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Abstract Male gametophyte development of angiosperms

is a complex process that requires coordinated activity of

different cell types and tissues of both gametophytic and

sporophytic origin and the appropriate specific gene

expression. Pollen ontogeny is also an excellent model for

the dissection of cellular networks that control cell growth,

polarity, cellular differentiation and cell signaling. This

article describes two sequential phases of angiosperm

pollen ontogenesis—developmental phase leading to the

formation of mature pollen grains, and a functional or

progamic phase, beginning with the impact of the grains on

the stigma surface and ending at double fertilization. Here

we present an overview of important cellular processes in

pollen development and explosive pollen tube growth

stressing the importance of reserves accumulation and

mobilization and also the mutual activation of pollen tube

and pistil tissues, pollen tube guidance and the communi-

cation between male and female gametophytes. We further

describe the recent advances in regulatory mechanisms

involved such as posttranscriptional regulation (including

mass transcript storage) and posttranslational modifications

to modulate protein function, intracellular metabolic sig-

naling, ionic gradients such as Ca2? and H? ions, cell wall

synthesis, protein secretion and intercellular signaling

within the reproductive tissues.

Keywords Pollen development � Male gametophyte �
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Introduction

Reproduction is a characteristic feature of living organisms

ensuring the continuity of life on earth through a series of

successive generations. In plants, there is an alternation of

sexual and asexual generations, sporophyte and gameto-

phyte. In the sporophyte, the individuals consist of diploid

cells and reproduce asexually through haploid spores gen-

erated by the meiotic division in sporogenous tissue. The

spores germinate into the gametophyte, where specialized

reproductive organs, female archegonia and male antheridia

are formed in which haploid gametes of separate sexes arise.

The fusion of male and female gametes leads to the forma-

tion of a diploid zygote, the first cell of the next sporophyte

generation. In the evolutionary line of vascular plants

(Tracheophyta), gametophytic reduction and increased

functional dependence on the sporophyte is apparent.

Angiosperms, which currently account for more than

280,000 species (reviewed by Scotland and Worltey 2003),

constitute the overwhelming majority of plant species with

maximum reduction of the gametophyte. This reduction

together with protection of the reproductive organs within a

flower and stringent selection of the fittest pollen to

Communicated by Enrico Schleiff.

A contribution to the special issue ‘Pollen development and stress

response’.

Electronic supplementary material The online version of this
article (doi:10.1007/s00497-015-0272-4) contains supplementary
material, which is available to authorized users.

& David Honys

david@ueb.cas.cz

1 Institute of Experimental Botany ASCR, v.v.i., Rozvojová
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reproduce is considered to be the main cause of the evolu-

tionary success of angiosperms (Mulcahy 1979; Mulcahy

et al. 1996). Most angiosperms form bisexual flowers con-

taining anthers and pistils, where both male and female

gametophytes develop. Both structures—pollen grain and

ovule—are microscopic, consisting of only a few cells fully

supported by the surrounding sporophytic tissues and organs

for their development. The only time, when gametophytes of

flowering plants exist independently of the sporophyte, is

when mature pollen is shed from the anther and is carried to

the stigma to undergo reproduction with female gametes.

In the past, the small size of the male gametophyte made

its exploration—and even its discovery—very complicated.

Therefore, the external appearance of pollen grains stood at

the beginning of pollen research (Malpighi 1675, 1679;

Purkyně 1830). Further knowledge of the pollen and pollen

tube structure and function was gradually acquired together

with the other basic phenomena associated with the sexual

reproduction of angiosperms, such as the existence of bi-

and tri-cellular pollen (Elfving 1879), differentiation of

vegetative and generative cells (Strasburger 1884) and the

double fertilization (Nawaschin 1898). Subsequent con-

siderable progress in pollen research has been driven by the

rapid development of cytological and molecular methods.

Equally important was the introduction of in vitro, semi

in vivo and in vivo techniques and in particular the onset of

‘‘high-throughput’’ technologies in the recent 20 years.

Male gametophyte

Male gametophyte development of angiosperms is a com-

plex process that requires coordinated activity of different

cell types and tissues of both gametophytic and sporophytic

origin underlaid by specific gene expression patterns. Male

gametophyte development is comprised of two consecutive

phases, developmental and functional.

The developmental phase takes place in anther loculi

and leads to the release of mature pollen grains from the

anthers. It is characterized by the functional specialization

of two cell types—vegetative cells and male gametes, the

sperm cells, which together represent the male germline

(reviewed by Berger and Twell 2011). This process is

underpined by two successive cell divisions accompanied

by remarkable morphological and physiological differen-

tiation of both cell types including the synthesis of spe-

cialised pollen cell wall and the storage of protective

substances and metabolic reserves.

The functional or progamic phase is initiated after the

pollen grain lands on the stigma. Pollen is activated by

rehydration, germinates and produces a long pollen tube

that grows into the pistil tissues. Its growth ends with a

double fertilization after reaching the ovule. It is not only

the pollen tubes explosive growth that makes the progamic

phase interesting but also the mutual activation of pollen

tube and pistil tissues, pollen tube guidance and the com-

munication between the two gametophytes (reviewed by

Dresselhaus and Franklin-Tong 2013).

Unlike the sporophyte, the male gametophyte represents

highly reduced, two- or three-celled model system provid-

ing a unique opportunity to study the developmental regu-

lation of cell morphogenesis and differentiation at many

levels as well as the functional interactions between dif-

ferent cell types (Berger and Twell 2011; Borg et al. 2009;

Dresselhaus and Franklin-Tong 2013; Dresselhaus and

Sprunck 2012; Hafidh et al. 2014; Kessler and Grossniklaus

2011; Ma 2005; Rutley and Twell 2015; Twell 2011).

Pollen maturation: get ready for the race!

Diploid microspore mother cells (microsporocytes) are

encapsulated in the young anther loculi surrounded by four

cell layers—tapetum, middle layer, endothecium and epi-

dermis. The microsporocytes secrete cell wall materials

consisting of b-1,3-glucan and callose. After two meiotic

divisions, the microsporocytes divide into four haploid

microspores forming a tetrad (Fig. 1). In Avena sativa,

microspore mother cells communicate via cytoplasmic

bridges enabling the synchronization of meiotic divisions

throughout the loculus (Brett and Waldron 1990). The

second meiotic division is followed by the synthesis of

callose walls between the individual microspores within a

tetrad. However, the timing of callose wall formation dif-

fers between different plant species (Chen and Kim 2009;

De Storme and Geelen 2013; Lu et al. 2014).

During meiosis, the secretory tapetal cells differentiate

into binuclear polar cells lacking the primary cell wall,

especially at the loculi-facing side. These cells contain

abundant ribosomes, mitochondria, endoplasmic reticulum,

Golgi apparatus and specialized lipid-rich organelles,

tapetosomes (Bedinger 1992; Hsieh and Huang 2005; Ting

et al. 1998), close to the plasma membrane facing the

anther loculi. The tapetal cells are interconnected by

cytoplasmic bridges allowing the coordination of their

activities. Transcriptomic studies of anther tissues in vari-

ous plant species demonstrated the precise control of the

activity and subsequent programmed cell death of tapetal

cells and the tight coordination of these processes with

pollen development (Huang et al. 2011).

Young microspores in tetrads undergo rapid develop-

ment accompanied by synthesis of the cell wall consisting

of an inner intine and outer exine. After the emergence of

partially formed exine, microspores are released from tet-

rads in a synchronised manner (Fig. 1). The release of the

microspores is prompted by the activity of an enzyme
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mixture secreted by tapetal cells, with callase (b-1,3-glu-
canase) being its essential component responsible for the

callose degradation (Lu et al. 2014; Scott et al. 2004).

Callase synthesis was shown to be controlled by MYB-

family transcription factor AtMYB80 that links pollen

maturation with tapetum development resulting in pro-

grammed cell death of tapetal cells (Phan et al. 2011;

Zhang et al. 2007). Proper timing of callase secretion is one

of the critical moments in microsporogenesis and its dis-

tortion causes male sterility (Worrall et al. 1992). Free

microspores rapidly enlarge and numerous small vacuoles

eventually merge into one large vacuole pushing the

microspore nucleus from its central position to the cell

periphery. The actual microspore polarisation is not just a

passive event caused by the growth of vacuoles but a

highly dynamic process requiring the active participation

of microtubules (Oh et al. 2010; Park et al. 1998; Twell

2011). During microsporogenesis, the tapetal cells remain

highly metabolically active. They secrete proteins, lipids,

carbohydrates and secondary metabolites to the loculi to be

used by developing microspores to synthesize membranes,

for exine formation and as a source of energy (Pacini

1990). Despite the obvious importance of tapetum, it is

possible to achieve the proper maturation of functional

pollen in vitro from uninuclear microspores in the presence

of essential nutrients (Tupý et al. 1991).

The highly specialised biological role of angiosperm

pollen is reflected by the unique composition of the sur-

rounding cell wall. The sculptured pollen wall not only

protects the male gametophyte and its precious cargo but

facilitates the broad communication with the stigma surface

(Scott et al. 2004). Its inner layer, intine, is of gametophytic

origin whereas the outer layer, exine, is mostly sporophytic.

The synthesis of pollen wall begins already in tetrads,

immediately after the completion of meiosis. Microspores

in tetrads first synthesize the pectin-cellulose primexine

functioning as a matrix for the deposition of sporopollenin

precursors preceding their subsequent polymerization. As a

complex compound of fatty acids and phenylpropanoids,

sporopollenin belongs among the toughest known

biopolymers and its role is the protection of the pollen

internal environment (including genetic information) after

pollen shedding from the anthers. Although the biochemical

pathway of sporopollenin synthesis remains elusive, its

synthesis requires close cooperation between microspores

and tapetum (Ariizumi and Toriyama 2011; Dobritsa et al.

2009, 2010; Quilichini et al. 2015). The recalcitrant exine is

not distributed evenly around pollen grains; it is not

deposited or it is reduced in the apertures, where pollen

tubes emerge (Furness and Rudall 2004). The number, size

and distribution of apertures are an important classification

factor that is under strict sporophytic control. In Ara-

bidopsis, aperture marking depends on the prior localisation

of INAPERTURATE POLLEN1 protein (Dobritsa and

Coerper 2012; Dobritsa et al. 2011).

Formation of the pollen coat is completed in the later

stages of microgametogenesis when the residues of the

degenerating tapetum are deposited on the surface of pollen

grains (Quilichini et al. 2015). Pollen coat determines the

pollen adhesiveness, colour, taste and aroma. These prop-

erties as well as the often highly elaborated structure of the

pollen wall are species-specific. This is of key importance

not only for pollen interaction with papillary cells on the

stigma but also to facilitate its recognition by pollinators.

Insect- and other animal-pollinated species shed pollen that

can be decorated with extremely complex surface struc-

tures facilitating its adhesion to the pollinators whereas in

wind-pollinated species these structures are often absent

(Fellenberg and Vogt 2015).

Polarised microspores undergo an asymmetric division

during pollen mitosis I (PMI, Fig. 1) resulting in the for-

mation of two unequal daughter cells with distinct cell

fates, a large vegetative cell and a small generative cell.

Both cells are present in the space bound by the microspore

cell wall. The generative cell soon migrates into the veg-

etative cell to form a unique ‘‘cell-within-a-cell’’ structure

(Russell and Jones 2015; Russell et al. 1996). PMI repre-

sents another critical moment in the male gametophyte

development; it ensures the fixation of the ongoing male

gametophytic developmental program, as demonstrated in

Fig. 1 Schematic diagram describing pollen development (adapted and simplified from Honys et al. 2006)
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various plant species by transcriptomic (Bokvaj et al. 2015;

Honys and Twell 2004; Wei et al. 2010) and proteomic

studies (Chaturvedi et al. 2013; Grobei et al. 2009;

Holmes-Davis et al. 2005; Ischebeck et al. 2014; Noir et al.

2005; Sheoran et al. 2006). Therefore the reversal from the

gametophytic to the sporophytic development is achievable

only with unicellular microspores but not with bicellular

pollen grains (Gaillard et al. 1991). PMI also results in the

initiation of the male germline; the generative cell retains

its proliferative activity and divides once more during

pollen mitosis II (PMII) to produce two male gametes, the

sperm cells (Berger and Twell 2011; Twell 2011). The

disruption of the asymmetry of PMI either by centrifuga-

tion (Terasaka and Niitsu 1987), by the application of

microtubule-destabilizing agents, e.g. colchicine (Eady

et al. 1995; Zaki and Dickinson 1991), or in particular

pollen mutants, e.g. MOR1/GEM1 (Park et al. 1998), leads

to the formation of two similar cells with the vegetative

cell fate. Arabidopsis MOR1/GEM1 (Park et al. 1998;

Twell et al. 2002) and its tobacco ortholog TMBP200 (Oh

et al. 2010) encode microtubule-associated proteins, plant

orthologs of the MAP215/Dis1 protein family. Phenotype

defects resulting from the knock-out of the above genes

clearly demonstrated the importance of microtubules in the

establishment of cellular polarity preceding PMI, asym-

metry of which is the key factor in the initiation of male

germline (Twell 2011).

The generative cell undergoes yet another mitotic divi-

sion—PMII—resulting in the formation of two sperm cells.

The vegetative nucleus remains in a close physical con-

nection with the two sperm cells after PMII forming the

male germ unit (MGU). It plays the vital role not only in

the delivery of sperm cells to the female gametophyte, but

especially in direct communication between the cells and

their nuclei of somatic origin and the germline (McCue

et al. 2011) perhaps including the modulation of their gene

expression (Slotkin et al. 2009).

The PMII can occur before or after pollen maturation

and therefore the mature pollen grain can be shed as

bicellular (in which the vegetative cell engulfs a single

undivided generative cell) or as tricellular (where the

vegetative cell is associated with two sperm cells) (Brew-

baker 1967). From an evolutionary point of view, the

bicellular pollen is a plesiomorphy trait whereas the tri-

cellular pollen represents an advanced trait. However, it

was postulated recently that a reverse transition from tri-

cellular to bicellular pollen has also occurred (Williams

et al. 2014). Thus, some species sheding bicellular pollen

underwent two evolutionary changes rather than keeping

the original trait permanently (Williams et al. 2014). The

mature pollen grain has a dehydrated cytoplasm; bicellular

pollen was usually shown to be in a more dehydrated and

quiescent state than tricellular pollen. This assumption was

based on the observation that tricellular pollen was usually

quicker in the onset of pollen germination and subsequent

tube growth (Brewbaker 1967). Furthermore, the basal

angiosperm Annona cherimola was shown to shed both

bicellular and tricellular pollen in different ratios according

to the surrounding air temperature (Lora et al. 2009). In a

higher temperature (30 �C), almost half of the pollen grains

were tricellular whereas at lower temperature (20 �C), the
bicellular pollen grains strongly prevailed. It was specu-

lated that in warmer weather, a higher proportion of tri-

cellular pollen was biologically relevant since it allowed

faster germination and fertilization that was beneficial

since stigma tissues were shorter-lived in a warmer climate.

On the other hand, at lower temperature a higher propor-

tion of bicellular pollen can successfully be more widely

dispersed due to its higher dehydration and longer life span.

This effect is further supported by a longer life span of

pistils under milder temperatures around 20 �C (Lora et al.

2009).

Progamic phase: catch me if you can

As pollen grain reaches the papillary cells of the stigma, it

is rehydrated and activated (Firon et al. 2012). Under

in vitro conditions, Arabidopsis pollen does not increase in

volume during the first 21 min of activation (Vogler et al.

2015). The period of no apparent pollen grain enlargement

is even longer in more dehydrated bicellular pollen

(Barnabas and Fridvalszky 1984). Then, the pollen tube

emerges and starts growing with gradually increasing speed

(Vogler et al. 2015). The pollen tubes growth rate reaches

up to 1 cm per hour, placing them among the fastest-

growing plant cells (Lim and Gumpil 1984). The pollen

tube growth dynamics and its dependence on stored

nutrition reserves differs between studied bicellular and

tricellular pollen species (Mulcahy and Mulcahy 1988).

Bicellular pollen tube growth consists of two phases—the

first growth period is relatively slow with no formation of

callose plugs. The second growth period showed more

rapid growth characteristics accompanied by callose plugs

formation (Fig. 2c). Growth during the first period con-

sumed the reserves carried by the pollen grain itself

whereas the second phase mostly relied on nutrition from

the style. On the other hand, tricellular pollen started to

grow quickly together with callose plug formation that

relied on stylar nutrition from the beginning (Mulcahy and

Mulcahy 1988).

Pollen tube growth is not isodiametric but together with

root hairs, fungal hyphae and vertebrate axons represents

an example of tip growth (Palanivelu and Preuss 2000;

Šamaj et al. 2006). It is characterized by continuous

elongation at one tip of the cell without any further
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Fig. 2 Pollen tube apical

region. a Scheme of the lily

pollen tube tip showing actin

cytoskeleton dynamics and

pollen tube zonation (adapted

from Hepler and Winship

2015); individual structures are

not drawn to scale). b Ca2? and

H? gradients in lily pollen tube

apex (adapted from Hepler and

Winship 2015); individual

structures are not drawn to

scale). c Distribution of callose

(arrow) in activated tobacco

pollen grains and during pollen

tube germination observed by

aniline blue staining. Callose

plugs are only visible[4 h post

germination (Hafidh et al.

unpublished data)
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divisions of the vegetative cell. Pollen tubes can reach a

maximum of 50 cm (Mascarenhas 1993) in plant species

with long styles, for example maize. Tip growth requires

several mechanisms that are evolutionary conserved in

various tip-growing tissues of different organisms:

cytoskeleton organization, vesicular trafficking, small

GTPases signalling and ion gradient formation (Palanivelu

and Preuss 2000; Šamaj et al. 2006). Moreover, novel

formation of cell wall is required in the growing pollen

tubes since they usually outgrow the diameter of the pollen

grain several-fold. This is achieved by the formation of

callose plugs in regular distances to maintain constant

amount of cytoplasm required for filling the inside space of

the pollen tube (Ferguson et al. 1998; Mogami et al. 2006).

From this point of view, pollen tube contains several

zones. The tip-most zone is called clear zone as it looks

‘‘clear’’ under the microscope because the organelles pre-

sent there have quite low refractivity—in particular, the

starch-containing amyloplasts are missing from this part of

pollen tube (Hepler and Winship 2015; Vidali et al. 2001).

This clear zone comprises two distinct regions, apical and

subapical (Fig. 2a). The apical region is typical for its

inverted cone-shape, in which endoplasmic reticulum ele-

ments and vesicles are present. On the other hand, the

subapical region of the clear zone contains also Golgi

apparatus and mitochondria. Behind the clear zone, there

are also larger organelles, such as amyloplasts and vacuoles

(Lancelle and Hepler 1992). The refractivity of this region

is also higher than that of the clear zone so its appearance is

quite different in both light and electron microscopes

(Hepler and Winship 2015).

Fast pollen tube growth and overall morphology is

underlaid by the organization and function of the

cytoskeleton. Starting behind the subapical zone of lily

pollen, actin filaments are organized in parallel bundles

(Staiger et al. 2010; Wilsen et al. 2006). The cortical fila-

ments transport vesicles towards the tip whereas the central

filaments are dedicated for the basipetal vesicular transport

(Fig. 2a). Thus, the vesicular flow resembles a reversed

fountain. Myosins, the motor molecules along the actin

filaments, move towards the barbed ends of microfilaments.

In order to allow the transport in the desired direction, the

cortical and central filaments are oriented the opposite way:

the central ones have their barbed ends facing the tube tip

whereas the cortical filaments face the tip by their pointed

ends (Lenartowska and Michalska 2008). Near the border

between pollen tube apical and subapical regions an actin

collar is formed and its position is likely to be regulated by

a higher pH 7.5 and Ca2? gradient. In comparison, pH at

the very tip of the pollen tube reaches 6.5 (Feijó et al.

2004). These two factors (pH and Ca2? concentration)

control actin polymerization together with actin-binding

proteins activity (see below). In the apical region, actin

filaments are randomly oriented so they are organized into

a net structure. This tip-most region is shaped as a reversed

cone and beside the net structure of actin filaments; it

typically contains vesicles (Hepler and Winship 2015). The

vital importance of this actin net structure in the apical

zone was demonstrated by the application of latrunculin B

that strongly impaired pollen tube growth and morphology

(Vidali et al. 2001). Latrunculin B binds to the actin

monomers and blocks them from polymerization whilst the

stable actin filaments remain unimpaired by latrunculin B

treatment. The role of microtubules in the growing pollen

tubes was thought to be less important and originally it

seemed that the organelles and vesicles were mainly

transported along actin filaments since the colchicine

application did not stop pollen tube growth (Heslop-Har-

rison et al. 1988). However, later, mitochondria were

reported to be transported along microtubules in pollen

tubes grown in vitro (Romagnoli et al. 2007) and tubulin

was shown to be part of RNA storage particles (Honys

et al. 2009). Recently, a more prominent role of micro-

tubules in pollen tubes (for instance in vesicular transport)

was reported (Onelli et al. 2015). Microtubules are there-

fore likely to attract more attention in the future pollen tube

studies.

The distribution of pollen tube organelles as well as the

organization of pollen tube growth rely also on ion fluxes

and gradients. Among them, calcium ions (Ca2?) and

protons (H?) are of a key importance (Michard et al. 2009).

Ca2? ions show a gradually increasing concentration

towards the pollen tube tip, a distribution usually called

‘‘tip-focused gradient’’ (Fig. 2b). In the pollen tube apex,

the Ca2? concentration reaches 1–10 lM concentration,

ten- to hundredfold higher than in the pollen tube shank

with Ca2? concentration ranging between 0.1 and 0.3 lM
(Holdaway-Clarke et al. 1997). An increased Ca2? con-

centration in the pollen tube apex can serve as a signal for

Ca2?/calmodulin protein kinases, some of which were

identified in pollen trancriptome and/or proteome (Sup-

plementary Table 1 and the section below). The Ca2?

gradient is also crucial for the regulation of actin

cytoskeleton dynamics since Ca2? ions activate villin/gel-

solin, which promotes the destabilization of actin filaments

(Ren and Xiang 2007). Moreover, the activity of profilin in

monomer actin sequestration is promoted by Ca2? (Kovar

et al. 2000). Thus, these two proteins collectively desta-

bilize actin filaments and prevent its re-polymerization in

the tip-most region of the pollen tube. It should be stressed

once more that the increased Ca2? concentration is only at

the pollen tube tip since further from the tip, the excessive

Ca2? ions are sequestered by endoplasmic reticulum and

mitochondria and the Ca2? concentration is kept at the

normal physiological values (reviewed in Hepler and

Winship 2015). Another process that is promoted by an
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elevated Ca2? concentration is exocytosis (Camacho and

Malho 2003).

The proton gradient is formed in a similar way—protons

enter the pollen tube cytoplasm via proton pumps at the tip

where there is a slightly acidic pH (pH 6.5). The distal band

in the clear zone remains, on the other hand, slightly

alkaline (pH 7.5; Feijó et al. 2004) (Fig. 2b). Interestingly,

this apical acidic pH area resembles the reverse-cone shape

discussed above (Michard et al. 2008). Similar to calcium

ions gradient, the pH variation contributes to the actin

cytoskeleton dynamics via actin-binding proteins. The

slightly alkaline pH in the subapical region promotes

ADF/cofilin complex that cuts the actin filaments to more

parts (Allwood et al. 2002; Chen et al. 2002; Lovy-Wheeler

et al. 2006; Staiger et al. 2010) and thus promotes actin

dynamics in the cortical region of pollen tube. In the shank

and at the pollen tube tip, there is neutral pH 7.0 or slightly

acidic pH 6.5, respectively, under which ADF/cofilin is

inactive.

Taken together, the ion fluxes and gradients are not

static in a growing pollen tube but exhibit regular oscilla-

tions (Feijó et al. 1999; Holdaway-Clarke et al. 1997; Shi

et al. 2009). These gradient oscillations together with

cytoskeleton dynamics are reflected in pollen tube growth.

For example, growth rate of in vitro cultivated lily pollen

tubes oscillates between 0.1 and 0.4 lm s-1 within

15–50 s (Pierson et al. 1996). All of the above mentioned

factors seem to be coordinated but a general pacemaker is

still not known (Michard et al. 2009).

Both cytoskeleton dynamics and ion gradient oscilla-

tions tightly co-operate with the activity of small GTPases

from the Rab, Arf and Rop/Rac families that play a key

role during vesicular transport and other processes in the

growing pollen tube (Šamaj et al. 2006). These small

G-proteins have two states, the active form binding GTP

and the inactive form bound to GDP (Bishop and Hall

2000). Moreover, the activity of the small GTPases is

regulated by three main classes of protein factors—guanine

nucleotide exchange factors (GEFs), GAFs and GDIs.

GEFs promote the activity of small GTPases by exchang-

ing GDP for GTP. The GTPases inactivate themselves by

their GTPase activity, and this inactivation can be accel-

erated by GTPase accelerating factors (GAFs) that promote

the GTPase activity of G-proteins. Finally, guanine

nucleotide dissociation inhibitors (GDIs) conserve the

G-protein in the GDP-bound form and thus block GTPase

reactivation (Feher and Lajko 2015).

Arf GTPases are involved in the vesicular transport and

localize to both endosomes and Golgi apparatus. Mutations

directly affecting Arf GTPases themselves were not

described in pollen tube functional studies. However,

several experiments showed their roles during pollen tube

growth by analysing gnom (Arf GEF) mutants or by

application of brefeldin A that acts as a GNOM inhibitor

(Zhang and McCormick 2010). Rab proteins are associated

with endomembranes and show usual specificity to par-

ticular parts of the endomembrane system (Woollard and

Moore 2008). RAB11B in tobacco and RABA4D in Ara-

bidopsis were shown to be required for a correct pollen

tube growth (de Graaf et al. 2005; Szumlanski and Nielsen

2009). Not surprisingly, these small GTPases were

important for pollen tube growth since they are vital for

exocytosis of various compounds such as cell wall pre-

cursors, membrane components and signalling molecules

which promote pollen tube growth (Qin and Yang 2011).

Rop GTPases with bound GTP are usually localized in the

apical plasma membrane. They execute several important

functions such as organization of the actin cytoskeleton.

They generate reactive oxygen species, and mediate cal-

cium-dependent signaling (Zheng and Yang 2000; Šamaj

et al. 2006). ROP1 was discovered in apical membranes of

tobacco and lily pollen tubes (Fu et al. 2001; Zhao and Ren

2006). Not only the GTPases themselves but also their

regulating proteins such as RhoGDI were shown to play

important roles in pollen tube growth (Klahre et al. 2006);

they are integrated into the cellular signalling network of

kinases acting both upstream and downstream the Rop

GTPases (Feher and Lajko 2015).

Reserves storage and mobilization: shop till you
drop

The vegetative cell of the immature pollen grain contains a

dense cytoplasm with numerous organelles. The maturing

pollen grain shows considerable metabolic activity and the

vegetative cell accumulates a considerable amount of

various metabolic reserves including carbohydrates, pro-

teins and lipids necessary for the rapid growth of the pollen

tube (Pacini 1996; Pacini et al. 2006). A specific portion of

reserves comprises osmoprotectants, e.g. disaccharides,

proline and glycinebetaine, protecting cellular membranes

and proteins from damage caused by dehydration

(Schwacke et al. 1999). The generative cell inherits from

the microspore a very small portion of the cytoplasm and

organelles. Whereas the generative nucleus contains highly

condensed chromatin, the larger vegetative nucleus with

numerous pores exits the cell cycle in G1 phase and con-

tains decondensed chromatin. Therefore higher transcrip-

tional activity of the vegetative nucleus in comparison to

the generative cell can be assumed; however, that is not

negligible either (Borges et al. 2008).

From PMI to the maturity, pollen accumulates both

mRNA and proteins (Hafidh et al. 2011; Honys et al. 2009).

In this period, pollen volume doubles, the amount of total

RNA increases seven times and mRNA content increases
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thirteen to twenty times (Schrauwen et al. 1990; Tupý

1982). Pioneering experiments using transcription and

translation inhibitors in tobacco pollen tubes showed that

transcription was detected only during the first several

hours of the pollen tube growth, which led to the conclu-

sion that pollen tube growth was mainly dependent on

translation but virtually independent of transcription

(Čapková et al. 1988). However, the introduction of high-

throughput technologies led to the identification of

numerous genes transcribed specifically after pollen ger-

mination in vitro in all species studied—Arabidopsis (Qin

et al. 2009; Wang et al. 2008), rice (Wei et al. 2010) and

tobacco (Hafidh et al. 2012a, b). Moreover, many tran-

scripts were de novo synthesized even in the tobacco pollen

tubes cultivated as long as 24 h (Hafidh et al. 2012a).

Interestingly, the interaction of the pollen tube with the

pistil tissues, during which pollen tubes gained the com-

petence for fertilization (Higashiyama et al. 1998; Palani-

velu and Preuss 2006), activated a specific set of 1254

genes that were not detected in in vitro cultivated pollen

tubes (Qin et al. 2009). Moreover, 383 of these genes were

pollen-enriched. De novo expression of genes involved

predominantly in signal transduction, transcription and

pollen tube growth in pistil-activated pollen tubes sug-

gested the possibility of a female-responsive regulatory

network orchestrating pollen tube gene expression upon

growth through the pistil (Qin et al. 2009). A set of pistil-

activated genes required for pollen tube differentiation and

sperm cells release was later found to be controlled by

three SIV pollen-tube expressed related MYB transcription

factors—MYB97, MYB101 and MYB120 (Leydon et al.

2013).

In tobacco, stored transcripts were shown to be associ-

ated with large translationally silent ribonucleoprotein

particles (EPP complexes; Honys et al. 2000). EPP com-

plexes are associated with the cytoskeleton and contain

small and large ribosomal subunits (Honys et al. 2009).

Upon pollen activation and during subsequent pollen tube

growth, the transcripts stored in EPPs are de-repressed and

translated (Honys et al. 2009). Furthermore, EPP particles

are likely to be transported towards the tip of the growing

pollen tube and could represent a transport form of the

transcripts originating from mature pollen. The translation

itself leads to production of native polypeptides that

undergo a plethora of possible post-translational modifi-

cations (PTMs) to form a functional mature protein prod-

uct. These include phosphorylation, methylation,

glycosylation, myristoylation, acetylation etc. (Knorre

et al. 2009) that are usually essential for the proper protein

structure and function. Here we will focus in more detail on

protein glycosylation and phosphorylation since these

modifications have been studied most intensely in the male

gametophyte.

Protein glycosylation is a co-translational or post-

translational covalent attachment of carbohydrate chains

(glycans) to the polypeptide backbone. According to the

atom, by which the carbohydrate residues are bound to the

peptide, three types of glycosylation are recognized. N-

glycosylated proteins bear the glycans on nitrogen atoms of

asparagin in the Asn-X-Ser/Thr consensus sequence, where

X is any amino acid except proline, serine, and threonine

(Lerouge et al. 1998). O-glycosylation is executed on the

oxygen atom of serine, threonine or hydroxyproline

(Hanisch 2001). Finally, rare S-glycosylated proteins carry

their glycan moiety on the sulphur atom of cysteine

(Stepper et al. 2011).

Protein glycosylation usually increases protein stability

and plays a role in protein–protein interactions (Ueda et al.

1996). Likewise, many pollen allergens are glycosylated

(reviewed by Puc 2003). Glycoproteins or more heavily

glycosylated proteoglycans are important components of

cell walls and they are often found in association with

membranes or as secreted proteins. In all these compart-

ments, numerous members of a large family of the proline/

hydroxyproline-rich glycoproteins are prominent. This

family was originally classified into three separate classes:

none or subtly glycosylated proline-rich proteins (PRPs),

moderately glycosylated extensins and heavily glycosy-

lated arabinogalactan-proteins (AGPs) (for review see Ellis

et al. 2010; Wu et al. 2001). The latter two classes are

defined by the presence of O-glycosylated hydroxyproline

as hydroxyproline-rich glycoproteins (HRGPs) and their

heterogeneity and abundance attributed them to multiple

functions in plant growth and development, plant defence

and signalling (Ellis et al. 2010). Recently, HRGPs were

identified as a component of calcium signalling pathway

(Lamport and Varnai 2013).

In Arabidopsis, a specific subset of AGPs was shown to

be expressed in reproductive tissues with the majority of

them being present in female tissues along the path taken

by the growing pollen tube (Pereira et al. 2014). However,

four AGPs, namely two classical AGPs (AGP6, AGP11)

and two AG-peptides (AGP23 and AGP40) were specifi-

cally expressed in pollen and pollen tubes (Nguema-Ona

et al. 2012). A subset of AGPs, namely those expressed in

the male gametophyte, are attached to the plasma mem-

brane by glycosylphosphatidylinositol (GPI) anchor

(Lalanne et al. 2004). One function of these proteoglycans

is the control of nexine formation (Jia et al. 2014) and

subsequent pollen germination. Higher number of early

germinating pollen tubes within the anthers was observed

in agl6/agl11 double and agl6/agl11/agl40 triple mutants

(Nguema-Ona et al. 2012). Accordingly, the knockout of

pollen-expressed AGPs resulted in a reduced seed set. The

expression pattern of male gametophytic AGPs is supposed

to be balanced since the up-regulation of AGP40 and
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AGP23 was observed in agl6/agl11 double null mutant

pollen tubes (Nguema-Ona et al. 2012). Recently it was

reported that the expression of all four pollen-specific

AGPs is directly controlled by the AT-hook nuclear

localized (AHL) family DNA-binding TEK protein (Jia

et al. 2014), which therefore indirectly controls nexine

formation in the pollen wall (Lou et al. 2014).

Extensins (EXTs), the second large class of HRGPs, are

also present in the cell wall where they are involved in the

formation of crosslinking networks. Therefore their activity

is predominantly observed in fast growing cells like root

hairs and pollen tubes (Cannon et al. 2008; Lamport et al.

2011). Unlike AGPs, extensins do not show strict pollen-

specific expression patterns and their co-expression in

pollen tubes and root hairs was observed (Dupl’áková et al.

2007; Hruz et al. 2008). This is also the case for EXT18, a

classical extensin required for vegetative growth, repro-

ductive development, pollen viability and fertility. Among

other phenotypic defects, ext18 mutants show significantly

slower pollen tube growth and reduced seed set (Choud-

hary et al. 2015).

Although prominent, O-glycosylated HRGPs are not the

only glycoproteins associated with male gametophyte

function. In tobacco pollen tubes, two highly abundant cell

wall N-glycoproteins of 66 and 69 kDa were identified

(Čapková et al. 1997). The block of their N-glycosylation

by tunicamycin caused reduction of the callose deposition

into pollen tube cell wall and consequently impaired pollen

tube growth. Glycoproteins of similar sizes were found also

in several other angiosperm species (Fidlerová et al. 2001).

In spite of the abundance and apparent important function

of these N-glycoproteins, their exact molecular activity is

still unknown. Moreover, protein N-glycosylation was

demonstrated to be of vital importance in pollen tube per-

ception (Lindner et al. 2015). The EVAN and TURAN genes

encode putative uridine diphosphate (UDP)-glycosyltrans-

ferase superfamily protein and dolichol kinase, respec-

tively. It is likely that proteins responsible for pollen tube

perception in female organs are strongly glycosylated since

mutations of these genes taking part in N-glycosylation

pathway caused premature pollen tube burst (Lindner et al.

2015). Therefore membrane- and cell wall-associated gly-

coproteins are not only important for pollen tube growth

through the pistil but are also good candidates to mediate

male–female cross-talk during double fertilization.

Protein phosphorylation is rather fast, dynamic and

transient PTM, and its reversible nature predestines it for a

regulatory role. The switch from a metabolically quiescent

pollen grain to a rapidly growing pollen tube has to be

precisely regulated by several mechanisms including pro-

tein phosphorylation. In the past decade, plant phospho-

proteomics evolved rapidly and nowadays, several

protocols are available (Dunn et al. 2010; Fı́la and Honys

2012). Some of these protocols deal with the challenges of

protein extraction and phosphoprotein/phosphopeptide

enrichment from very tough tissues such as mature pollen

grain (Fı́la et al. 2011, 2012; Mayank et al. 2012; Sheoran

et al. 2009). Many phosphoproteomics studies have been

performed in plants (Li et al. 2015; Meyer et al. 2012; van

Bentem et al. 2008; Wolschin and Weckwerth 2005),

however, none of these studies focused on pollen

phosphoproteome.

The first male gametophytic phosphoproteomics study

identified 962 phosphopeptides corresponding to 598

phosphoproteins in Arabidopsis mature pollen (Mayank

et al. 2012). Notably, a high number of phosphoproteins

(240 in particular) were newly identified. The most

prevalent phosphoprotein categories were regulation of

metabolism and protein function, signal transduction and

cellular transport. Many kinases were identified, implying

that kinases themselves were phosphorylated, for instance

AGC protein kinases, calcium-dependent protein kinases,

and SNF1-related protein kinases.

In tobacco, the protein phosphorylation dynamics during

pollen activation was studied (Fı́la et al. 2012). There, dry

mature pollen grains and pollen suspension activated

in vitro for 30 min were compared. In total, 139 phos-

phoprotein candidates carrying 52 phosphorylation sites

were identified (Fı́la et al. 2012). Most phosphoprotein

candidates were associated with energy metabolism, a

category that has to be precisely regulated after the pollen

tube hydration. Other meaningful overrepresented protein

categories were protein destination and storage, metabo-

lism, cell structure and protein synthesis. Several phos-

phopeptides were found to be shared by both Arabidopsis

and tobacco pollen (Fı́la et al. 2014) pointing to the com-

mon nature of pollen activation in angiosperms. Pollen

phosphoproteomics studies also significantly contributed to

the public PhosPhAt database of Arabidopsis thaliana

phosphorylation sites (Durek et al. 2010; Heazlewood et al.

2008). Many newly identified phosphorylated proteins

were likely to be pollen-specific or -enriched as demon-

strated by their transcription profiles (Dupl’áková et al.

2007; Hruz et al. 2008; Mayank et al. 2012).

Interestingly, changes of the phosphoproteome in a

gymnosperm Picea wilsonii pollen and pollen tubes were

studied in response to nutrient depletion from pollen tube

cultivation media (Chen et al. 2012). 42 phosphoproteins

were found to be differentially regulated. Of them, phos-

phorylation of proteins involved in cytoskeleton dynamics

was found to be specifically responsive to Ca2? and

sucrose deficiency (Chen et al. 2012). These three studies

applied different phosphoproteomic approaches, and thus

the data sets between them are not comparable since every

protocol biases towards a different segment of phospho-

proteome (Bodenmiller et al. 2007). However, together
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they provided interesting input in the regulatory processes

in male gametophyte.

Protein phosphorylation can be studied directly by

phosphoproteomic approaches as mentioned above or

alternatively, from the perspective of protein kinases

(Supplementary Table 1). Several kinase motifs were

reported amongst the phosphorylation sites both in Ara-

bidopsis and tobacco male gametophytes (Fı́la et al. 2012;

Mayank et al. 2012) and few of them were shared by both

species (Fı́la et al. 2014). However, this in silico approach

only revealed the presence of individual motifs but the

actual link between a particular protein kinase and target

proteins is still missing. To study the protein kinases

activity themselves, several pollen-specific kinases were

studied including mitogen-activated protein kinases (MAP

kinases). MAP kinases represent a large family of Ser/Thr

protein kinases common for all eukaryotes (Kultz 1998).

They mediate the prolyl-directed phosphorylation on

xxxxxxS*Pxxxxx, and xxxxxxT*Pxxxxx peptide motifs

(Lee et al. 2011). However, a subset of these motifs is also

recognized by cyclin-dependent protein kinases. Different

MAP kinases play their roles in various phases of tobacco

male gametophyte development. MAP kinase NTF4 was

activated after pollen hydration but before the actual pollen

tube emerged. Its role is likely in the activation of pollen

metabolism (Wilson et al. 1997). In Arabidopsis, four MAP

kinases were identified in the pollen shotgun proteome

dataset—MPK6, MPK8, MPK9, and MPK15 (Grobei et al.

2009). Two of these (MPK8, and MPK15) were shown to

be phosphorylated at the TDY motif (Mayank et al. 2012).

However, their exact roles during male gametophyte

development are not yet clear. The other motif over-rep-

resented in the Arabidopsis phosphoproteomic data set was

a basophilic motif RxxS*xx, that is recognized by CaM-

dependent protein kinase family (Lee et al. 2011). In pol-

len, three calmodulin protein kinases were identified

(Honys and Twell 2003), one of which was present also in

the pollen proteome and phosphoproteome (Grobei et al.

2009; Mayank et al. 2012). The kinases can also be func-

tionally studied but this is intricate due to the complexity of

protein kinases. However, a double homozygous mutant of

two AGC protein kinases showed defects in pollen tube

growth and their competitiveness but not in a full pene-

trance (Zhang et al. 2009); however, the connecting link

with the signaling pathways is still missing.

Pollen tube guidance: show me the way

As the pollen tube grows through the pistil tissues, it is

guided towards ovules to ensure delivery of two non-motile

sperm cells for double fertilization. The guidance process

involves both mechanical/physical orientation and che-

motropic guidance of the pollen tube by the female

reproductive tissues. The physical guidance is attributed to

the organization of transmitting tract tissues (TT) as well as

its secreted compounds. Some of the identified secreted

compounds include sulfinylated azadecalin (S-azadecalin;

Qin et al. 2011), c-aminobutyric acid (GABA; Ling et al.

2013; Palanivelu et al. 2003; Yu et al. 2014), brassinos-

teroids (Vogler et al. 2014), as well as other hormones and

metabolites that direct pollen tube growth towards the

ovule. Whereas the chemotropic guidance is associated

with secreted signals by the attractant (the ovules) either

pre-laid along the pollen tube path towards micropylar

entry or intensively secreted as diffusible signals ensuring

successful ovule targeting by the pollen tube (Heslop-

Harrison 1987; Heslop-Harrison and Heslop-Harrison

1986; Mascarenhas and Machlis 1962). The majority of

these signals constitute small secreted peptides predomi-

nantly of the defensin-like cysteine rich subfamily (DEFL)

secreted from the egg apparatus (reviewed by Bleckmann

et al. 2014; Higashiyama 2015). Additionally, fail-safe

mechanisms exist whereby undegenerated female synergid

cell persist to attract additional pollen tube in a case of

failed fertilization by the first pollen tube and ensure

double fertilization of the female gametes (Kasahara et al.

2012).

This chapter will discuss (1) secreted peptides by the

female reproductive tissues with role in pollen tube

attraction, (2) factors of the pollen tube that could perceive

female guidance signals directly or indirectly, (3) a brief

discussion and transcriptomic analysis of the Arabidopsis

DEFL subfamily, cysteine-rich receptor protein kinases

(CRKs) and GPI-anchored proteins in Arabidopsis as

potential factors likely to be involved in ovular attraction,

signal perception and pollen tube guidance. Recent com-

prehensive reviews on pollen tube guidance are available,

see Bleckmann et al. (2014) and Higashiyama (2015).

Ovular secreted peptides for pollen tube attraction

After successful pollination and penetration through the

stigma, a compatible pollen tube grows through the

extracellular matrix of the transmitting tract tissues with

the aid of female guidance signals to reach and fertilize the

female gametes (Maheshwari 1950; Yadegari and Drews

2004). This cell–cell communication has emerged as an

important bottleneck for unfavourable fertilization and as a

pre-zygotic barrier for interspecies hybridization. Tech-

niques involving the use of single-cell laser ablation, use of

genetic mutants and high-throughput genomic approaches

such as tissue-specific transcriptomic studies have identi-

fied various transmitting tract and ovular secreted peptides
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involved in pollen-pistil interactions and as ovular attrac-

tants with conserved roles across plant species (Márton

et al. 2012; Okuda et al. 2009; Takeuchi and Higashiyama

2011). Among them are Arabinogalactan proteins, cys-

teine-rich polypeptides (CRP), defensin-like proteins

(DEFL), S-RNases, transmitting tissue-specific proteins

(TTS), class III pistil extensin-like proteins (PELPIII) and

lipid transfer proteins (LTP) (Chae and Lord 2011; Dres-

selhaus and Franklin-Tong 2013; Hamamura et al. 2011).

Characterisation and the continuous search for ovular

secreted pollen tube attractants have spearheaded better

understanding of the molecular dialogue during pollen

tube-ovular attraction and successful fertilization.

To exit the transmitting tract and reorient towards target

ovules, pollen tubes are attracted by secreted signals

directly derived from the ovules. Genetic evidence have

shown that functional female gametophyte plays an

essential role in pollen tube attraction towards the ovule

(Hulskamp et al. 1995; Ray et al. 1997; Shimizu and Okada

2000) by the secretion of ovular attractants (reviewed in

Bleckmann et al. 2014; Higashiyama 2015). The ovular

attractants for pollen tube guidance identified so far include

LURE proteins from Torenia and Arabidopsis and ZmEA1

from maize. LURE proteins are short antifungal/antimi-

crobial polypeptides (typically 50–100 amino acids)

belonging to the defensin-like subfamily of cysteine rich

proteins first identified as secreted in Torenia fourieri

synergid cells and termed LURE1 and LURE2 (Okuda

et al. 2009). Through orthologous protein searches, other

LURE proteins were identified in Torenia concolor,

TcCRP1 (Kanaoka et al. 2011) and in Arabidopsis thaliana

(AtLURE1.1–1.6) and Arabidopsis lyrata (AlLURE1.1–

1.10) (Takeuchi and Higashiyama 2012). All LURE pro-

teins were shown to be expressed and secreted by the

synergid cells. Using semi in vitro assay and microfluidic

device techniques (Agudelo et al. 2013; Arata and Higa-

shiyama 2014; Horade et al. 2013; Sanati Nezhad et al.

2014), TfLURE1/2 and AtLURE1 proteins were confirmed

as pollen tube attractants with long-range activities in a

species-preferential manner (Horade et al. 2013). Antisense

knockdown of TfLURE1 or TfLURE2 abolished pollen

tube attraction and fertilization in Torenia fourieri (Okuda

et al. 2009). Intriguingly, these identified LURE proteins

are capable of cross-species activities and are sufficient to

attract pollen tubes of distantly related species. This was

elegantly demonstrated by the successful attraction and

embryo sac entry of Arabidopsis pollen tubes by Torenia

fourieri ovules expressing AtLURE1.2 peptides (Takeuchi

and Higashiyama 2012). The range at which the LURE

proteins are perceived by the approaching pollen tube is

still unclear (see below).

Similar to LURE proteins, Zea mays egg apparatus 1

protein (ZmEA1), plays an essential role in pollen tube

ovular attraction (Fig. 3a) (Márton et al. 2005, 2012).

ZmEA1 belongs to EAL family and is expressed in the egg

apparatus predominantly in the synergid cells. ZmEA1 is

specific to monocots. Heterologous expression of ZmEA1

in Arabidopsis ovules is sufficient to attract maize pollen

tubes to the micropylar entry (Márton et al. 2005). These

findings demonstrate that ovular secreted attractants are

likely candidates to impose interspecific prezygotic barriers

during pollen tube guidance.

One unresolved aspect of this cell–cell crosstalk event is

the range at which the ovular attractants travel and are

perceived by the pollen tubes. Clearly, the intercellular

growth of the pollen tubes in transmitting tract happens

basipetally and predominantly involves mechanical guid-

ance by the female sporophytic tissues (Heslop-Harrison

1987; Heslop-Harrison and Heslop-Harrison 1986). Later,

Sanders and Lord proposed the model that the pollen tubes

are effectively dragged down the transmitting tract through

interaction with the extracellular matrix of the transmitting

tract tissues (Hulskamp et al. 1995; Sanders and Lord 1989,

1992). In lily and Torenia species, germinating pollen

tubes emerge from opposite ends of the cut style (distal or

proximal) or at both ends of cut style when germinated

from a cut slit at the middle of the style (Higashiyama

2015). All above findings emphasise that mechanical

guidance predominate intercellular pollen tube growth

within the transmitting tract. Thereafter, deviation of the

pollen tubes from the transmitting tract tissues onto the

surface of the septum towards the target ovule requires

additional independent signals (Schwemmie 1968). Pre-

cisely, this turning point marks the end of mechanical

guidance and the beginning of ovular chemotropic attrac-

tion. Isolated sporophytic genetic mutations specifically

affecting female gametogenesis (but not the sporophytic

tissues) at various developmental stages are known to

significantly reduce pollen tube-ovule targeting success

including pollen tube emergence onto the surface of the

septum (Hulskamp et al. 1995; Ray et al. 1997; Shimizu

and Okada 2000). In support, secreted AtLURE1 peptides

are detectable beyond the micropylar, at the surface of

funiculus and septum (Higashiyama 2010, 2015), sug-

gesting their likely involvement in pre-ovular guidance.

Together, these results support the notion that ovular

secreted peptides could have a long attraction/guidance

range. Intuitively, it could be predicted that mutants

affecting protein secretion in ovules would consequently

impact on pollen tube guidance and attraction. Therefore, it

is of great importance to further resolve the range through

which ovular attraction signals operate and whether the

transport of these signals involves diffusion or specific

carrier molecules such as nanovesicles, carbohydrates

moieties and/or encapsulated lipid molecules to reach their

target cells, the pollen tube.
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Perception of female guidance signals by the pollen

tube

Although to date there has not been a direct demonstration

of female-secreted ligands binding to pollen tube surface

receptors, with the exception of AtLURE1 that is indirectly

perceived by LIP1/2 receptor kinases (Liu et al. 2013), the

continuous efforts (including innovated techniques) are

edging closer to reach such resolution of understanding.

Several male mutants have been isolated that are defective

in pollen tube-ovule targeting (reviewed in Bleckmann

et al. 2014; Higashiyama 2015). Intriguingly, they include

genes involved in cellular homeostasis, actin dynamics and

those encoding membrane- and surface-anchored receptors.

Among them is Arabidopsis LOST IN POLLEN TUBE

GUIDANCE 1 (LIP1) and LIP2. LIP1 and LIP2 are pollen-

expressed membrane-anchored receptor-like kinases with-

out extracellular domains and localize beneath the mem-

brane at the pollen tube tip (Liu et al. 2013). Simultaneous

knockdown of LIP1 and LIP2 results in reduced pollen

tube ovule targeting ability and reduced attraction towards

synthetic AtLURE1.2 peptides. This observation suggests

an indirect perception of LURE ovular attractants by LIP1

and LIP2 pollen tube surface receptor proteins (Liu et al.

2013). Another pollen tube receptor identified is COBRA-

LIKE 10 (COBL10). COBL10 is a GPI-anchored protein

that localizes at the pollen tube tip through its C-terminal

GPI-anchor sequence and is involved in the deposition of

Fig. 3 Empirical model of pollen tube-pistil/ovule crosstalk. a A

peptidome perspective of cell–cell communication during pollen

tube-ovular guidance showing known and predicted secreted

molecules involved. b, c Expression profile of Arabidopsis cysteine-

rich polypeptide family proteins of \150 aa’s and predicted GPI-

anchored proteins outsourced from the UniProtKB and UniRef100

databases. LSP’s are pollen tube Leaderless secreted proteins (without

N-terminal signal peptide) that could be secreted via nanovesicles

exosomes
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apical pectin cap, cellulose microfibrils and functions in

pollen tube guidance (Li et al. 2013). Its knock-out results

in defects in ovule targeting that mimics those of abnormal

pollen tube guidance1 (aptg1), seth1 and seth2 knockdown

mutants which all are involved in GPI biosynthetic path-

way. These results suggest that GPI-mediated membrane

anchoring of COBL10 is essential for pollen tube guidance

(Li et al. 2013). Perception of ovular attraction signals by

the pollen tube also involved proteins with a structural role.

MICROTUBULE ASSOCIATE PROTEIN 18 (MAP18)

and MICROTUBULE-DESTABILIZING PROTEIN 25

(MDP25), both possess actin filament severing activity and

their mutants lack competence in perceiving ovule attrac-

tion signals but show normal pollen tube growth (Qin et al.

2014; Zhu et al. 2013). It is surprising that map18 and

mdp25 mutants do not show defects in pollen tube growth

as previously reported for other proteins involved in actin

organization (Guan et al. 2013). Here they demonstrate that

actin dynamics plays an exclusive role in directing the

pollen tube towards the ovules (Higashiyama 2015). Two

pollen tube potassium transporters, CHX21 and CHX23,

were also identified as essential factors for pollen tube

competence in ovule targeting (Lu et al. 2011). They are

likely to regulate cytosolic cation dynamics rendering

pollen tube competence in response to ovular attractants.

Similar to secretion of ovular attractant peptides, pollen

tube protein secretion and protein folding are also likely to

play an important role in pollen tube competence to per-

ceive ovular attractants (Hafidh, Potěšil, Fı́la, Čapková,

Zdráhal and Honys, unpublished). This was demonstrated

for ER-localized POLLEN DEFECTIVE IN GUIDANCE

1 (POD1) protein, since pod1 mutant pollen tubes were

incompetent in ovular attraction response (Li et al. 2011).

These findings suggests that ER-protein folding and likely

secretion of membrane-associated and extracellular pro-

teins from the ER are critical for pollen tube responsive-

ness towards female guidance signals. Moreover, genes

involved in regulating secretory pathways are also likely to

be essential in pollen tube guidance.

Similar to ovule-secreted peptides, the range of activi-

ties for pollen tube-secreted peptides also needs to be

addressed. Cysteine-rich family protein LAT52 and Lipid

transfer family protein LTP5 are the only known pollen

tube-secreted ligand proteins that are perceived by pollen

tube receptor like kinase, PRK2 (Zhao et al. 2013). Once

secreted, LAT52 and LTP5 are believed to participate in an

autocrine signalling involving RopGEFs to control polar

tip growth of the pollen tube (Fig. 3a). It is not known

whether LAT52 and LTP5 act as ligands to female recep-

tors during pollen tube-pistil interaction. Furthermore,

discovery of other pollen tube secreted proteins/peptides

was hampered by the inaccessibility of the pollen tube

‘‘secretome’’ within the transmitting tract, however, current

developed techniques offer a compromised access to such

molecules and have a potential to speed up the discovery of

the pollen tube ‘‘peptidome’’ (Hafidh et al. 2014). The

challenge ahead is to demonstrate the range of activities for

LAT52, LTP5 and other pollen tube secreted peptides/

proteins and how these secreted peptides reach their target

receptors. An empirical model would be that short range

intercellular signals might reach their targets by diffusion

whereas long-range intercellular signals could be encap-

sulated within ‘‘carrier organelles/molecules’’ such as lipid

bilayer capsules or secreted nanovesicles/exosomes (Prado

et al. 2014) and either taken up or released by endocytosis

upon contact with the target cell (Fig. 3a). With application

of techniques such as microfluidic devices with live cell

imaging capabilities (Cheung et al. 2010; Horade et al.

2013; Rotman et al. 2003; Uebler and Dresselhaus 2014),

the intercellular dialogue between pollen tube ovular signal

perception and ovular attraction will gain resolution to the

molecular level and increase better understanding of the

fertilization process and prezygotic interspecific barriers of

flowering plants.

Cysteine-rich polypeptides and GPI-anchored

proteins predicted as secreted in Arabidopsis

Ovular attractants that have been identified to date belong

to the defensin-like DEFL subfamily of the cysteine-rich

polypeptide group of proteins. The CRP proteins are pre-

sent as isoforms and paralogs across species, whereas

others are species-specific defensin-like proteins (Márton

et al. 2005, 2012; Takeuchi and Higashiyama 2012). It is

likely that other members of this family play an essential

role in pollen tube guidance. We have surveyed the Ara-

bidopsis genome using the proteome data from UniProt

repository (http://www.uniprot.org/) and selected annotated

CRP family peptides of\150 amino acids that were pre-

dicted as secreted (Supplementary Table 2). Transcrip-

tomic analysis of publicly deposited dataset (Dupl’áková

et al. 2007; Hruz et al. 2008) followed by phylogenic

classification using Eucledian distance algorithms and

optimal leaf ordering based on co-expression and similar

vector branching, highlighted two main groups of DEFL-

like proteins and a small subset of ‘‘plant cysteine-rich

small secretory family’’ of proteins (Fig. 3b). DEFL-like

group I consisted of defensin-like peptides that showed

consistent expression in male and female reproductive

tissues but more strongly in pollen grains than in ovary

(Fig. 3b). The DEFL-like group II on the other hand, dis-

played more variable expression patterns with much

stronger expression in the female gametophyte and in

dissected endospem (Fig. 3b). The subgroup of plant cys-

teine-rich small secretory family constituted exclusively of

EPIDERMAL patterning factor-like proteins (EPFL).
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EPFL‘s are\50 aa secreted peptides within the mesophyll

cells and are known to increase stomatal formation through

positive and negative protein–protein interaction and likely

through their interaction with receptor-like proteins such as

TMM receptor kinases (Lee et al. 2015). Their expression

is uniform throughout plant development (Fig. 3b). Whe-

ther EPFL plays role also in pollen tube guidance remains

to be demonstrated.

Another noteworthy subfamily is CRKs, cysteine-rich

receptor-like kinases. CRKs are not secreted to the extra-

cellular matrix but reside on the membrane with a single-

pass transmembrane helix (Supplementary Table 2) and are

likely to function as receptors for secreted ligands during

pollen tube guidance. For majority, their expression in

several plant tissues is also constitutive and shows no

prominent specificity in particular tissues (Supplementary

Fig.S1). However, five CRK genes showed exceptional

profile; CRK42 (AT5G40380), CRK17 (AT4G23250),

CRK33 (AT4G11490), CRK43 (AT4G28670) and CRK1

(AT1G19090), all appeared to be exclusively enriched in

pollen and in sperm cells compared to any other tissues

(Fig. S1). Their pattern hint towards possible role in

kinase-mediated signalling in pollen tubes and in sperm

cells during pollen-pistil interaction and during fertiliza-

tion. To date, only one example of possible ligand-receptor

interaction, LIP1/2–LUREs, has been reported (Li et al.

2013). Embedment of CRKs within the membrane places

them as potential receptors that could link and transduce

signals from cell surface receptors (such as GPI-anchored

proteins, example COBL10) to inner receptors such as

LIP1 and LIP2 (Fig. 3a). Therefore, understanding the role

of these CRKs will pave way in the understanding the

cascades of signal transduction during male–female cross-

talk.

Similarly, GPI-anchored proteins are among the gene

families identified as regulators of pollen tube guidance and

reception. LLG1, a Lorelei-like GPI-anchored protein is

expressed exclusively in synergid cells and could perceive

signals secreted by the approaching pollen tube (Capron

et al. 2008). Knockdown of LLG1 severely perturbs pollen

tube reception resulting in pollen tube overgrowth, defec-

tive sperm cell release and embryo development (Capron

et al. 2008; Tsukamoto et al. 2010). In pollen tubes,

COBRA-like 10, is expressed and localized at the pollen

tube tip through its C-terminal GPI-anchor (Li et al. 2013).

Knockdown of CBL10 results in defects in pollen tube

growth and ovule targeting. In mammals, GPI-anchored

proteins are commonly deployed as cell sensors during cell–

cell communications including during egg-sperm cell

recognition. We have analysed expression of annotated

secreted Arabidopsis GPI-anchored proteins in several tis-

sues as potential candidate transient receptors during pol-

len-pistil interaction and pollen tube-ovule targeting

(Supplementary Table 3). The majority showed a general

widespread expression pattern in all tissues including the

gametophytes with the exception of COBL9 (AT5G49270),

COBL8 (AT3G16860), COBL10 (AT3G20580), LLG3

(AT4G28280) and COBL11 (AT4G27110), which showed

significantly higher expression levels in stamens, pollen

grains and in sperm cells (Fig. 3c). Of them, only COBL10

has been reported to play critical role in pollen tube growth

and in cell–cell crosstalk during pollen-pistil interaction and

fertilization (Li et al. 2013). GPI-anchored proteins are

likely to function as primary receptors in pollen tube and in

synergid cell and the female gametophyte to perceive

secreted signals. The aforementioned genes (as well as

others on Table 3) are worth a detailed investigation to

establish their role in pollen tube signal perception during

male–female signaling and fertilization.

Termination of pollen tube guidance and attraction

Once the pollen tube successfully entered the embryo sac

and released the two sperm cells, gamete fusions (both

plasmogamy and karyogamy) of sperm cells with the egg

cell and the central cells mark the end of pollen tube

guidance and an ovule stops attracting any additional pol-

len tubes. This is preceeded with induced programme cell

death of the persistent synergid cell approximately 20 h

post pollination (Beale et al. 2012). If plasmogamy or

karyogamy fails with the first pollen tube, the persistent

synergid cell is reactivated to attract additional pollen tubes

and ensure double fertilization of both female gametes. Up

to three pollen tubes can be attracted by a single ovule

(Kasahara et al. 2012; Williams 2009). This phenomena is

termed polytubey and ensures fertilization recovery.

Polytubey can also lead to hetero-fertilization where male

gametes involved in the fertilization are delivered by dif-

ferent pollen tubes (Maruyama et al. 2013). Ovule mutants

defective in micropylar guidance such as myb98 (Kasahara

et al. 2005), magatama (Shimizu and Okada 2000), and

central cell guidance (Chen et al. 2007), or those defective

in pollen tube reception, such as feronia/sirene (Huck et al.

2003; Rotman et al. 2003) and lorelei (Capron et al. 2008;

Tsukamoto et al. 2010), all show the polytubey phenotype.

Similarly, male components that are required for gamete

fusion and fertilization such as GENERATIVE CELL

SPECIFIC 1/HAPLESS 2 (GCS1/HAP2) which encodes a

sperm cell plasma membrane protein and required for

gamete fusion (Mori et al. 2005; von Besser et al. 2006),

cdka;1 (Hamamura et al. 2012), duo1, duo3 (Beale et al.

2012; Kasahara et al. 2012) and kokopeli (Hamamura et al.

2012), which are all defective in producing two competent

sperm cells, also display polytubey phenotypes suggesting

that a cessation of pollen tube attraction is a direct con-

sequence of the double fertilization event. For ovules that
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have undergone successful fertilization, ethylene signalling

is induced by ER localized ETHYLENE-INSENSITIVE 2

and 3 (EIN2 and EIN3) and perceived by the remaining

synergid cell (Völz et al. 2013). Ethylene perception

induces programmed cell death of the synergid cell and

marks the end of pollen tube attraction and beginning of

embryogenesis.

Conclusion

Unlike animals, the specification of specialized cells that

give rise to gametes (the germline) happens much later and

repeatedly during plant development. In angiosperms, the

male gametogenesis takes place through coordinated

activities of both gametophytic and sporophytic tissues and

involves widespread dynamic changes in gene expression.

Shed pollen grains constitute a vegetative cell (that forms a

pollen tube and delivers two sperm cells for fertilization)

and either undivided germ cell (bicellular species) or with

two sperm cells (tricellular species). This process is

underpinned by two successive cell divisions accompanied

by morphological and physiological differentiation of both

cell types (reviewed by Berger and Twell 2011). Tremen-

dous efforts including genetic and transcriptomic approa-

ches has led to the isolation of several mutants whose gene

function regulates several steps of the male gametogenesis

(reviewed by Borg et al. 2011). This has provided better

understanding of male sterility and can be used to manip-

ulate and improve male fitness.

A plethora of processes also regulates pollen tube

growth, guidance competence and reception by the target

ovule. They include posttranscriptional regulation (in-

cluding mass transcript storage) and posttranslational

modifications such as phosphorylation to modulate protein

function, intracellular metabolic signalling, ionic gradients

such as Ca2? and H? ions, cell wall synthesis, protein

secretion and intercellular signalling with the female

reproductive tissues. Mechanisms regulating many of the

above mentioned processes are being unravelled (re-

viewed by Dresselhaus and Franklin-Tong 2013). Current

efforts have seen a big leap in the understanding of pollen

tube guidance and ovular attraction with potential in

understanding interspecies hybridization barriers (re-

viewed by Higashiyama 2015). Future challenges include

the identification of other pollen tube guidance factors

secreted from the female reproductive tissues, particularly

those involved in ovular guidance. Equally critical, male

factors involved in perceiving female guidance signals,

including secreted receptors and ligands, will pave the

way to better understanding of cell–cell communication

between male and female gametophytes during pollen

tube guidance and fertilization. Innovative techniques

including microfluidic devices and live cell imaging will

spearhead the discovery of molecules critical for fertil-

ization, understanding pollen tube response towards

female attraction signals as well as establish the range of

activities through which female and male signalling

molecules can be perceived by their target cell. Not to be

underestimated, transcriptional approaches still offer a

powerful tool to isolate such molecules and aid in the

breakthroughs to understand mechanisms governing

gametogenesis, fertilization and seed set.
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pollen tube journey in the pistil and imaging the in vivo process

by two-photon microscopy. J Exp Bot 61:1907–1915. doi:10.

1093/jxb/erq062

Choudhary P, Saha P, Ray T, Tang Y, Yang D, Cannon MC (2015)

EXTENSIN18 is required for full male fertility as well as normal

vegetative growth in Arabidopsis. Front Plant Sci 6:553. doi:10.

3389/fpls.2015.00553

de Graaf BHJ, Cheung AY, Andreyeva T, Levasseur K, Kieliszewski

M, Wu HM (2005) Rab11 GTPase-regulated membrane traf-

ficking is crucial for tip-focused pollen tube growth in tobacco.

Plant Cell 17:2564–2579. doi:10.1105/tpc.105.033183

De Storme N, Geelen D (2013) Cytokinesis in plant male meiosis.

Plant Signal Behav 8:e23394. doi:10.4161/psb.23394

Dobritsa AA, Coerper D (2012) The novel plant protein INAPER-

TURATE POLLEN1 marks distinct cellular domains and

controls formation of apertures in the Arabidopsis pollen exine.

Plant Cell 24:4452–4464. doi:10.1105/tpc.112.101220

Dobritsa AA, Shrestha J, Morant M, Pinot F, Matsuno M, Swanson R,

Moller BL, Preuss D (2009) CYP704B1 is a long-chain fatty

acid omega-hydroxylase essential for sporopollenin synthesis in

pollen of Arabidopsis. Plant Physiol 151:574–589. doi:10.1104/

pp.109.144469

Dobritsa AA, Lei Z, Nishikawa S, Urbanczyk-Wochniak E, Huhman

DV, Preuss D, Sumner LW (2010) LAP5 and LAP6 encode

anther-specific proteins with similarity to chalcone synthase

essential for pollen exine development in Arabidopsis. Plant

Physiol 153:937–955. doi:10.1104/pp.110.157446

Dobritsa AA, Geanconteri A, Shrestha J, Carlson A, Kooyers N,

Coerper D, Urbanczyk-Wochniak E, Bench BJ, Sumner LW,

Swanson R, Preuss D (2011) A large-scale genetic screen in

Arabidopsis to identify genes involved in pollen exine produc-

tion. Plant Physiol 157:947–970. doi:10.1104/pp.111.179523

Dresselhaus T, Franklin-Tong N (2013) Male–female crosstalk during

pollen germination, tube growth and guidance, and double

fertilization. Mol Plant 6:1018–1036. doi:10.1093/mp/sst061

Dresselhaus T, Sprunck S (2012) Plant fertilization: maximizing

reproductive success. Curr Biol 22:R487–R489. doi:10.1016/j.

cub.2012.04.048

Dunn JD, Reid GE, Bruening ML (2010) Techniques for phospho-

peptide enrichment prior to analysis by mass spectrometry. Mass

Spectrom Rev 29:29–54. doi:10.1002/mas.20219
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