Recently, a study reported the identification of O-Fucosyltransferase1 (AtOFT1), a novel Arabidopsis gene, participating in pollen tube penetration through the stigma-style interface [47]. AtOFT1 is a Golgi-localized protein, indicating the role of O-glycosylation in pollen-pistil interaction [47].



There are various substances existing in the extracellular matrix of the transmitting tract that reject non-self pollen tubes in S-RNase-based GSI species [48] or induce pollen tube growth, adhesion, and guidance to the ovary (preovular guidance) in SC (self-compatibility) species [49,50,51]. Pistil-secreted S-RNases are the key barrier proteins in SI in Solanaceae species, and the SLF (S-locus F-box) proteins are pollen resistance factors [48]. The loss-function-of the pistil-side barrier will result in SI transition to SC [48]. Adhesion may be a critical event in intercellular communication in plants. After cryofixation of pollinated styles, the adhesion of pollen tubes to the transmitting tract’s epidermis of the style in some species, including lily and Arabidopsis, can be clearly observed [52,53,54,55]. Pollen tubes grown in vivo also adhere to each other, a case not being observed in vitro [53]. Adhesion is necessary for the successful delivery of the pollen tube to the ovary. From an in vitro adhesion assay, two molecules were isolated from the stigma/stylar transmitting tract extracellular matrices of lily that are necessary for pollen tube adhesion [56]: A small (9 kDa) stigma/stylar cysteine-rich adhesin (SCA), which shares similarity with plant lipid transfer proteins (LTPs); a large pectic polysaccharide [55]. SCA associated with pectin was first depicted as an extracellular “glue” for pollen tubes [55,56]. When acting along with a blue copper protein of the plantacyanin family, which is named chemocyanin, SCA also took part in pollen tube guidance as well [57]. Furthermore, it has been shown that SCA produced in the pistil enters the pollen tube tip in an endocytotic manner [58], and possibly functions as a signal for pollen tube tip growth [59]. By using a gain-of-function mutant (ltp5-1) for Arabidopsis LPT5, an SCA homologue, the biological function of plant LTPs in compatible pollination was further studied [60]. LTP5 was present in both pollen and the pistil transmitting tract, involving tip growth of pollen tubes and seed development [61]. In Solanaceous species, arabinogalactan proteins (AGPs) also participate in pollen tube growth regulation. For example, a tobacco (Nicotiana tabacum) transmitting tissue-specific (TTS) AGP functions as a signal guiding pollen tube growth towards the ovary and involves in setting up normal growth rates [62,63]. Besides the molecules from pistil, the extensin-like Pex proteins from pollen may also participate in adhesion when pollen tube grows through the pistil [64].



There are 20 ionotropic Glutamate Receptor-Like (GLR) genes in the Arabidopsis genome, and six GLRs are expressed in pollen [65]. GLRs are involved in Ca2+ signaling in the pollen tube by controlling [Ca2+]cyt through Ca2+ influxes in the tip of the pollen tube and affect its growth. Single knockout of GLR1.2 or GLR3.7 results in slower pollen tube growth and decreases seed set per silique, supporting a specific role of GLR1.2 and GLR3.7 in pollen tube growth [65]. It is D-Ser, which is present in pistil tissues, activating the GLR1.2 Ca2+ channel, and regulating pollen tube growth [65]. Another amino acid, γ-aminobutyric acid (GABA), coupling with the Ca2+ channel regulates pollen tube growth [66]. GABA is also thought to be involved in pollen tube guidance by a gradient manner, but pollen tube attraction activity has not been observed yet [67].



The events that pollen tube growth and guidance are thought to require extracellular cues, which can be transduced to the pollen cytoplasm to promote the cytoskeletal changes and other cytoplasmic events involved in tip growth [68]. How can these cues be perceived and transduced by pollen tubes? Receptor-like kinases (RLKs) are plausible candidates for this function. The pollen-specific RLKs LePRK1 and LePRK2 from tomato (Solanum lycopersicum, formerly Lycopersicon esculentum) are thought to play roles in pollination and pollen tube growth [69,70,71,72]. These kinases are localized at the plasma membrane of pollen tubes where they form a high molecular weight complex [73]. These receptors involved in pollen tube growth and guidance are not independent, some of which interact with ligands, particularly cysteine-rich protein (CRP) ligands. CRPs are derived from precursors that have a molecular mass ranging from 4 to 16 kD, and contain four to 16 cysteine residues [74]. A pollen-specific cysteine-rich extracellular protein, LAT52 [75], is involved in pollen germination in vitro [76]. LAT52 interacts with the extracellular domain (ECD) of LePRK2 before pollen germination [77]. After pollen germination, LeSTIG1, a CRP from the stigma, interacts with ECD of LePRK1 and LePRK2, forming STIG1-LePRK1 or STIG1-LePRK2 signaling cascades, and facilitating pollen tube growth [78]. In STIG1 RNA interference (RNAi) plants, the average pollen tube length in transgenic pistils was shorter than in wild-type pistils [72]. In recent years, a plethora of new studies on RLKs demonstrate that ROP (Rho-like small GTPase from plant) signaling pathways may act downstream of them [79]. Kinase partner protein (KPP) [80], a pollen cytoplasmic protein, which was demonstrated to be an ROPGEF (ROP GDP/GTP exchange factor) [81], interacts with LePRK1 and LePRK2. This interaction indicates that there is a connection between extracellular signals, RLKs, and regulation of ROP activities, which is extremely crucial for pollen tube growth [82]. STIL, a peculiar molecule from tobacco styles, specifically dephosphorylates LePRK2 and facilitates pollen tube growth from the beginning of germination in a dose-dependent way [83]. In Arabidopsis, PRKs have also been implicated as candidate regulators for perceiving growth-promoting factors [84]. Therefore, PRKs probably act as bridges, which transduce signals from the extracellular environment into the pollen cytoplasm by interacting with specific cytoplasmic components.



During pollen tube growth in the pistil, it has to penetrate different pistil tissues. Turgor pressure is supposed to play an important role in this process. However, the study of this aspect is rare, and there is no direct evidence from in vivo data to show the importance of turgor pressure regulation. Recently, TurgOr regulation Defect 1 (TOD1) was identified as a turgor pressure regulator during pollen tube growth in vivo [85]. TOD1 encodes an alkaline ceramidase, which can catalyze ceramide into sphingosine and fatty acid. Phosphorylated sphingosine, sphingosine-1-phosphate (S1P), is a signaling molecule, which has been demonstrated playing a role in stomata movement [86,87]. TOD1 mutant pollen tubes generate higher turgor pressure than the wild-type pollen tubes, which may affect the building up of the pollen tube wall strength. Consistently, TOD1 mutant pollen tube growth retardation can be rescued by additional mutation of Galacturonosyltransferase 13 (GAUT13), which is involved in pectin biosynthesis in pollen tubes [88]. It suggests that turgor pressure regulation during pollen tube growth in the pistil is vital for successful fertilization.



How can the pollen tube keep its integrity during tube growth? Recently, two independent studies reported the role of CRPs and RLKs in this process [89,90,91]. CRPs, including rapid alkalinization factor (RALFs), act as extracellular signaling ligands, interacting with receptor-like kinases of the Catharanthus roseus RLK1-like (CrRLK1L) subclass. There are 36 RALF members in Arabidopsis [92]. RALF4/19 are expressed in the mature pollen grains and pollen tubes, and they act redundantly in pollen tube integrity and growth regulation. RALF4/19’s function depends on LRXs, which are pollen tube-expressed proteins and play a role in cell wall development [93]. In artificial microRNA (amiRNA) RALF4/19 transgenic lines, reduced RALF4/19 expression causes only 3.5% of pollen tubes reaching the ovules, and nearly 70% of in vitro germinated pollen tubes burst. ralf4, a T-DNA insertion mutant, also showed that nearly 49% of pollen tubes burst. RALFs interact with LRXs, monitoring pollen tube wall integrity [90]. RALF4/19 are also identified as ligands of receptors, Buddha’s Paper Seal 1 (BUPS1) and BUPS2, in Arabidopsis [89]. Moreover, BUPS1/2 interacting with receptors, ANXUR1 (ANX1) and ANX2, form BUPS1/2-ANX1/2 sets, which can bind RALF4/19. Thus, RALF4/19 peptides interacting with LRXs and ANX1/2-BUPS1/2 maintain pollen tube integrity during its growth.




5. Ovular Pollen Tube Guidance


The female gametophyte of a flowering plant is deeply embedded in the ovule, which is located inside of the ovary. How can pollen tubes in the transmitting tract be precisely guided to the ovule? It is controlled by an ovular pollen tube guidance system, which can be divided into two stages: Funicular guidance, guidance from the surface of the placenta to the funiculus; micropylar guidance, guidance from the entrance of the micropyle to the female gametophyte [94,95]. Ovular pollen tube guidance requires accurate perception of ovule-emitted guidance cues or signals by the receptors in pollen tubes [1,96]. Recently, key proteins and molecules involved in this process have been identified (Table 1) [1,97,98].



Pollen tubes germinated on a simple growth medium cannot be guided to the micropyle of the ovule [113], while pollen tubes germinated semi-in vitro (SIV) (on stigma and through the style) can navigate to the ovule, suggesting that stigma and style tissues prime pollen tubes to respond to female attraction signals [114,115]. A recent study on pollen tube guidance reported that SIV pollen tubes are not competent to respond to attraction signals when they just pass through the cut style, and the ovary originated signal AMOR (activation molecule for response capability), an arabinogalactan sugar chain, induces pollen tube competency in Torenia fournieri [99]. Moreover, the growth through the style cannot be fully replaced by adding high concentrations of AMOR, indicating that additional signals exist in the style, contributing to activation of the pollen tube [99].



Studies of in vitro pollen tube growth have highlighted the essential roles of ions and pH dynamics in tip growth, indicating the importance of active and spatially localized ion transporters. For example, two ER (endoplasmic reticulum)-localized cation/proton exchangers (CHX), CHX21 and CHX23, which function as K+ transporters, are important for pollen tube guidance in Arabidopsis [107]. chx21 chx23 double mutant pollen grains germinate and grow tubes down into the transmitting tract, but the pollen tubes fail to navigate to the funiculus [107]. The Ca2+ gradient and oscillation in the pollen tube are also essential for pollen tube growth and guidance, and, therefore, Ca2+ channels on the plasma membrane of pollen tubes may play an important role in pollen tube guidance. There are eight Ca2+ channels present in pollen tubes, and cyclic nucleotide-gated channel 18 (CNGC18) is the only one critical for pollen tube guidance [108].



The maturity of the female gametophyte will also affect the ovular pollen tube guidance. In magatama (maa) mutants of Arabidopsis, female gametophyte development is delayed, and they show defects in micropylar pollen tube guidance [116]. The mutant pollen tubes can grow onto the funiculus, but later they grow in random directions and lose their way to enter the micropyle. Moreover, the high frequency of two pollen tubes simultaneously attracted by the mutant female gametophytes also occurs. These results indicate that the female gametophytes not only attract pollen tubes, but also prevent multiple pollen tubes into the ovule to prevent polyspermy [116]. Interestingly, GABA also plays a central role in the prevention of multiple pollen tubes targeting a single ovule, and increases in GABA may mask other signals essential for the inhibition of multiple pollen tubes on an ovule [67]. Further study on MAA3 demonstrated that it encodes a homolog of yeast Sen1 helicase, and is required for fusion of polar nuclei [106].



Laser ablation of synergid cells proved that they are essential for the secretion of attractant signals in Torenia fournieri [113]. Further study proved that the defensin-like (DEFL) superfamily of CRPs, named LUREs, are secreted as pollen tube attractants from synergid cells [101]. Two LURE genes (TfLURE1 and TfLURE2) have been identified in Torenia fournieri, which are secreted to the surface of the egg apparatus. In the SIV Torenia system, pollen tubes can be attracted by TfLURE1 and TfLURE2, respectively [101,117]. Furthermore, six duplicated LURE1 genes have been identified in Arabidopsis [102]. They also act as attractants, guiding pollen tubes to the micropyle. Interestingly, heterologously expressed AtLURE1 in synergid cells of Torenia fournieri was sufficient to attract Arabidopsis pollen tubes to a Torenia fournieri embryo sac [102]. In the monocot Zea mays (maize), another secreted small peptide, the EGG APPARATUS1 (ZmEA1), has been reported to take part in micropylar pollen tube guidance [100,118].



MYB98, an R2R3-type MYB transcription factor expressed in synergid cells, is required for micropylar pollen tube guidance and the formation of the filiform apparatus [103]. In MYB98 plants, pollen tubes grow normally from the placenta to the funiculus, but then only a few are able to grow into the micropyle, as a result, only 17% of seed sets in MYB98 mutants [103]. Interestingly, the mutation of Central Cell Guidance (CCG), a central cell-specific expressed gene, also results in defects in micropylar pollen tube guidance, but it does not affect female gametophyte development [104]. Further study demonstrated that CCG can bind CCG binding protein 1 (CBP1) in central cells to recruit the Mediator complex and RNA Pol II machinery, which may control LUREs expression via synergid cell-specific MYB98 [105].



RLKs are also important for regulating ovular pollen tube guidance. Liu et al. discovered that 76 RLK genes were preferentially expressed in SIV growth pollen tubes [112]. These pollen-specific RLKs were grouped into different subfamilies, several belonging to receptor-like cytoplasmic kinase (RLCK) VII subfamily, such as lost in pollen tube guidance 1 (LIP1) and LIP2 [112]. Simultaneous mutation of LIP1 and LIP2 results in impaired pollen tube guidance into the micropyle and significantly reduced attraction of pollen tubes towards the female attractant, AtLURE1 [112]. Liu et al. suggested that LIP1 and 2 represent essential components of the pollen tube receptor complex to perceive the female signal, AtLURE1, for micropylar pollen tube guidance [112]. Since LIP1 and 2 do not have an extracellular domain, whether LIP1 and 2 can interact with LURE1 receptors as co-receptors needs further study. Recently, the receptors of LURE1 were identified by two independent groups [109,110]. MDIS1-MIK1/2, two receptor heteromers, serve as the receptor/co-receptor complexes to perceive the attractant signal, AtLURE1, and transduce the direction signal into the cell by transphosphorylation [109]. The aforementioned PRK family member, PRK6, was also proven to act as the receptor for AtLURE1, and transduce the signal via the ROP signaling cascade [110].



According to recent studies, a new receptor-like kinase of the CrRLK1L subfamily, ERULUS (ERU), which is only expressed in pollen and root hairs as a tip growth specific kinase, is involved in pollen tube growth and guidance in Arabidopsis [111]. ERU plays a role in regulating apical [Ca2+]cyt oscillations in response to [Ca2+]ext, which help pollen tubes navigating to the ovules [111]. Interestingly, ERU also regulates cell wall composition through pectin methylesterase activity and phosphorylation of FERONIA (FER) and H+-ATPase 1/2 during root hair tip growth in Arabidopsis [119].




6. Pollen Tube Reception and Burst


After the pollen tube enters into the micropyle, it will meet one of two synergid cells. FER, also belonging to the CrRLK1L subfamily, and located in the filiform apparatus of the synergid cells, plays a critical role in pollen tube reception in Arabidopsis [120]. Furthermore, female-specific small proteins, early nodulin-like proteins (ENODLs, or ENs), are also involved in pollen tube reception [121]. In en mutants, the pollen tube passes the embryo sac, and fails to release its cargo into the embryo sac [121]. EN14 directly and specifically interacts with the extracellular domain of FER [121], and it is closely related to glycosylphosphatidylinositol-anchored proteins (GPI-APs) LORELEI (LRE) and LRE-like GPI-AP1 (LLG1), which also interact with FER [122]. It suggests that these proteins associate with each other and form a large complex to regulate FER-mediated signal for ovule reception.



Once being received, the pollen tube needs to burst to release the two sperm cells. How can the pollen tube trigger tube burst soon after it reaches the female gametophyte? Ge et al. reported that another RALF peptide, RALF34, derived from the ovule and widely distributed around the micropylar/synergid cell region, is able to replace RALF4/19 for binding to BUPS1/2-ANX1/2, demonstrating that RALF34 competes with RALF4/19 when the pollen tube reaches the embryo sac, and then deregulates BUPS1/2-ANX1/2 signaling to promote pollen tube rupture and sperm release [89]. RALF34 also acts as a ligand of THESEUS1 (THE1), a member of the CrRLK1L family [123]. RALF34 and THE1 form RALF34-THE1-mediated signaling to regulate cell wall integrity and lateral root initiation in Arabidopsis [123]. In maize, another defensin-like protein, ZmES4 (Zea mays embryo sac 4), which is accumulated in the secretory region of the synergid cells, mediates pollen tube rapture by opening of the potassium channel, KZM1 (K+ channel Zea mays) [124]. In rice, ruptured pollen tube (RUPO), a CrRLK1L subfamily protein, interacts with potassium transporters to regulate the pollen tube integrity [125].




7. Conclusions and Perspectives


Pollen-pistil interaction is critical for the successful fertilization of flowering plants. The missing activator for pollen tube priming in style tissue in Arabidopsis will be of great interest in further studies. More attractant molecules will be discovered with the help of plant ovule secretome [126] combined with transcriptome analysis, which may provide a more delicate map of pollen-pistil interaction. Genetic redundancy is widespread in plant sexual reproduction, which ensures successful fertilization. However, it is a big challenge for plant biologists to unravel the function of these redundant genes, such as RLKs. CRISPR/Cas9 technology will be a powerful tool to study the function of these genes, and it is also very useful for small genes, like CRPs, in which mutations may be rare even after saturation mutagenesis.
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Figure 1. Pollen tube growth in the pistil. (a) Schematic diagram of pollen grains that land on the stigma and germinate to produce pollen tubes that grow within the pistil. (b) Arabidopsis thaliana pollen tubes in a pistil, stained by aniline blue. The image was observed under Olympus BX63 automatic fluorescence microscope. Scale bar = 100 μm. 
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Table 1. Key proteins and molecules involved in ovular pollen tube guidance.
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Origin

	
Proteins/Molecules

	
Ref.






	
Ovule

	
AMOR (arabinogalactan polysaccharide)

	
[99]




	
Egg apparatus

	
ZmEA1

	
[100]




	
Synergid cells

	
LUREs

	
[101,102]




	
Synergid cells

	
MYB98

	
[103]




	
Central cells

	
CCG

	
[104]




	
Central cells

	
CBP1

	
[105]




	
Undefined

	
MAA3

	
[106]




	
Pollen tube

	
CHX21 and CHX23

	
[107]




	
CNGC18

	
[108]




	
MDIS1, MIK1 and MIK2

	
[109]




	
PRK6

	
[110]




	
ERU

	
[111]




	
LIP1 and LIP2

	
[112]
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