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Abstract

Apertures are specialized regions on the pollen surface that receive little to no exine deposition, forming distinct 
structures important for pollen function. Aperture number, shape, and positions vary widely across species, resulting 
in diverse, species-specific patterns that make apertures fascinating from both cell biological and evolutionary per
spectives. Aperture formation requires developing pollen to establish polarity and define specific regions of the plasma 
membrane as aperture domains. In the decade or so since the discovery of the first aperture factor, INAPERTURATE 
POLLEN1 (INP1), pollen apertures have become a powerful model for investigating how cells form distinct plasma 
membrane domains. Recent studies in Arabidopsis and rice, two species with contrasting aperture patterns, have 
identified key molecular players that regulate aperture domain specification and development. In this review, we sum
marize these advances and discuss directions for future studies on the molecular mechanisms controlling aperture 
formation.

Keywords: Aperture, aperture factor, callose wall, cell polarity, exine, microspore, pattern formation, plasma membrane domain, 
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Introduction  

Pollen grains, the male gametophytes of flowering plants, are 
enclosed in a specialized cell wall, the exine. Certain regions 
of the pollen surface receive little or no exine deposition, de
veloping into pollen apertures (Zhou and Dobritsa, 2019). 
Apertures serve as portals for pollen tube emergence and 
water flux, and provide structural flexibility for pollen 
volume changes during desiccation and hydration (Heslop- 
Harrison, 1979a; Katifori et al., 2010; Vieira and Feijó, 2016; 
Wang and Dobritsa, 2018).

Apertures vary in their numbers, positions and morpholo
gies, creating striking patterns on the pollen surface (Furness 
and Rudall, 2004). While usually conserved within a species, 

aperture patterns can differ dramatically between species, sug
gesting that the mechanisms underlying their formation are ro
bust, yet evolutionarily flexible (Zhou and Dobritsa, 2019). 
The two most typical aperture patterns are seen in the model 
dicot Arabidopsis thaliana and the model monocot rice (Oryza 
sativa) (Walker et al., 1975; Ressayre et al., 2002). 
Arabidopsis pollen develops three equidistant, longitudinal fur
rows centered at the pollen equator (tricolpate pattern), while 
rice pollen has a single circular pore located at the distal pole 
(monoporate pattern).

Aperture patterns are established during microsporogenesis. 
The first signs appear at the tetrad stage of pollen development, 
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when four microspores—the products of male meiosis—are 
enclosed in a common callose wall. At this stage, the micro
spores form distinct plasma membrane (PM) domains at the fu
ture aperture sites. These domains lack PM undulations and 
stay tightly appressed to the callose wall, preventing primexine, 
the exine precursor, from forming between the PM and the 
callose wall (Dobritsa et al., 2018; Zhang et al., 2020). How 
these domains differ from the rest of the PM, and what mech
anisms determine their number, positions, and morphology in 
different species, are intriguing questions at the intersection of 
cell biology and evolutionary biology. The discovery in 
Arabidopsis, about a decade ago, of the first aperture factor, 
INAPERTURATE POLLEN1 (INP1), which specifically ag
gregates at the aperture domains (Dobritsa and Coerper, 2012), 
established pollen apertures as a model for studying how cells 
develop polarity and form distinct PM domains (Zhou and 
Dobritsa, 2019). In this review, we highlight recent advances 
in uncovering the molecular mechanisms of pollen aperture 
formation in Arabidopsis and rice.

Members of the ELMOD protein family control 
aperture patterns

Although the striking patterns of pollen apertures have long fas
cinated palynologists, evolutionary biologists, and plant physi
ologists, how these patterns are established is still largely 

unknown. Recently, however, three members of the ancient 
ENGULFMENT AND CELL MOTILITY DOMAIN 
(ELMOD) protein family were identified as key regulators of 
aperture patterning (Zhou et al., 2021). A genetic screen in 
Arabidopsis uncovered a mutant, macaron (mcr), producing pol
len with a single ring-like furrow that divides pollen into two 
symmetrical halves (Plourde et al., 2019). This aperture devel
ops through a fusion of two longitudinal domains positioned 
on opposite sides of the pollen grain (Zhou et al., 2021). 
Thus, loss of MCR reduces the number of aperture domains 
from three to two, and changes their positions, without affect
ing domain shape or orientation.

Notably, the reduction in aperture number caused by the mcr 
mutation occurs across different ploidy levels (Plourde et al., 
2019). Ploidy is known to influence aperture numbers, poten
tially by altering gene expression through changes in gene dos
age (Reeder et al., 2016; Plourde et al., 2019). Additionally, 
Arabidopsis plants with elevated MCR levels produce pollen 
with more than three apertures—up to 12 in some cases— 
with aperture number correlating with expression level of 
MCR (Zhou et al., 2021) (Box 1A). These findings suggest 
that MCR expression must be tightly regulated in wild-type 
Arabidopsis to ensure the formation of exactly three apertures, 
and that ploidy-dependent variations in aperture number could 
be due to changes in the dosage of MCR and related genes.

MCR (also known as ELMOD_B) belongs to the ancient 
ELMOD protein family, which includes six members in 

Box 1. Key recent developments in understanding aperture pattern formation

Zhou et al. (2021) demonstrated that three members of the ancient ELMOD protein family influence pollen aperture pat
terning in Arabidopsis. (A) MCR and ELMOD_A act synergistically to promote the formation of furrow-shaped apertures, 
with the number of developing aperture domains being sensitive to the levels of MCR and ELMODA. Wild-type (WT) levels 
of MCR and ELMOD_A produce three apertures, whereas higher or lower levels result in pollen with more or fewer apertures, 
respectively. (B) When overexpressed, ELMOD_E alters aperture number, shape, and position, resulting in the formation of 
supernumerary round apertures. ELMOD_E competes with MCR and ELMOD_A, potentially for the same interactors.
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Arabidopsis: ELMOD_A through ELMOD_F (East et al., 
2012). ELMOD proteins are widespread in the plant kingdom, 
and in angiosperms, cluster into four distinct clades: A/B, C, E, 
and F, named after the corresponding Arabidopsis proteins 
(Zhou et al., 2021). Most angiosperms have at least two genes 
within the A/B clade, suggesting strong evolutionary pressure 
to maintain multiple copies, and highlighting the functional 
importance of this clade. Indeed, Arabidopsis ELMOD_A 
functions partially redundantly with MCR: although its single 
loss-of-function mutants have normal apertures, the mcr elmo
d_a double mutant produces one defective round aperture or 
loses apertures entirely (Zhou et al., 2021). Furthermore, over
expression of ELMOD_A produces pollen with four to six fur
rows. MCR and ELMOD_A, therefore, act synergistically to 
promote the formation of furrow-shaped apertures, with 
MCR playing a more prominent role (Box 1A).

Another member of the ELMOD protein family, 
ELMOD_E, exerts broad influence on aperture patterning 
when overexpressed, affecting aperture number, shape, and 
position (Zhou et al., 2021). Instead of the three longitudinal 
furrows, overexpression of ELMOD_E induces multiple 
round apertures. High MCR levels can suppress ELMOD_E 
activity and vice versa, suggesting that these proteins may com
pete for interactors (Box 1B). The diverse effects of ELMOD 
proteins on aperture patterning, along with their dosage sensi
tivity, raise the hypothesis that interspecific differences in aper
ture patterns may be caused by modulation of ELMODs, their 
effectors, or their upstream regulators. Identifying the regula
tors and interactors of ELMOD proteins will be essential to 
understand how aperture patterns are established.

ELMOD proteins are found across all eukaryotic super
groups, supporting their ancient origin (East et al., 2012). 
Mammalian ELMODs are implicated in diverse processes, in
cluding cell division, microtubule dynamics, ciliogenesis, 
mitochondrial fusion, vesicle trafficking, and PM domain for
mation (Ivanova et al., 2014; Suzuki et al., 2015; Turn et al., 
2020, 2021; Liu et al., 2023). They act as non-canonical 
GTPase-activating proteins (GAPs) for the ADP-ribosylation 
factor (Arf) family of GTPases, including both Arf and 
Arf-like (Arl) proteins (Bowzard et al., 2007; Ivanova et al., 
2014; Turn et al., 2020, 2022).

The biochemical function of plant ELMODs remains un
known. However, a yeast two-hybrid screen identified barley 
ELMOD_C as an interactor of a Rho-of-Plants GTPase- 
activating protein (ROP-GAP) (Hoefle and Hückelhoven, 
2014). ROP GTPases are major regulators of cell polarity 
and domain formation in plants (Yang and Lavagi, 2012; 
Feiguelman et al., 2018; Denninger, 2024), so it remains to 
be seen whether the ELMODs involved in aperture formation 
regulate Arf or ROP GTPases, or participate in some other 
mechanisms. Investigating the biochemical activity and inter
action networks of Arabidopsis ELMODs will be key to under
standing how they contribute to PM domain specification and 
aperture patterning.

Other factors controlling aperture patterns in 
Arabidopsis

The aperture domain-associated protein kinase D6 PROTEIN 
KINASE-LIKE3 (D6PKL3), which acts downstream of MCR, 
and interacts with phosphoinositides enriched at the aperture 
domains, also appears to influence aperture numbers (Lee 
et al., 2018). In transgenic plants overexpressing D6PKL3, 5– 
25% of pollen grains develop more than three apertures, sug
gesting that D6PKL3 may have some effect on aperture 
patterning.

In the doughnut (dnt) mutant, pollen develops two round, 
hole-like apertures relocated from the pollen equator to the 
poles (Plourde et al., 2019). This striking phenotype indicates 
that the DNT gene, whose identity has not yet been reported, 
regulates all aspects of aperture patterning, including aperture 
number, shape, and positions. Characterizing the DNT gene 
and investigating the relationships between ELMODs, 
D6PKL3, and DNT will provide important insights into the 
establishment of aperture patterns.

INP1 and its interacting partners are aperture 
executors

The first identified aperture factor, INAPERTURATE 
POLLEN1 (INP1), is essential for executing steps leading to 
pollen aperture formation. Its disruption results in a complete 
loss of apertures (Dobritsa et al., 2011; Dobritsa and Coerper, 
2012). INP1 contains a single recognizable domain—the plant- 
specific DELAY OF GERMINATION1 (DOG1) domain— 
whose function remains unknown (Marchler-Bauer et al., 
2017). INP1 acts downstream of ELMODs, DNT, and, likely, 
D6PKL3 (Lee et al., 2018; Plourde et al., 2019; Zhou et al., 
2021), and is proposed to assemble at the extracellular side of 
the aperture domains, marking positions of future apertures 
and facilitating, directly or indirectly, close contact of these 
PM domains with the callose wall, which is required for proper 
INP1 localization (Dobritsa et al., 2018).

Despite significant sequence divergence, the role of INP1 as 
a core aperture factor is conserved across angiosperms. 
Disruption of INP1 homologs leads to aperture loss in diverse 
species such as maize (Zea mays), rice, and California poppy 
(Eschscholzia californica) (Li et al., 2018; Zhang et al., 2020; 
Mazuecos-Aguilera et al., 2021). In dioecious grapes (several 
Vitis species and Muscadinia rotundifolia), INP1 is part of the sex- 
determining region in the genome, and carries a conserved 
loss-of-function mutation in female haplotypes, which is be
lieved to cause aperture loss and pollen sterility in female plants 
(Massonnet et al., 2020, 2025). However, INP1 homologs 
from distantly related species cannot substitute for 
Arabidopsis INP1, suggesting that these rapidly evolving pro
teins may require species-specific partners (Li et al., 2018).

Recently, another aperture program executor, INP2, was 
identified as an interacting partner of INP1 (Lee et al., 2021). 
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Box 2. Key recent developments in understanding how aperture domains are converted into apertures

(A) Lee et al. (2021) discovered that the DOG1-domain proteins INP1 and INP2 interact in a species-specific manner to 
execute aperture formation. Recruitment of INP1 to the aperture domains and successful aperture formation occur only in 
Arabidopsis microspores expressing INP1–INP2 pairs from the same species, but not in cross-species combinations. (Top 
left) In wild-type (WT) Arabidopsis, INP1 and INP2 interact, presumably at the aperture domains, resulting in the formation 
of apertures (shown in the oval on the right). (Top right) In the Arabidopsis inp1 mutant, transgenic tomato INP1 (SlINP1) 
fails to interact with Arabidopsis INP2 and does not accumulate at the aperture domains, resulting in the absence of  
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Although not closely related to INP1, INP2 also contains a 
DOG1 domain. Like INP1, INP2 is essential for aperture for
mation, and exhibits similar expression patterns and parallel 
trends of evolutionary divergence. INP1 and INP2 interact 
when both arise from the same species (Arabidopsis or tomato), 
but no interaction occurs between INP1 and INP2 from differ
ent species. Strikingly, tomato SlINP1 and SlINP2 can rescue 
Arabidopsis mutants only when both are expressed, providing 
strong support to the idea that these proteins interact and func
tion as species-specific partners (Lee et al., 2021) (Box 2A).

The mechanism of INP1–INP2 cooperation in aperture for
mation remains unclear, especially since INP2 proved to be 
challenging to visualize, and the biochemical function of these 
proteins is unknown. Since INP1 appears to accumulate on the 
extracellular side of the aperture domains, and requires INP2 
for localization, one possibility is that INP1 interacts with the 
extracellular portion of INP2. The N-terminal transmembrane 
domain of INP2 can act as a PM anchor, to form a protein 
complex that assembles at the outside of the aperture domains 
and facilitates contact with the callose wall (Box 2A). Notably, 
apertures restored by co-expressing tomato INP1 and INP2 in 
Arabidopsis were shorter than those in wild-type Arabidopsis 
or tomato (Lee et al., 2021), suggesting that additional 
species-specific factors may be required for full functionality 
of these proteins.

In rice, OsINP1 also functions as an aperture executor, des
pite sharing only 35% sequence identity with its Arabidopsis 
homolog (Zhang et al., 2020). Its expression pattern, localiza
tion, and the loss-of-aperture phenotype in null mutants close
ly resemble those of Arabidopsis INP1, supporting a conserved 
role (Box 2B). A putative rice homolog of INP2 has also been 
identified, but unlike Arabidopsis INP2, it lacks the predicted 
N-terminal transmembrane domain (Lee et al., 2021). It 

remains to be determined whether OsINP2 participates in 
aperture formation and acts as a species-specific partner of 
OsINP1.

A newly discovered OsINP1 interactor, STRUBBELIG- 
RECEPTOR FAMILY 8 (OsSRF8), also called APERTURE 
MISSING1 (OsAM1), has further expanded the network of 
rice aperture proteins (Chen et al., 2024; Zhang et al., 2024). 
Like OsINP1, OsSRF8 accumulates at the distal poles of tetrad- 
stage microspores, marking future aperture sites. Loss of OsSRF8 
leads to the complete absence of apertures (Box 2B). OsSRF8 
belongs to the leucine-rich repeat receptor-like kinase superfam
ily, and its extracellular domain portion interacts with OsINP1. 
Importantly, members of the STRUBBELIG family, including 
OsSRF8, lack the conserved residues necessary for kinase activ
ity, and are thought to function as membrane-spanning scaffold 
proteins, rather than active kinases (Chevalier et al., 2005; 
Eyüboglu et al., 2007; Vaddepalli et al., 2011; Chen et al., 
2024; Zhang et al., 2024).

Genetic evidence suggests that OsSRF8 acts downstream of 
OsINP1: OsINP1 localizes normally to the aperture domain in 
ossrf8/osam1 mutants, but OsSRF8 fails to localize correctly in 
osinp1 mutants (Chen et al., 2024; Zhang et al., 2024), suggest
ing that OsINP1 recruits OsSRF8 to the aperture domain 
(Box 2B). How these proteins cooperate to execute pollen 
aperture formation remains unknown. Notably, two other 
STRUBBELIG-receptor family members, STRUBBELIG 
(SUB) and SRF3 from Arabidopsis, have been implicated in 
callose accumulation and the regulation of callose synthases 
(Chaudhary et al., 2020; Platre et al., 2022). Therefore, it is 
worth investigating whether OsSRF8 also associates with the 
callose wall, either through direct binding to callose/ 
callose-associated proteins, or by modulating callose biosyn
thesis or deposition. This could help explain how the 

Box 2. Continued.

apertures. (Bottom left) In the Arabidopsis inp2 mutant, transgenic tomato INP2 (SlINP2) likewise fails to interact with 
Arabidopsis INP1, also preventing aperture formation. (Bottom right) When SlINP1 and SlINP2 are co-expressed in 
Arabidopsis double mutants, SlINP1 is recruited to the aperture domains and apertures are partially restored.

(B) Zhang et al. (2020) demonstrated that rice OsINP1, like its Arabidopsis homolog, is essential for aperture formation. 
They also identified the aperture decorator OsDAF1, whose disruption leads to the loss of annulus, and showed that 
OsDAF1 is recruited to the aperture PM domain via interaction with OsINP1. Chen et al. (2024) and Zhang et al. (2024)
demonstrated that OsSRF8 is another aperture executor that acts downstream of OsINP1 and directly interacts with it 
at the aperture PM domain. This complex subsequently recruits OsDAF1 to this domain to promote annulus formation. 
(Top left) In WT microspores, OsINP1, OsSRF8, and OsDAF1 localize to the single ring-like domain, leading to the forma
tion of a pore-like aperture with annulus (An) and operculum (Op). (Top right) In the osinp1 mutant, the aperture fails to 
develop, and OsSRF8 and OsDAF1 do not assemble at the aperture domain. (Bottom left) In the ossrf8 mutant, the aper
ture fails to develop; OsINP1 still localizes normally to the aperture domain, while OsDAF1 localization is reduced. (Bottom 
right) In the absence of OsDAF1, the annulus fails to form, even though both OsINP1 and OsSRF8 still assemble at the 
aperture domain.
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OsSRF8–OsINP1 complex prevents primexine formation and 
exine deposition at aperture sites. Whether this interaction is 
species-specific is another intriguing question for future 
research.

Aperture decorators in rice

Compared with Arabidopsis, pollen apertures of rice and other 
grasses are more complex and exhibit unique structural fea
tures, including the operculum, annulus, fibrillar-granular 
layer, and Zwischenkörper layer (Christensen and Horner Jr., 
1974; El-Ghazaly and Jensen, 1986; Banks, 2003; Zhang 
et al., 2020). The operculum is a circular region of exine in 
the center of the aperture, bordered by the annulus—a ring 
of thickened, elevated exine. Just beneath the operculum lie 
two structurally distinct layers, which provide support to 
the operculum: the fibrillar-granular layer and the 
Zwischenkörper layer (El-Ghazaly and Jensen, 1986). The an
nulus and the operculum begin developing after the release of 

young microspores from tetrads, followed by the formation of 
the fibrillar-granular layer and the Zwischenkörper layer 
(El-Ghazaly and Jensen, 1986; Zhang et al., 2020). However, 
the molecular mechanisms underlying the formation of these 
specialized features of apertures remain poorly understood. 
Below, we describe three recently discovered molecular com
ponents, which we call aperture decorators, involved in the 
formation of these features in rice.

The first identified aperture decorator is DEFECTIVE IN 
APERTURE FORMATION1 (OsDAF1), a lectin receptor- 
like kinase, also known as OsLecRK-S.7, OsLecRK5, and 
ABNORMAL POLLEN1 (AP1) (Peng et al., 2020; Wang 
et al., 2020; Zhang et al., 2020; He et al., 2021). Loss of 
OsDAF1 results in pores lacking the annulus. Like the aperture 
executors OsINP1 and OsSRF8, OsDAF1 is initially distrib
uted diffusely in the cytoplasm and uniformly in the PM, but 
during the late tetrad stage, it assembles at the PM into a small 
ring that marks the future aperture site (Zhang et al., 2020). The 
similar localization of OsDAF1, OsINP1, and OsSRF8 

Fig. 1. Proposed working model of the aperture formation pathway. In microspore mother cells (MMCs), aperture pattering factors (such as Arabidopsis 
MCR, ELMOD_A, ELMOD_E, DNT, and D6PKL3), aperture executors (INP1–INP2 in Arabidopsis, OsINP1–OsSRF8 in rice), and rice aperture decorator 
OsDAF1 begin to be expressed. Guided by as-yet-unknown spatiotemporal cues, patterning factors directly or indirectly define polarity sites and specify 
certain PM regions as aperture domains, thereby determining the aperture patterns of mature pollen. These domains subsequently recruit domain feature 
creators, like D6PKL3 and phosphoinositides, which help establish distinct membrane properties that, in turn, attract aperture executors. At the tetrad stage, 
the executors INP1 and INP2 in Arabidopsis, and OsINP1 and OsSRF8 in rice, form complexes that assemble on the extracellular surface of the aperture PM 
domains, and create a structural bridge tethering these PM regions to the overlying callose wall. This tethering prevents primexine formation and exine 
deposition at the aperture domains, allowing apertures to form. In rice, apertures possess additional specialized structures, including the annulus (An), 
operculum (Op), fibrillar-granular layer, and Zwischenkörper layer. The executors OsINP1and OsSRF8 recruit the aperture decorators, OsDAF1 and 
OsPAD1, which contribute to the formation of these structural features.
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suggests they may function together. Indeed, OsDAF1 physic
ally interacts with both OsINP1 and OsSRF8. Notably, the 
correct localization of OsDAF1 depends strongly on OsINP1 
and, to a lesser extent, on OsSRF8, while neither executor de
pends on OsDAF1 for their localization. This indicates that the 
aperture decorator OsDAF1 acts downstream of OsINP1 and 
OsSRF8, and these proteins may recruit OsDAF1 to aperture 
sites to promote annulus formation (Chen et al., 2024; Zhang 
et al., 2024) (Box 2B).

However, the interactions among OsDAF1, OsSRF8, and 
OsINP1 are somewhat complex (Zhang et al., 2020, 2024; 
Chen et al., 2024). Like OsSRF8, OsDAF1 contains an extra
cellular domain, a single transmembrane domain, and an intra
cellular kinase domain. As expected, the extracellular region of 
OsSRF8 interacts with OsINP1, while its intracellular kinase 
domain interacts with that of OsDAF1. Surprisingly, 
OsINP1 also interacts directly with the intracellular kinase do
main of OsDAF1, raising questions about whether OsINP1 lo
calizes to the extracellular or intracellular side of the PM. In 
Arabidopsis, INP1 has been shown to associate with both the 
PM and callose wall in plasmolyzed tetrads, supporting the 
view of its extracellular localization (Dobritsa et al., 2018). 
However, in rice, OsINP1 may interact transiently with the 
intracellular domain of OsDAF1 during its trafficking. 
Alternatively, OsINP1 may possess an unrecognized trans
membrane domain, allowing it to span the membrane and 
interact with both extracellular and intracellular partners.

Interestingly, OsDAF1—under the names of OsLecRK5 
and AP1—was also shown to interact with, and phosphorylate 
the UDP-glucose pyrophosphorylases OsUGP1 and OsUGP2 
(Wang et al., 2020; He et al., 2021), enzymes involved in the 
biosynthesis of several cell wall polysaccharides, including cal
lose (Chen et al., 2007). In Arabidopsis, the presence of the cal
lose wall is essential for aperture formation and proper 
localization of INP1 (Dobritsa et al., 2018). In several other 
species, aperture sites correlate with the positions of so-called 
callose plugs or additional callose deposits formed by micro
spores at the tetrad stage (Prieu et al., 2017). This raises the in
triguing possibility that annulus formation in rice may require 
the synthesis of additional callose, potentially triggered by 
OsDAF1-mediated signaling.

Loss of the annulus is also seen in rice mutants lacking 
DEFECTIVE EXINE AND APERTURE PATTERNING1 
(DEAP1), a fasciclin-like arabinogalactan (FLA) protein (Zhou 
et al., 2022). DEAP1 is a PM-associated protein with a 
C-terminal glycosylphosphatidylinositol (GPI)-anchor essential 
for attaching the protein to the extracellular side of the PM. 
Although localization of DEAP1 to the aperture site has not 
yet been demonstrated, several FLAs are known to mediate 
PM–cell wall interactions (Seifert, 2018), raising the possibility 
that DEAP1 facilitates connections between aperture domains 
and the callose wall during annulus formation. DEAP1 does 
not interact directly with either OsDAF1 or OsINP1, yet it 
was found to interact with at least two rice homologs of the 

Arabidopsis aperture factor D6PKL3 (OsD6PKL3.6 and 
OsD6PKL3.7). As Arabidopsis D6PKL3 is believed to reside 
on the cytoplasmic side of aperture domains (Lee et al., 2018), 
this finding raises the possibility that rice D6PKL3 homologs 
may differ from their Arabidopsis counterpart in their subcellular 
localizations and functions. Alternatively, OsD6PKL3s, while 
still localized intracellularly, may help facilitate the journey of 
DEAP1 to its position at the aperture domain.

POLLEN APERTURE DEFECT 1 (OsPAD1), a non- 
specific lipid transfer protein (nsLTP), also known as 
OsLTP47, is another recently identified aperture decorator 
in rice (Chen et al., 2022; Wang et al., 2024). OsPAD1 interacts 
with OsINP1 and phosphoinositides (Wang et al., 2024). 
These interactions likely facilitate its recruitment to the 
aperture domain and/or its retainment at this site. In ospad1 
null mutants, the annulus, fibrillar-granular layer, and 
Zwischenkörper layer are all absent, and the operculum be
comes detached, leading to leakage of cellular contents through 
the aperture. However, how this nsLTP contributes to the for
mation of these aperture structures is presently unknown.

Conclusions and future directions

Recent discoveries of molecular players involved in pollen 
aperture formation in Arabidopsis and rice have significantly 
advanced our understanding of the underlying mechanisms, 
and led to the development of the working model for this pro
cess (Fig. 1). At first, aperture patterning factors, such as 
ELMODs, DNT, D6PKL3 and, potentially, their rice homo
logs, receive as-yet-unknown spatiotemporal cues that define 
microspore polarity. These patterning factors then directly or 
indirectly specify certain PM sites as aperture domains, there
fore establishing the aperture pattern of mature pollen. The 
aperture domains become refined through the recruitment of 
D6PKL3 and phosphoinositides, which in turn attract aperture 
executors to these sites. The aperture executors, which include 
INP1–INP2 in Arabidopsis and OsINP1–OsSRF8 in rice, as
semble on the extracellular side of the aperture PM domains, 
creating a structural bridge which tethers these PM sites to 
the callose wall. This connection restricts primexine formation 
and exine deposition at the aperture domains, thereby allowing 
apertures to develop. In rice, the executors OsINP1and 
OsSRF8 also recruit aperture decorators, such as OsDAF1 
and OsPAD1, which contribute to the formation of specialized 
structural features of the apertures.

Despite these advances, many questions remain. Important 
unknowns are the nature of the initial cues that aperture pat
terning factors receive, and the mechanisms through which 
patterning factors establish distinct aperture PM domains. For 
example, ELMOD proteins display diffuse cytoplasmic local
ization and nuclear enrichment (Zhou et al., 2021), yet some
how promote the formation of PM domains. How exactly they 
do this is a mystery. Whether patterning factors have conserved 
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functions in species with different aperture patterns, is another 
open question.

Furthermore, although many aperture executors and decora
tors localize to the aperture PM domains, the mechanism that 
guides them to these sites is unknown. Since some of these pro
teins are positioned on the extracellular side of the PM, their 
potential interaction with the callose wall or its associated pro
teins merits further investigation. Proximity labeling, which has 
recently allowed successful protein interactome studies in other 
challenging plant systems (Mair et al., 2019; Li et al., 2024; Tang 
et al., 2024), may help overcome the difficulties of working 
with aperture factors, which tend to be expressed at low levels, 
in a small number of cells, and for a short period of time. 
Capturing the interactors of known aperture factors could sig
nificantly advance our understanding of the molecular mecha
nisms through which aperture domains are created.

Aperture patterns vary widely across species but are highly 
conserved within species, raising the possibility that these traits 
are not only under developmental control, but subject to select
ive pressures during plant evolution (Heslop-Harrison, 1979b; 
Furness and Rudall, 2004). A particularly intriguing, though 
challenging, direction for future research will be to determine 
whether different aperture patterns serve as adaptations to spe
cific reproductive strategies or ecological conditions. Such stud
ies could provide important insights into the evolutionary logic 
underlying the diversification of pollen aperture patterns.
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Chaudhary A, Chen X, Gao J, Leśniewska B, Hammerl R, Dawid C, 
Schneitz K. 2020. The Arabidopsis receptor kinase STRUBBELIG regulates 
the response to cellulose deficiency. PLOS Genetics 16, e1008433.

Chen K, Wang Q, Yu X, et al. 2024. OsSRF8 interacts with OsINP1 and 
OsDAF1 to regulate pollen aperture formation in rice. Nature 
Communications 15, 4512.

Chen L, Ji C, Zhou D, Gou X, Tang J, Jiang Y, Han J, Liu Y-G, Chen L, 
Xie Y. 2022. OsLTP47 may function in a lipid transfer relay essential for pol
len wall development in rice. Journal of Genetics and Genomics = Yi Chuan 
Xue Bao 49, 481–491.

Chen R, Zhao X, Shao Z, Wei Z, Wang Y, Zhu L, Zhao J, Sun M, He R, 
He G. 2007. Rice UDP-glucose pyrophosphorylase1 is essential for pollen 
callose deposition and its cosuppression results in a new type of thermosen
sitive genic male sterility. The Plant Cell 19, 847–861.

Chevalier D, Batoux M, Fulton L, Pfister K, Yadav RK, Schellenberg 
M, Schneitz K. 2005. STRUBBELIG defines a receptor kinase-mediated 
signaling pathway regulating organ development in Arabidopsis. 
Proceedings of the National Academy of Sciences, USA 102, 9074–9079.

Christensen JE, Horner HT Jr. 1974. Pollen pore development and its 
spatial orientation during microsporogenesis in the grass Sorghum bicolor. 
American Journal of Botany 61, 604–623.

Denninger P. 2024. RHO OF PLANTS signalling and the activating ROP 
GUANINE NUCLEOTIDE EXCHANGE FACTORS: specificity in cellular signal 
transduction in plants. Journal of Experimental Botany 75, 3685–3699.

Dobritsa AA, Geanconteri A, Shrestha J, et al. 2011. A large-scale gen
etic screen in Arabidopsis to identify genes involved in pollen exine produc
tion. Plant Physiology 157, 947–970.

Dobritsa AA, Coerper D. 2012. The novel plant protein INAPERTURATE 
POLLEN1 marks distinct cellular domains and controls formation of aper
tures in the Arabidopsis pollen exine. The Plant Cell 24, 4452–4464.

Dobritsa AA, Kirkpatrick AB, Reeder SH, Li P, Owen HA. 2018. Pollen 
aperture factor INP1 acts late in aperture formation by excluding specific 
membrane domains from exine deposition. Plant Physiology 176, 326–339.

East MP, Bowzard JB, Dacks JB, Kahn RA. 2012. ELMO domains, evo
lutionary and functional characterization of a novel GTPase-activating pro
tein (GAP) domain for Arf protein family GTPases. The Journal of Biological 
Chemistry 287, 39538–39553.

El-Ghazaly G, Jensen W. 1986. Studies of the development of wheat 
(Triticum aestivum) pollen: formation of the pollen aperture. Canadian 
Journal of Botany: Journal Canadien De Botanique 64, 3141–3154.

Eyüboglu B, Pfister K, Haberer G, Chevalier D, Fuchs A, Mayer KF, 
Schneitz K. 2007. Molecular characterisation of the STRUBBELIG- 
RECEPTOR FAMILY of genes encoding putative leucine-rich repeat 
receptor-like kinases in Arabidopsis thaliana. BMC Plant Biology 7, 16.

Feiguelman G, Fu Y, Yalovsky S. 2018. ROP GTPases structure-function 
and signaling pathways. Plant Physiology 176, 57–79.

Furness CA, Rudall PJ. 2004. Pollen aperture evolution—a crucial factor for 
eudicot success? Trends in Plant Science 9, 154–158.

He Z, Zou T, Xiao Q, et al. 2021. An L-type lectin receptor-like kinase pro
motes starch accumulation during rice pollen maturation. Development 148, 
dev196378.

Heslop-Harrison J. 1979a. An interpretation of the hydrodynamics of pol
len. American Journal of Botany 66, 737–743.

Heslop-Harrison J. 1979b. Pollen walls as adaptive systems. Annals of the 
Missouri Botanical Garden: Missouri Botanical Garden 66, 813–829.

Hoefle C, Hückelhoven R. 2014. A barley engulfment and motility domain 
containing protein modulates Rho GTPase activating protein HvMAGAP1 
function in the barley powdery mildew interaction. Plant Molecular Biology 
84, 469–478.

Ivanova AA, East MP, Yi SL, Kahn RA. 2014. Characterization of recom
binant ELMOD (cell engulfment and motility domain) proteins as 
GTPase-activating proteins (GAPs) for ARF family GTPases. The Journal 
of Biological Chemistry 289, 11111–11121.

Katifori E, Alben S, Cerda E, Nelson DR, Dumais J. 2010. Foldable 
structures and the natural design of pollen grains. Proceedings of the 
National Academy of Sciences 107, 7635–7639.

Lee BH, Weber ZT, Zourelidou M, Hofmeister BT, Schmitz RJ, 
Schwechheimer C, Dobritsa AA. 2018. Arabidopsis protein kinase 
D6PKL3 is involved in the formation of distinct plasma membrane aperture 
domains on the pollen surface. The Plant Cell 30, 2038–2056.

Pollen aperture formation in Arabidopsis and rice | 6681

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/article/76/22/6674/8248208 by O

hio State U
niversity Law

 user on 11 D
ecem

ber 2025



Lee BH, Wang R, Moberg IM, et al. 2021. A species-specific functional 
module controls formation of pollen apertures. Nature Plants 7, 966–978.

Li P, Ben-Menni Schuler S, Reeder SH, Wang R, Suárez Santiago VN, 
Dobritsa AA. 2018. INP1 involvement in pollen aperture formation is evolu
tionarily conserved and may require species-specific partners. Journal of 
Experimental Botany 69, 983–996.

Li Z, Liu S-L, Montes-Serey C, Walley JW, Aung K. 2024. 
PLASMODESMATA-LOCATED PROTEIN 6 regulates plasmodesmal func
tion in Arabidopsis vasculature. The Plant Cell 36, 3543–3561.

Liu A, Ouyang X, Wang Z, Dong B. 2023. ELMOD3-Rab1A-Flotillin2 cas
cade regulates lumen formation via vesicle trafficking in Ciona notochord. 
Open Biology 13, 220367.

Mair A, Xu S-L, Branon TC, Ting AY, Bergmann DC. 2019. Proximity la
beling of protein complexes and cell-type-specific organellar proteomes in 
Arabidopsis enabled by TurboID. eLife 8, e47864.

Marchler-Bauer A, Bo Y, Han L, et al. 2017. CDD/SPARCLE: functional 
classification of proteins via subfamily domain architectures. Nucleic Acids 
Research 45, D200–D203.

Massonnet M, Cochetel N, Minio A, et al. 2020. The genetic basis of sex 
determination in grapes. Nature Communications 11, 2902.

Massonnet M, Cochetel N, Ricciardi V, Minio A, Figueroa-Balderas R, 
Londo JP, Cantu D. 2025. Evolutionary conservation of the grape sex- 
determining region in angiosperms and emergence of dioecy in Vitaceae. 
Nature Communications 16, 6047.

Mazuecos-Aguilera I, Romero-García AT, Klodová B, Honys D, 
Fernández-Fernández MC, Ben-Menni Schuler S, Dobritsa AA, 
Suárez-Santiago VN. 2021. The role of INAPERTURATE POLLEN1 as a 
pollen aperture factor is conserved in the basal eudicot Eschscholzia cali
fornica (Papaveraceae). Frontiers in Plant Science 12, 701286.

Peng X, Wang M, Li Y, et al. 2020. Lectin receptor kinase OsLecRK-S.7 is 
required for pollen development and male fertility. Journal of Integrative Plant 
Biology 62, 1227–1245.

Platre MP, Satbhai SB, Brent L, et al. 2022. The receptor kinase SRF3 
coordinates iron-level and flagellin dependent defense and growth re
sponses in plants. Nature Communications 13, 4445.

Plourde SM, Amom P, Tan M, Dawes AT, Dobritsa AA. 2019. Changes 
in morphogen kinetics and pollen grain size are potential mechanisms of ab
errant pollen aperture patterning in previously observed and novel mutants of 
Arabidopsis thaliana. PLoS Computational Biology 15, e1006800.

Prieu C, Toghranegar Z, Matamoro-Vidal A, Nadot S, Albert B. 2017. 
Additional callose deposits are located at the future apertural regions in sul
cate, ulcerate, porate, colporate, colpate and syncolpate pollen grains. 
Botanical Journal of the Linnean Society: Linnean Society of London 183, 
271–279.

Reeder SH, Lee BH, Fox R, Dobritsa AA. 2016. A ploidy-sensitive mech
anism regulates aperture formation on the Arabidopsis pollen surface and 
guides localization of the aperture factor INP1. PLoS Genetics 12, 
e1006060.

Ressayre A, Godelle B, Raquin C, Gouyon PH. 2002. Aperture pattern 
ontogeny in angiosperms. Journal of Experimental Zoology 294, 122–135.

Seifert GJ. 2018. Fascinating fasciclins: a surprisingly widespread family of 
proteins that mediate interactions between the cell exterior and the cell sur
face. International Journal of Molecular Sciences 19, 1628.

Suzuki M, Murakami T, Cheng J, Kano H, Fukata M, Fujimoto T. 2015. 
ELMOD2 is anchored to lipid droplets by palmitoylation and regulates adipo
cyte triglyceride lipase recruitment. Molecular Biology of the Cell 26, 
2333–2342.

Tang Y, Yang X, Huang A, Seong K, Ye M, Li M, Zhao Q, Krasileva K, 
Gu Y. 2024. Proxiome assembly of the plant nuclear pore reveals an essen
tial hub for gene expression regulation. Nature Plants 10, 1005–1017.

Turn RE, East MP, Prekeris R, Kahn RA. 2020. The ARF GAP ELMOD2 
acts with different GTPases to regulate centrosomal microtubule nucleation 
and cytokinesis. Molecular Biology of the Cell 31, 2070–2091.

Turn RE, Linnert J, Gigante ED, Wolfrum U, Caspary T, Kahn RA. 
2021. Roles for ELMOD2 and Rootletin in ciliogenesis. Molecular Biology 
of the Cell 32, 800–822.

Turn RE, Hu Y, Dewees SI, et al. 2022. The ARF GAPs ELMOD1 and 
ELMOD3 act at the Golgi and cilia to regulate ciliogenesis and ciliary protein 
traffic. Molecular Biology of the Cell 33, ar13.

Vaddepalli P, Fulton L, Batoux M, Yadav RK, Schneitz K. 2011. 
Structure-function analysis of STRUBBELIG, an Arabidopsis atypical 
receptor-like kinase involved in tissue morphogenesis. PLoS One 6, e19730.

Vieira AM, Feijó JA. 2016. Hydrogel control of water uptake by pectins dur
ing in vitro pollen hydration of Eucalyptus globulus. American Journal of 
Botany 103, 437–451.

Walker JW, Doyle JA. 1975. The bases of angiosperm phylogeny: palynol
ogy. Annals of the Missouri Botanical Garden: Missouri Botanical Garden 62, 
664–723.

Wang B, Fang R, Zhang J, Han J, Chen F, He F, Liu Y-G, Chen L. 2020. 
Rice LecRK5 phosphorylates a UGPase to regulate callose biosynthesis dur
ing pollen development. Journal of Experimental Botany 71, 4033–4041.

Wang Q, Tian Y, Chen K, et al. 2024. OsPAD1, encoding a non-specific 
lipid transfer protein, is required for rice pollen aperture formation. Plant 
Molecular Biology 115, 11.

Wang R, Dobritsa AA. 2018. Exine and aperture patterns on the pollen sur
face: their formation and roles in plant reproduction. In: Roberts JA, ed. 
Annual plant reviews online. Wiley, Hoboken, NJ, 589–628.

Yang Z, Lavagi I. 2012. Spatial control of plasma membrane domains: ROP 
GTPase-based symmetry breaking. Current Opinion in Plant Biology 15, 
601–607.

Zhang X, Zhao G, Tan Q, Yuan H, Betts N, Zhu L, Zhang D, Liang W. 
2020. Rice pollen aperture formation is regulated by the interplay between 
OsINP1 and OsDAF1. Nature Plants 6, 394–403.

Zhang X, Kim Y-J, Tan Q, Jung KH, Liang W. 2024. A leucine-rich-repeat 
receptor-like kinase regulates pollen aperture formation in rice. Plant 
Physiology 196, 2517–2530.

Zhou D, Zou T, Zhang K, et al. 2022. DEAP1 encodes a fasciclin-like ara
binogalactan protein required for male fertility in rice. Journal of Integrative 
Plant Biology 64, 1430–1447.

Zhou Y, Dobritsa AA. 2019. Formation of aperture sites on the pollen sur
face as a model for development of distinct cellular domains. Plant Science 
288, 110222.

Zhou Y, Amom P, Reeder SH, Lee BH, Helton A, Dobritsa AA. 2021. 
Members of the ELMOD protein family specify formation of distinct aperture 
domains on the Arabidopsis pollen surface. eLife 10, e71061.

6682 | Zhou and Dobritsa

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/article/76/22/6674/8248208 by O

hio State U
niversity Law

 user on 11 D
ecem

ber 2025


	Molecular mechanisms of pollen aperture formation in Arabidopsis and rice
	Introduction
	Members of the ELMOD protein family control aperture patterns
	Other factors controlling aperture patterns in Arabidopsis
	INP1 and its interacting partners are aperture executors
	Aperture decorators in rice
	Conclusions and future directions
	Author contributions
	Conflict of interest
	Funding
	References


