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A B S T R A C T   

Over 160 years ago, scientists made the first microscopic observations of angiosperm pollen. Unlike in animals, 
male meiosis in angiosperms produces a haploid microspore that undergoes one asymmetric division to form a 
vegetative cell and a generative cell. These two cells have distinct fates: the vegetative cell exits the cell cycle and 
elongates to form a tip-growing pollen tube; the generative cell divides once more in the pollen grain or within 
the growing pollen tube to form a pair of sperm cells. The concept that male germ cells are less active than the 
vegetative cell came from biochemical analyses and pollen structure anatomy early in the last century and is 
supported by the pollen transcriptome data of the last decade. However, the mechanism of how and when the 
transcriptional repression in male germ cells occurs is still not fully understood. In this review, we provide a brief 
account of the cytological and metabolic differentiation between the vegetative cell and male germ cells, with 
emphasis on the role of temporary callose walls, dynamic nuclear pore density, transcription repression, and 
histone variants. We further discuss the intercellular movement of small interfering RNA (siRNA) derived from 
transposable elements (TEs) and reexamine the function of TE expression in male germ cells.   

1. Introduction 

Male gametophyte (pollen) development of angiosperms (flowering 
plants) takes place in the anthers of a flower and can be divided into two 
phases — microsporogenesis and microgametogenesis. During micro
sporogenesis, each diploid pollen mother cell (PMC) undergoes meiotic 
divisions, giving rise to four haploid microspores in tetrad arrangement. 
Following the release of microspores from tetrads, pollen development 
enters microgametogenesis. The released microspores experience size 
enlargement and nuclear polarization, then undergo an asymmetrical 
division (pollen mitosis I, PMI), generating a larger vegetative cell and a 
smaller generative cell, engulfed in the vegetative cell. The generative 
cell completes a second division (pollen mitosis II, PMII) to produce two 
sperm cells. The vegetative cell acts as the companion cell of male germ 
cells (generative and sperm cells) to support their development and to 
transport sperm cells for double fertilization via pollen tubes. Common 
model plants such as Arabidopsis, rice, and maize shed tricellular pollen 
consisting of two sperm cells and one vegetative cell. However, in the 
natural world, about 70 % of flowering plants such as tomato, Lilium, 

and Medicago disperse pollen at the bicellular stage containing one 
generative cell and one vegetative cell (Brewbaker, 1967; Williams 
et al., 2014) (Fig. 1). The development of angiosperm male germ cells 
occurs in a relatively closed space, making it a unique system for 
developmental biology. Extensive research has been conducted to un
derstand cell fate determination, cell differentiation, and cell cycle. 
Particularly in recent years, the combination of reproductive mutants, 
cell sorting, and high-throughput sequencing has been providing a more 
complete view of pollen development. Accumulating evidence suggests 
the reprogramming of gene expression involves histone variants, small 
RNA, and DNA methylation. Transposable elements (TE) reactivation in 
the vegetative cell has been proposed to generate siRNA that moves to 
the sperm cells to inhibit TE expression across generations. Many 
excellent reviews have summarized this progress from the perspectives 
of evolution (Hackenberg and Twell, 2019; Hisanaga et al., 2019), germ 
cell formation (Berger and Twell, 2011; Borg et al., 2009; Chang et al., 
2011; Schmidt et al., 2015; Twell, 2011), cellular processes (Borg and 
Berger, 2015; Hafidh et al., 2016), transcriptome (Rutley and Twell, 
2015; Schmidt et al., 2012), and small RNA (Borges et al., 2011; Wu and 
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Zheng, 2019). Here, we focus on the functional differentiation between 
the vegetative cell and germ cells, and how metabolic and transcription 
repression occurs in the germ cells. We also discuss the current model of 
TE silencing in germ cells via vegetative-cell-derived TE-siRNAs. 

2. Historical understanding of angiosperm pollen 

2.1. The cell within a cell 

A century and a half ago, the first microscopic observations found 
pollen grains of several angiosperm species to be binucleate (Reich
enbach, 1852; Hartig, 1866). Strasburger first clarified the two nuclei’s 
identities, that the smaller one was generative and could divide again in 
the pollen grain or pollen tube; the larger one was vegetative and 
remained undivided (Strasburger, 1884). It took several decades to 
confirm a distinct membrane that separated the male germ cells from the 
vegetative cytoplasm. The cytoplasm around the germ nuclei often 
contained mitochondria (Anderson, 1939) but stained differently from 
the vegetative cytoplasm under a light microscope (Maheshwari, 1949). 
Although no one suspected male germ cells were complete, whether a 
real cell wall or only double plasma membranes separated the genera
tive cell from vegetative cytoplasm had been controversial for some 
time. With the development of the transmission electron microscope 
approaches, ultrastructural studies in the pollen grain of Oenothera 
hookeri (Diers, 1963), Petunia (Sassen, 1964), Tradescantia paludosa 
(Maruyama et al., 1965), and bluebell (Angold, 1968) finally confirmed 
the existence of a real cell wall around the generative cell. 

The establishment of cell polarity before microspore division is 
evident in many species. For instance, in lily microspores, the nucleus 
moves from the central position to the long axis at the G1 phase of PMI 
(Tanaka et al., 1979). Migration of the microspore nucleus to the pole is 

often accompanied by an expansion of vacuoles, pushing most of the 
cytoplasm to one end of the cell (Mascarenhas, 1975). In Tradescantia, 
the microspore nuclear movement to the pole is microtubule indepen
dent, while the movement of the newly formed vegetative nucleus and 
elongation of the generative cell is microtubule dependent (Terasaka 
and Niitsu, 1990). PMI can be disrupted during in vitro culture of iso
lated microspores of many plant species, such as Nicotiana tabacum, 
Tulipa gesneriana, and Brassica napus, or by pharmaceutical treatment 
with low concentrations of colchicine (Lichter, 1982; Sunderland and 
Wicks, 1971; Tanaka and Ito, 1981). When microtubule dynamics are 
disrupted, the generative-cell-within-vegetative cell arrangement 
disappears. 

2.2. The callose wall 

It was Mangrin who introduced the term callose and first described 
callose walls in the microspore (Mangin, 1889). Callose is a β-1,3-glucan 
polysaccharide with β-1,6 branches. Compared with cellulose (polymer 
of β-1,4-glucan), callose is more rapidly synthesized and degraded by 
plant cells, which makes it suitable for regulating cell communication 
and cell differentiation (Ünal et al., 2013; Wu et al., 2018). For example, 
enhanced accumulation of callose at plasmodesmata can delay the 
intercellular trafficking of plant viruses and virus-encoded proteins by 
limiting the plasmodesmatal size (Bucher et al., 2001; Iglesias and 
Meins, 2000). Apart from serving as wall material to protect mature 
pollen grains, callose is transiently deposited and degraded during 
microsporogenesis and microgametogenesis. The appearance of a 
callose-containing wall is often a sign of cell fate transition. 

At the prophase of meiosis I, PMCs are connected by abundant 
cytoplasmic strands, offering a gateway for molecular exchanges be
tween PMCs (Gates, 1908; Heslopharrison, 1966). These channels 

Fig. 1. Male gametophyte development in tomato. (A-D) A pollen mother cell undergoes meiotic divisions to produce four microspores in a tetrahedral arrangement 
(tetrad). (E) A haploid microspore just released from a tetrad. (F) The uninucleate microspore grows in size and accumulates more cell wall materials. (G-H) 
Migration of microspore nucleus to the cell periphery and initiation of asymmetrical mitosis (pollen mitosis I). (I-J) A newly formed generative nucleus is heavily 
stained and close to the cell wall; the vegetative nucleus is slightly stained and away from the cell wall. (K-M) Reposition of the generative and vegetative nucleus; 
Cell volume increases, and the generative nucleus elongates. Note that mature tomato pollen is bicellular, different from tricellular pollen, such as in Arabidopsis and 
rice. (N) Upon germination, the vegetative cell develops a pollen tube. The generative cell divides (pollen mitosis II) in the pollen tube to form two sperm cells. MSN, 
microspore nucleus; VN, vegetative nucleus; SN, sperm nucleus. Bars, 10 μm. The cell nuclei are visualized by DAPI (4′,6-diamidino-2-phenylindole) staining. 
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disappear before meiosis II, and the tetrads containing newly formed 
microspores are entirely isolated within the callose wall (Heslopharri
son, 1966). Autoradiographic results demonstrated that isotopes could 
move freely into PMCs during the pre-meiotic and meiotic leptotene 
stages. However, the labeled trace was excluded from PMCs and mi
crospores when the cytoplasmic strands were sealed, and cells were 
isolated within the callose walls (Heslopharrison and Mackenzie, 1967). 
Similarly, incorporating radioactive precursors into the developing 
Gerbera jamesonii pollen wall suggested that the callose wall was more 
like a molecular filter that allowed the transit of specific molecules 
(Southworth, 1971). 

In microgametogenesis, the deposition of callose wall was proposed 
to enable the generative nucleus to exert greater control over the 
generative cell (Angold, 1968). Spindle microtubules were shown to be 
involved in the initial deposition of callose or callose precursors into the 
cell plate during PMI (Heslop-Harrison, 1968). In a survey including 82 
angiosperm species, Górska-Brylass showed that the callose wall around 
generative cells was temporary and only lasted for about 10− 20 h in 
Chlorophytum elatum. This temporary callose wall gradually disappeared 
as the generative cell moved away from the pollen wall (Górska-Brylass, 
1967, 1970). In the late generative cell, the wall material mainly con
sisted of polysaccharides (Cresti et al., 1987). These studies indicate 
callose is one of the major components of the early generative cell wall 
and is gradually replaced by non-callose/cellulose polysaccharides in 
the late stage. A callose wall’s isolation initiates two separate develop
ment paths for the generative and vegetative cells. 

The proper deposition and dissolution of callose seem to be essential 
for pollen viability. In Arabidopsis mutant limpet pollen (lip), the 
generative cell or sperm cells remain attached to the pollen wall, and 
inward migration is prevented, possibly due to a prolonged existence of 
the callose wall (Howden et al., 1998). Disruptions of callose meta
bolism in GLUCAN SYNTHASE-LIKE 5 (GSL5), CALLOSE SYNTHASE 5 
(CALS5), and CALLOSE DEFECTIVE MICROSPORE1 (CDM1) result in no 
or a thinner callose wall around tetrads and severely reduced fertility 
(Dong et al., 2005; Lu et al., 2014; Shi et al., 2015), while the loss of 
function of GLUCAN SYNTHASE-LIKE 8 and 10 (GSL8, GSL10) and 
POLLEN SPECIFIC PROTEIN 231 (PSP231) lead to aberrant pollen 
mitosis due to irregular callose deposition (Li et al., 2020b; Toller et al., 
2008). Intriguingly, several studies suggest that decreased callose con
tent results in elevated plasmodesmata permeability and lesser 
constraint on phytohormone auxin mobility (Han et al., 2014). During 
somatic embryogenesis, callose deposition at plasmodesmata appears 
earlier than the establishment of embryo identity and is associated with 
auxin response changes (Godel-Jedrychowska et al., 2020). The auxin 
pathway is pivotal for stamen development and pollen maturation 
(Sundberg and Østergaard, 2009; Zheng et al., 2020), as dysfunction of 
auxin transporter PIN8, which is predominantly expressed in pollen, 
leads to misshaped pollen grains and reduced pollen viability (Dal Bosco 
et al., 2012; Ding et al., 2012). Major phytohormone levels and gene 
expression related to hormone signaling change dramatically during 
pollen development (Hirano et al., 2008; Liu et al., 2018). Therefore, it is 
possible that callose deposition around the cell promotes the efficient 
formation of a hormone gradient, which is important for cell fate 
transition. 

2.3. The metabolic repression in male germ cells 

In the 1930s to 1940s, multiple staining techniques indicated that 
the metabolism in the generative cell cytoplasm was low, contrary to 
that in the vegetative cytoplasm. The reduced metabolic potential in the 
generative cell cytoplasm was proposed to accord with its role of sperm 
cell production, not pollen tube growth (La Cour, 1949). In most plant 
species, the microspore produces two daughter cells with equal chro
matin but unequal cell size. It allocates much more cytoplasm to the 
vegetative cell and less cytoplasm to the generative cell with fewer and 
smaller mitochondria, Golgi apparatus, and endoplasmic reticulum 

(ER), and almost no plastids and amyloplasts. In an extreme case, hardly 
any mitochondria and plastids were observed in the generative cell of 
Cymbidium goeringii (Yu and Russell, 1992). One noticeable exception is 
Plumbago zeylanica. Its generative cells and dimorphic sperm cells have a 
relatively large cytoplasm to accommodate numerous mitochondria, 
plastids, ER, Golgi apparatus, and vesicles (Russell and Cass, 1981; 
Russell and Strout, 2005). The unequal distribution of organelles in two 
daughter cells is attributed to the following reasons: 1) during PMI, the 
generative cell inherits less cytoplasm from the microspore and thus 
fewer organelles; 2) organelle degeneration occurs during the matura
tion of male germ cells (Schröder, 1985); 3) the perinuclear microtube 
system may serve to exclude organelles from the generative pole 
(Tanaka, 1997). 

Biochemical analyses have suggested that male germ cells have 
lower transcriptional activity than do vegetative cells (Mascarenhas, 
1975). In Tradescantia paludosa, vegetative nuclei synthesized about 
twice the amount of RNA as did generative nuclei (LaFountain and 
Mascarenhas, 1972). Transcription activity further decreased in sperm 
cells, as exemplified in the germinating Hyoscyamus niger pollen. There 
were only trace amounts to no uridine isotope incorporation (RNA 
synthesis indicator) in the generative and sperm nuclei, suggesting 
transcription in the male germ cells is dispensable for development 
(Reynolds and Raghavan, 1982). However, it should be pointed out that 
male germ cells are not always quiescent in gene expression. Upon 
pollen germination, reactivation of transcription and translation was 
observed in sperm cells of many plants such as maize and rye (Haskell 
and Rogers, 1985; Zhang et al., 1993). 

Consistent with the biochemical analyses in the pre-omics era, RNA- 
seq studies suggest the pollen transcriptome decreases in size as pollen 
matures. In Arabidopsis, rice, and tobacco, pollen at early stages con
tains more transcripts than late pollen does, while transcript complexity 
further decreased in mature pollen (Bokvaj et al., 2015; Honys and 
Twell, 2004; Wei et al., 2010). The germ cell transcripts are mixed with 
and inevitably masked by abundant vegetative transcripts during tran
scriptome analysis. Therefore, to gain insight into the male germ cell 
transcriptome, cell isolation by osmotic shock, enzyme digestion, 
physical separation, or fluorescence-activated cell sorting (FACS) is 
required to enrich generative cells or sperm cells (Borges et al., 2012; 
Chaboud and Perez, 1992; Li et al., 2019; Lu et al., 2015; Uchiumi et al., 
2006). Transcriptome data from isolated male germ cells indicate that 
gene expression from microspores to sperm cells is subject to global 
transcription repression. It appears that most transcripts in sperm cells 
were present in the microspores or generative cells and that only a small 
amount of transcript is sperm cell-specific (Anderson et al., 2013; Borges 
et al., 2008; Liu et al., 2018). Moreover, the protein level of RNA po
lymerase II and ribosomes is also negligible in sperm cells, suggesting 
few transcriptional and translational events take place in sperm cells 
(Liu et al., 2018). It is noteworthy that the ‘expression’ revealed by 
present transcriptomes is based only on the profiling of steady-state level 
of RNA but not on nascent transcripts that directly reflect transcriptional 
activity (Gardini, 2017). Similarly, protein synthesis activity within 
male germ cells or vegetative cells should not be inferred from the 
RNA-seq data because transcripts engaged with ribosomes are not 
measured. 

Further evidence implies that low metabolic activity in male germ 
cells is associated with the downregulation of nuclear pore complexes 
(NPC). NPC are protein assemblies embedded in the nuclear envelope 
and serve as vital gateways for transporting large macromolecules be
tween the nucleus and cytoplasm (Kim et al., 2018; Knockenhauer and 
Schwartz, 2016). Lower NPC density or deficiencies of nucleoporin are 
associated with perturbed nuclear import or export capacity (Jevtic 
et al., 2019; Tamura and Hara-Nishimura, 2014). The difference in NPC 
density between male germ cells and vegetative nuclei was observed in 
several species such as Brassica napus, Medicago sativa, Tradescantia 
paludosa, and Zea mays. A general rule of thumb is that in mature pollen, 
vegetative nuclei have about two- to four-fold of the NPC density that 
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generative/sperm nuclei do (LaFountain and LaFountain, 1973; Shi 
et al., 1991; Southworth, 1992; Southworth et al., 1988; Straatman 
et al., 2000). Compared to NPC on vegetative nuclei, NPC on generative 
nuclei are larger and irregular in distribution. Sperm nuclei usually have 
the lowest NPC number. In maize, for instance, the sperm nucleus lacks 
nuclear pores (Southworth et al., 1988), while in Plumbago the sperm 
nuclei contain numerous NPC in the nuclear envelope (Russell and Cass, 
1981). Although the NPC poorly select against molecules smaller than 5 
nm or 40 kDa in size (Knockenhauer and Schwartz, 2016), the green 
fluorescent protein (GFP) produced in the vegetative cytoplasm does not 
freely pass into sperm cells and vice versa (Engel et al., 2005), sug
gesting low permeability in sperm cell NPC. 

NPC density increases in actively proliferating cells but decreases in 
terminally differentiated cells. Thus, NPC dynamics were proposed to be 
associated with nuclear transcriptional activity (Maul et al., 1980). NPC 
can interact directly with the chromatin to regulate gene expression via 
a transport-independent mechanism (Ibarra and Hetzer, 2015). The 
‘gene gating’ hypothesis assumes that the association of chromatin re
gions with NPC could facilitate active gene expression (Blobel, 1985; 
Ibarra and Hetzer, 2015), while tethering of chromosomal regions to the 
inner nuclear membrane can result in transcriptional repression (Reddy 
et al., 2008). A recent study shows that NPC density controls hetero
chromatin reorganization during oncogene-induced senescence in 
mammalian nuclei, possibly through balancing the forces attracting 
heterochromatin to the nuclear lamina and repelling it away from the 
NPC (Boumendil et al., 2019). These findings suggest NPC number 
correlates with cell metabolic activity, but the causality between tran
scription repression and NPC reduction in germ cell development re
mains an open question. 

2.4. Genes involved in pollen compartmentation 

Genetic analyses demonstrate that the compartmentation process to 
ensure the generative cell receives little cytoplasm is crucial for germ 
cell fate determination. Studies in Arabidopsis thaliana mutants have 
shown that the microspore division and subsequent mitosis of the 
generative cell are determinants for male germ cell fate. In contrast to 
three-celled pollen in wild-type Arabidopsis, a portion of sidecar pollen 
(scp) contained two vegetative cells and two sperm cells. The extra 
vegetative cell was produced due to a defective LOB/AS2 domain pro
tein required for correct timing and orientation of PMI (Chen and 
McCormick, 1996; Oh et al., 2010). Mutation in retinoblastoma (Rb) 
protein caused hyperproliferation of vegetative cells and male germ 
cells. At the bicellular stage of rbr pollen, a cell wall was symmetrically 
placed between two vegetative nuclei instead of between the generative 
and vegetative nucleus (Chen et al., 2009). In gemini pollen1 (gem1) 
mutants, the coupling of karyokinesis and cytokinesis at PMI was dis
rupted, resulting in binucleate cells and an additional internal wall (Park 
et al., 1998; Twell et al., 2002). 

The lack of confinement by a cell wall also hinders germ cell 
development. In two-in-one(tio) mutants, the callose wall around the 
generative nucleus was not fully formed and degraded prematurely. The 
generative nucleus remained uncondensed and stopped further division 
(Oh et al., 2005). In double mutants of phragmoplast-associated Kine
sins-12A/B, the generative cell wall was absent, and defective pollen 
grains containing two nuclei had severely reduced fertility (Lee et al., 
2007). In solo pollen, mutants produced uninucleate pollen due to 
disruption in nuclear division and cytokinesis (Twell et al., 1998). The 
misplaced or extra cell wall is rarely seen in single-celled mutants, 
suggesting the nuclear division is a prerequisite for germ cell wall for
mation, not vice versa. 

Expression analysis of vegetative cell fate marker LAT52 suggests 
most abnormal nuclei in the cytokinesis-defective pollen adopt vegeta
tive cell fate as a default program (Eady et al., 1995; Twell et al., 1998). 
Accordingly, two models have been proposed to explain the cell fate 
determination of daughter cells of PMI. Both models take into account 

microspore polarity and assume the expression of the LAT52 marker 
reflects vegetative cell fate. In the active-repression model, unknown 
repressors are localized to the generative cell pole to block the tran
scription of vegetative-cell-specific genes. In the passive-repression 
model, a hypothetical factor is excluded from the generative cell pole, 
preventing the transcription of vegetative-cell-specific genes (Eady 
et al., 1995; Twell et al., 1998). Interestingly, pollen without germ cells 
showed normal germination, pollen tube growth, and guidance to the 
embryo sac (Glockle et al., 2018; Zhang et al., 2017). These findings 
suggest that the vegetative cell is indispensable for male germ cell dif
ferentiation, whereas the male germ cells’ presence is unnecessary for 
vegetative cell function. 

3. The role of histone variants in regulating pollen gene 
expression 

The generative and sperm cells have tightly packed chromatin while 
vegetative cells contain dispersed chromatin. The morphological dif
ferences in chromosome condensation begin to appear at telophase or as 
early as mid-anaphase of PMI (Terasaka and Tanaka, 1974). In many 
animals as well as lower plants such as Chara corallina and Marchantia 
polymorpha, small arginine-rich proteins (50~110 amino acids) named 
protamine are synthesized to displace somatic histones during the late 
stages of spermatid maturation. These sperm-specific protamines bind to 
DNA and pack the genome more closely into a highly inactive state 
(Balhorn, 2007; Reynolds and Wolfe, 1984). Homologs of protamines 
are absent in higher plants; however, multiple histone proteins (vari
ants) related to chromatin condensation show dynamic changes during 
pollen mother cell meiosis or pollen mitosis. In lily and tulip, histone 
H1-like meiotic histone was synthesized and persisted through micro
sporogenesis and pollen maturation (Sasaki et al., 1990; Sheridan and 
Stern, 1967). The meiotic histone does not displace normal H1 but is 
enriched in the centromeric region of meiotic chromosomes (Riggs and 
Hasenkampf, 1991; Suzuki et al., 1997). 

Histone H1 (linker histone) is located at the entry-exit sites of core 
DNA on nucleosomes, where it compacts chromatins by reducing linker 
arm flexibility (Bednar et al., 2017; Woodcock et al., 2006). In animals, 
H1-containing nucleosomes are thought to reduce RNA polymerase II 
accessibility and gene expression (Fyodorov et al., 2018) and are often 
absent from a set of active promoters in Drosophila and human cells 
(Braunschweig et al., 2009; Krishnakumar et al., 2008). H1 dynamics 
affect chromatin condensation of vegetative cells and male germ cells. 
Several lines of evidence suggest that the vegetative chromatin has a low 
level of H1. In Arabidopsis microspores, H1 depletion occurs concur
rently with the nuclear movement to the cell periphery, and H1 is lost in 
the vegetative nucleus but preserved in male germ cell nuclei (He et al., 
2019; Hsieh et al., 2016). Similarly, histone H1 decreases gradually only 
in the vegetative nucleus but not in the generative nucleus of bicellular 
pollen (Tanaka et al., 1998). 

Selective loss of H1 contributes to active transcription in the vege
tative cell. Developmental depletion of H1 during microgametogenesis 
in Arabidopsis facilitates heterochromatin relaxation, whereas H1 
overexpression results in intense heterochromatic foci in late micro
spores and partially aborted pollen (He et al., 2019; Rutowicz et al., 
2019). Moreover, by combination with DNA methylation, H1 was found 
to play roles in silencing transposable elements and aberrant intragenic 
transcripts in Arabidopsis (Choi et al., 2020), and is suggested to repress 
some repetitive elements by promoting histone H3K9 methylation and 
chromatin compaction in mouse embryonic stem cells (Healton et al., 
2020). These indicate that H1 is important for maintaining transcrip
tional homeostasis in male cells and their companion cell. 

Other histone variants that specifically accumulate in male germ 
cells are also suggested to be involved in the regulation of chromatin 
compaction. Among all H2B variants in Arabidopsis, H2B.1, H2B.2, and 
H2B.8 expression were restricted solely to male germ cells and were not 
detected in the vegetative cell. In contrast, H2B.10 expression was 
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detected in microspores then remained largely restricted to the vegeta
tive cell during pollen maturation (Jiang et al., 2020). In lily, gH2A, 
gH2B, and gH3 were abundantly present only in generative and sperm 
nuclei but not found in the vegetative nucleus (Ueda et al., 2000; Ueda 
and Tanaka, 1995). H3.3-like gene YAH3 transcripts were present in 
microspores and generative cells. In contrast, MPH3 transcripts were 
accumulated explicitly in the vegetative cell and preferentially incor
porated into highly active chromatin of the vegetative nucleus (Sano and 
Tanaka, 2005). 

The centromeric histone 3 CenH3 (HTR12) accumulates at hetero
chromatin around centromeres (Lermontova et al., 2006; Talbert et al., 
2002) to ensure kinetochore establishment and chromosome integrity 
during mitosis (Keceli et al., 2020; Sanei et al., 2011). After PMI, CenH3 
and AtMGH3 (HTR10) were still expressed in generative and sperm 
nuclei but depleted in the vegetative nuclei (Ingouff et al., 2007; Okada 
et al., 2005). In contrast, H3.3(HTR8) and H3.14 (HTR14) were 
observed only in vegetative nuclei (Ingouff et al., 2010). It has been 
suggested that H3.3 can prevent H1 recruitment or compete for H1 oc
cupancy at the transcription start site (Braunschweig et al., 2009; 
Wollmann et al., 2017). It is probable that specific enrichment of H3.3 
and other histone variants coordinately influences the accessibility of 
transcriptional machinery, hereby regulating differential gene expres
sion in vegetative and germ cells. 

4. Transposable element expression in pollen 

4.1. Reactivation of transposable elements in vegetative cell 

Transposable elements (TEs) or transposons are DNA segments 
capable of self-mobilization and duplication in the genome via the ‘copy- 
and-paste’ or ‘cut-and-paste’ mechanism. The concept of TEs was first 
introduced in 1950 during a study of unexpected variegation in maize 
kernels (McClintock, 1950). TEs can be categorized as Class I (retro
transposons, such as LINEs, SINEs, LTRs) and Class II (DNA transposons, 
such as TIRs, Helitrons) elements (Wicker et al., 2007), both of which 
make up a large proportion of the plant genome, and the percentage of 
TE-DNA in the genome has been shown to positively correlate with the 
genome size (Tenaillon et al., 2010; Zhou et al., 2020). The majority of 
plant TEs are inactive ancestral TE copies that have lost their ability to 
transpose (Chuong et al., 2017; Lisch, 2012), and recent transposition 
incidents are rare (Quadrana et al., 2016). On the other hand, TEs 
exhibit strong spatio-temporal expression in certain gametophytic cells. 
For instance, LTR retrotransposons in maize move mainly in male germ 
cells but rarely in female germ cells (Dooner et al., 2019). In Arabidopsis 
somatic cells, TE expression was barely detected, but a significant pro
portion (32.5 %) of TEs was expressed in male meiocytes (Chen et al., 
2010). In addition, a developmental relaxation of transposable element 
silencing during plant sexual reproduction has also been observed in the 
vegetative cell, central cell, and fertilized endosperm (Martinez and 
Slotkin, 2012). These findings imply that TE activation is a natural 
process during pollen development and may play an essential role in 
plant reproduction. 

TEs are an important source for generating long noncoding RNAs 
(lncRNAs) and small interfering RNAs (siRNAs) in plants. TE-lncRNAs 
diversity positively correlates with TE percentage in the genome. 
About 23 %, 50 %, and 65 % lncRNAs were associated with TEs in 
Arabidopsis thaliana, Oryza sativa, and Zea mays, respectively (Cho, 2018; 
Lv et al., 2019; Wang et al., 2017). TE-derived siRNAs have been shown 
to mediate genome dosage response in Arabidopsis endosperm (Borges 
et al., 2018). TE-derived siRNA854 is synthesized in pollen and trans
ferred to the central cell via sperm cells. Depletion of siRNA854 in the 
endosperm caused triploid seed abortion in Arabidopsis (Wang et al., 
2018). 

Suppression of TE activity is controlled by a multiple-layered 
mechanism of DNA methylation and histone modifications. TEs are 
often highly methylated in all cytosine contexts (CG, CHG, and CHH), 

while at protein-coding genes methylation occurs mainly in the CG 
context (Bewick et al., 2016; Schmitz et al., 2013; Stuart et al., 2016). 
Mobile TE families are generally subjected to higher methylation than 
non-mobile TE families (Quadrana et al., 2016), suggesting tighter 
surveillance on TE transposition than on transcription. The edges of TEs 
have the highest mCHH level, which may delimit the TE and neigh
boring chromatin (Li et al., 2015; Panda and Slotkin, 2020; Zemach 
et al., 2013). In plants, de novo CHH methylation of TEs is carried out by 
the RNA-directed DNA methylation (RdDM) machinery, which requires 
the guide of 24-nt or 21− 22-nt sRNA and plant-specific RNA polymerase 
IV and V (Erdmann and Picard, 2020; Zhang et al., 2018). 

During the decondensation of heterochromatin in the Arabidopsis 
vegetative nucleus, diverse TE families show reduced DNA methylation, 
reactivation of expression, and transposition only in the vegetative cell 
but not in sperm cells (Slotkin et al., 2009). TE reactivation is accom
panied by downregulation of 24-nt siRNA and remodeler DECREASE IN 
DNA METHYLATION 1 (DDM1) (Slotkin et al., 2009; Zemach et al., 
2013) as well as upregulation of DNA glycosylases such as DEMETER 
(DME) and REPRESSOR OF SILENCING 1a (ROS1a) (Kim et al., 2019; 
Park et al., 2017). Many TE transcripts can be targets of miRNA, and give 
rise to 21-nt ‘epigenetically activated’ siRNA (easiRNAs) (Creasey et al., 
2014; Slotkin et al., 2009). 

4.2. Transposable element silencing in male germ cells by mobile siRNA 

siRNA is an essential component in the posttranscriptional silencing 
of transposons and foreign nucleic acid fragments. The movement of 
siRNA through plasmodesmata and the phloem is common in plants 
(Palauqui et al., 1997; Voinnet and Baulcombe, 1997). In Arabidopsis, 
most mobile siRNAs are associated with transposons and methylated 
regions (Molnar et al., 2011, 2010). During the selective DNA deme
thylation and TE reactivation in the vegetative cell, mature siRNAs but 
not their primary transcripts are detected in sperm cells. A theory has 
thus been proposed that TE-siRNAs produced from the vegetative cell 
can move to sperm cells, via an unknown pathway, to reinforce gene 
silencing in the germ genome or influence imprinted gene expression 
after fertilization (Martinez et al., 2016, 2018; Slotkin et al., 2009). In 
this process, the vegetative cell makes sacrifices to reactivate TE 
expression, and the TE-derived siRNAs are delivered to male germ cells 
to enhance TE silencing via the RdDM pathway (Fig. 2). 

The model of intercellular transfer of siRNA relies on the following 
two postulates: Firstly, siRNAs need to move from the vegetative cell 
into the germ cell cytoplasm. In Plumbago and Arabidopsis, one of the 
sperm cells has a long cytoplasmic projection stretching to the periphery 
of the vegetative nucleus (McCue et al., 2011; Ndinyanka Fabrice et al., 
2017; Russell and Cass, 1981). In Medicago, the vegetative cell’s nuclear 
envelope facing the generative cell has a higher NPC density (Shi et al., 
1991). The polarized distribution of NPC and cytoplasmic connection 
may facilitate siRNA transit from vegetative nuclei to male germ cells. As 
the plasmodesmata-like structure is absent between the vegetative 
nuclei and male germ cells (Cresti et al., 1987), the cross-membrane 
transportation of siRNAs may occur through unknown siRNA import 
receptors localized in the plasma membrane of the germ cells. Secondly, 
siRNA are retrogradely imported to the gametic nuclei. Although the 
central dogma indicates a unidirectional movement of RNA from the 
nucleus to the cytoplasm, research in animals shows that mature transfer 
RNAs (tRNAs) can move from the cytoplasm to the nucleus as part of the 
quality control mechanism (Kramer and Hopper, 2013; Shaheen and 
Hopper, 2005). Whether siRNA has a retrograde import pathway re
mains unresolved. 

In addition to the model mentioned above, other explanations are 
that male germ cells may inherit some siRNAs from microspores. 
Alternatively, siRNAs may be transported from the newly formed 
vegetative nucleus to the generative nucleus before the generative cell 
develops its cell membrane and nuclear envelope (Fig. 2). This alter
native model assumes generative nuclei could engulf sufficient siRNA 
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for TE repression, and the reinforcement of TE silencing by siRNA 
guided RdDM occurs in the early stage of the generative cell. In support 
of this model, a recent study of the male germ cell methylome shows that 
generative nuclei have nearly identical 5-mC DNA methylomes with 
sperm nuclei, suggesting siRNA guided DNA methylation is already 
established at the bicellular pollen stage or earlier (Lu et al., 2020). 

Several transgenic experiments have tested the gene silencing effect 
in the male germ cells by vegetative nuclei-derived small RNA. These 
experiments use vegetative cell-specific promoters such as LAT52, 
VCK1, and KRP6 to drive the production of artificial siRNA or miRNA 
originating from a partial GFP sequence. A functional GFP fused with an 
siRNA/miRNA target is expressed by germ cell-specific promoters such 
as AtMGH3. The reduction of GFP fluorescence in sperm cells signifies 
successful gene silencing due to siRNA/miRNA movement into sperm 
cells. Although these promoters’ specificity at the protein level has been 
confirmed on many occasions, the specificity at the transcription level 
still needs to be examined. Indeed, H2B-GFP driven by LAT52 is 
observed both in the vegetative and generative cells (Grant-Downton 
et al., 2013). Basal expression of LAT52::GUS was present in the endo
sperm (McCormick, 1993). Surprisingly, transcriptome analysis of male 
reproductive lineage cells from tomato suggests native LAT52 gene 
transcripts (Solyc10g007270.2) are also present in the generative cell 
and sperm cells in medium abundance (Liu et al., 2018). These findings 
suggest that LAT52 may be transcribed but not translated in male germ 
cells. The basal expression or inheritance of ‘vegetative specific’ tran
scripts in the male germ cells might inadvertently produce siRNA that 
reduces reporter GFP expression. 

4.3. Transposable element expression in male germ cells — relaxed or 
reinforced? 

In general, active TE transcription and transposition are detrimental 
to the germ cell genome. The spontaneous mutation rate induced by TEs 
is extremely low on the timescale of dozens of generations (Ossowski 
et al., 2010; Weng et al., 2019). In the transcriptome of wild-type 
Columbia Arabidopsis inflorescence tissue, only 0.59 % reads were 
shown to be TE-initiated transcripts. However, in DNA methylation 
establishment or maintenance mutants, elevated TE transcription and 
mutation rates were observed (Panda and Slotkin, 2020; Quadrana et al., 
2019). 

Many pieces of evidence support that TE suppression in male germ 
cells is reinforced by mobile siRNA originating from the surrounding 
companion cell (Ibarra et al., 2012; Lewis et al., 2018; Martinez et al., 
2016; Slotkin et al., 2009). That is, the TE methylation level in male 
germ cells is enhanced by the siRNA guided RdDM pathway which 
mainly functions in non-CG methylation. However, compared to those in 

vegetative cells, TEs in male germ cells are hypermethylated in the CG 
context, but hypomethylated in the non-CG contexts, which include 
many CHG and CHH methylation sites. Several reports show that the 
non-CG methylation level is significantly reduced in the generative cell 
and sperm cells, rather than elevated (Table 1). Prominently, mCHH 
peaks are present at both boundaries of TEs in the vegetative cell but are 
absent in generative cells and sperm cells (Fig. 3) (Lu et al., 2020). The 
mCHH peaks at TE edges are usually thought to preserve the silencing of 
TEs via canonical 24-nt siRNA guided RdDM (Li et al., 2015; Zemach 
et al., 2013), and depletion of 24-nt siRNA from mCHH heterochromatin 
boundaries have been observed in sperm cells (Li et al., 2020a). 
Therefore, the downregulation of non-CG methylation in TE suggests a 
relaxation of TE repression in male germ cells. 

In contrast to vegetative cell-specific reactivation of TEs in Arabi
dopsis, there is an active expression of TEs in microspores and sperm 
cells in maize. About 2000 of TEs are upregulated in sperm cells. This TE 
expression is family-independent and correlates with high-level 
expression of neighboring protein-coding genes, suggesting potential 
functional roles of TEs in sperm cells or fertilization (Warman et al., 
2020). TE activity may be low in Arabidopsis sperm cells, but this may 
not be the same in plant species with larger genomes such as tomato and 
maize. 

From an evolutionary perspective, TE activity is a rich source of 
mutations. TE insertion/deletion causes structure variation, which 
profoundly impacts genome size differences and genetic diversity during 
plant adaptation and evolution (Bennetzen et al., 2005; Lisch, 2012; 
Wendel et al., 2016). TE expression or transposition in somatic cells 
provides more plasticity on epigenetic regulation of adjacent gene 
expression but contributes little to genetic variation in progenies. In 
contrast, gene mutations induced by TE activity in male germ cells are 
more likely to be inherited by the next generation. Even though most 
mutations may affect male germ cells’ viability, there are still sufficient 
viable germ cells to pass genetic information, because plants produce a 
vast number of sperm cells to ensure successful fertilization of relatively 
few egg cells. Damaging mutations will lower the sperm cells’ ability to 
compete for fertilization and are very likely to be purged in the double 
fertilization process, while neutral and beneficial mutations are likely to 
survive (Quadrana et al., 2016; Stuart et al., 2016). To some extent, a 
controllable TE expression and transposition in the germ cell is more 
beneficial than severe TE suppression in the plant, especially for the 
propagation in a changeable environment. 

5. Conclusion 

The sperm cell lineage development is generally a self-enclosing 
process. The germ cell inherits less cytoplasm and fewer organelles 

Fig. 2. Schematic illustration of three models for siRNA movement from the vegetative nucleus to the germ nucleus. 1) During the late stages of pollen mitosis I, the 
vegetative nucleus undergoes TE reactivation and TE-siRNA moves freely to the generative nucleus before the formation of its nuclear envelope and cell wall. 2) At 
the bicellular stage, TE-siRNA moves from the vegetative cytoplasm to the generative cytoplasm via unknown siRNA transporters localized in the generative cell’s 
plasma membrane (step 1). Retrograde import of siRNA from the cytoplasm to the nucleus of the generative cell (step 2). 3) At the tricellular stage, TE-siRNA moves 
from the vegetative cytoplasm to the sperm cell’s cytoplasm via cytoplasmic projection and unknown siRNA transporters localized in the sperm cell’s plasma 
membrane (step 1). Retrograde import of siRNA from the cytoplasm to the sperm nuclei (step 2). 
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from the microspore, reducing both gateways for intercellular and 
intracellular communication, lowering metabolic activity and gene 
transcription. The brief occurrences of callose walls may change the 
distribution of signal molecules such as auxin within the developing 
germ cell, and the question of how a ‘closed-system’ affects pollen gene 
expression remains mostly unanswered. To gain further insight into gene 
networks involved in sperm cell production, further transcriptomics 
studies should try to understand the functions of newly synthesized 
transcripts and inherited transcripts. It is very clear that epigenetic 
pathways play critical roles in the regulation of pollen gene expression. 
It is worth considering that the suppression of TEs may not be intensified 
in male germ cells. At least in some model plants with a larger genome 
size and higher proportion of TEs, TE methylation and expression seem 
to be relaxed in male germ cells as compared to the vegetative cell. 
Evidence shows leaky expression of ‘vegetative cell-specific’ genes in 
male germ cells. Therefore, how and when the siRNA move from the 
vegetative cell to male germ cells still needs to be explored. 
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