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Abstract
Key message  Cytoplasmic connections are present between cells within male and female germ units (MGU, FGU), 
suggesting potential structural pathways for communication.
Abstract  Cell-to-cell communication within the male germ unit (MGU), which consists of two sperm cells and the vegeta-
tive cell nucleus, and the female germ unit (FGU), comprising the synergids, the egg cell, and the central cell, is crucial for 
gamete maturation, fertilization, and early embryogenesis in angiosperms. The MGU facilitates the transport and delivery 
of immotile sperm cells via the elongating pollen tube to the FGU/embryo sac, which is deeply embedded within the ovule 
and the ovary. Through applying various bioimaging techniques at both electron and light microscopy levels, we examine 
the structure and the function of these units in the model plant Arabidopsis thaliana, with a particular focus on potential 
structural pathways for communication. In the MGU, this communication is facilitated by a cytoplasmic projection that con-
nects the sperm cells to the lobed vegetative nucleus. In the FGU, the extracellular matrix adjacent to the egg cell, central 
cell, and synergids plays a similar role. We discuss our findings in the context of previous studies on Hyacinthus orientalis, 
where, in contrast to Arabidopsis—which possesses a tricellular pollen structure—sperm cells are formed within the grow-
ing pollen tube.

Keywords  Pollen · Embryo sac · Male germ unit (MGU) · Female germ unit (FGU) · Sperm cell · Egg cell · Central cell · 
Cell-to-cell communication

Abbreviations
GC	� Generative cell
VC	� Vegetative cell
SC	� Sperm cell
EC	� Egg cell
S	� Synergid cell
CC	� Central cell
A	� Antipodal cell

Introduction

The life cycle of angiosperms includes two distinct phases, 
the vegetative phase (sporophyte) and the generative phase 
(gametophyte). During the transition from the vegetative to 
the generative phase (from 2 to 1n), somatic cells within 
the male and female reproductive organs—anthers and 
pistils with ovules—differentiate into spore mother cells. 
These cells undergo reduction division and initiate gameto-
phyte development. In the anther, microspore mother cells 
(MiMC) are surrounded by somatic tapetum cells, whereas 
only one megaspore mother cell (MMC) differentiates per 
ovule. As a result of the MiMC meiosis, a tetrad of haploid 
microspores is formed (microsporogenesis). In turn, the 
MMC divides to form four linearly arranged megaspores 
(megasporogenesis), and only one haploid megaspore sur-
vives to become the functional megaspore, while three oth-
ers degenerate. The subsequent stage involves the develop-
ment of microspores into male gametophytes—pollen grains 
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(microgametogenesis) and the development of the functional 
megaspore into the female gametophyte—the embryo sac 
(megagametogenesis) (Drews et al. 1998; Yadegari and 
Drews 2004; Borg et al. 2009; Twell 2011).

The microspore is the first cell of the haploid generation 
from which the male gametophyte, i.e., the pollen grain, 
will develop. The asymmetric division of the microspore 
(mitosis I) leads to the formation of two functionally dif-
ferentiated cells—a generative cell (GC) directed toward 
the reproductive pathway and a vegetative cell (VC) which 
performs somatic functions. In most flowering plants, pol-
lination occurs in the two-celled pollen grain stage. The 
GC (mitosis II) division into two sperm cells (SCs) occurs 
within the growing pollen tube. However, in some dicoty-
ledonous plants, such as those in the Cruciferae family and 
the monocotyledonous grasses, the GC divides into two SCs 
(three-celled pollen) during pollen grain maturation (Honys 
et al. 2006; Twell 2011; Gómez et al. 2015; Hafidh et al. 
2016). After pollination, the VC grows into a pollen tube, 
transporting the male gametes to the embryo sac (Heslop-
Harrison 1987; Mascarenhas 1993; Taylor and Hepler 1997). 
In most flowering plants (e.g., Arabidopsis, Zea, Oryza), the 
embryo sac develops from a single reduced megaspore, a 
process known as monosporic development. Three mitotic 
divisions of the functional megaspore produce an eight-
nucleate embryo sac, which subsequently organizes into 
a seven-celled female gametophyte of the Polygonum type 
(Huang and Russell 1992; Sánchez-León and Vielle-Calzada 
2010; Drews and Koltunow 2011). After migration to the 
micropylar pole and undergoing cellularization, three nuclei 
form an egg apparatus consisting of an egg cell (EC) and two 
synergids (S). The Ss produce attractants that guide the pol-
len tube, and one becomes the site of pollen tube entry and 
the release of SCs (Higashiyama et al. 2001; Punwani and 
Drews 2008; Li et al. 2009; Higashiyama and Yang 2017). 
At the chalazal pole, three nuclei form antipodal cells (A) 
that perform nutritional functions (Song et al. 2014). The 
remaining two polar nuclei fuse to form a homodiploid 
nucleus (secondary nucleus, 2n) within the central cell (CC) 
(Huang and Russell 1992; Chen et al. 2007; Liu et al. 2010). 
The process of double fertilization initiates seed formation. 
The fusion of one SC with the EC, a diploid embryo devel-
ops, which will give rise to a new generation of sporophyte 
(transition from 1 to 2n), whereas the fusion of the second 
SC with the CC generates the nutritional tissue—triploid 
endosperm (Weterings and Russell 2004; Hamamura et al. 
2011; Dresselhaus et al. 2016).

In the context of fertilization, the terms “male germ unit” 
(MGU) and “female germ unit” (FGU) have been proposed 
(Russell and Cass 1981; Dumas et al. 1984, 1985). The 
MGU consists of two SCs and the vegetative cell nucleus 
(VN), while FGU comprises the EC flanked by two Ss (col-
lectively forming “egg apparatus”) and the CC (Fig. 1). The 

concept of MGU and FGU suggests that these are not only 
structural units that represent the minimal number of cells 
required for successful double fertilization but also func-
tional (Russell 1993; Dumas and Mogensen 1993). One 
SC is consistently associated with the vegetative cell (VC) 
nucleus via a cytoplasmic projection hooked up to the lobed 
VN (Jensen and Fisher 1970; Russell 1991; Sprunck 2020) 
(Fig. 1A). This physical association facilitates the transport 
of male gametes as passive cargo during the movement of 
the MGU within the germinal pollen and the growing pollen 
tube through the floral tissue to reach the embryo sac (Zhou 
and Meier 2014; Vogler et al. 2015; Zhang et al. 2017) 
(Fig. 1B). Additionally, this connection ensures cell-to-cell 
communication and information exchange between cells 
(Slotkin et al. 2009; McCue et al. 2011). The components 
of the FGU (Fig. 1C) attract and receive the pollen tube, 
release the sperm cells, and transport them toward fusion 
with female gametes (Russell 1993; Dumas and Mogensen 
1993). Intercellular communication within FGU also plays 
a crucial role in these processes.

Understanding the unique structure and function of the 
MGU and FGU is essential for elucidating the mechanisms 
underlying sexual reproduction in angiosperms. In this 
study, we analyzed the male and the female gametophyte 
cells of Arabidopsis thaliana. Using light and electron 
microscopy bioimaging techniques, we focused on the close 
contact between cells within the units, particularly on the 
extracellular matrix with the potential intercellular connec-
tions that facilitate communications between cells: a poten-
tial symplasmic connection between the EC and the CC and 
the physical association of one SC to the VN in pollen grain 
and in vitro growing pollen tube.

Material and methods

Arabidopsis thaliana ecotype Col-0 and Hyacinthus ori-
entalis (a commercial cultivar) plants were cultivated in a 
greenhouse under controlled conditions, with a 16 h light/8 h 
dark cycle at 21 °C and 60% humidity.

Ultrastructure analysis

For transmission electron microscopy (TEM) analysis, en 
bloc staining with lead aspartate method was used (Walton 
1979; Kopriwa 1984). On the day of anthesis, 40 flowers 
were transferred into a 1.5 ml tube containing 1 ml of a 
fixation solution containing 3% (v/v) glutaraldehyde (Poly-
sciences Europe GmbH, Germany) in 0.15 M sodium caco-
dylate buffer pH 7.4 or immediately submerged in 1 ml of 
germination medium containing 5 mM CaCl2·2H2O, 0,01% 
(w/v) H3BO4, 5 mM KCl, 1 mM MgSO4·7H2O, 10% (w/v) 
sucrose (Merck KGaA, Darmstadt, Germany) pH 7.5 for 
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30 min according to the method described by Boavida and 
McCormick (2007) and Dardelle et al. (2010) to hydrate the 
pollen. The tubes were then vortexed to release the pollen 
grains. After removing the flowers, the pollen suspension 
was pelleted down at 3200 g for 6 min. A fresh 250 µl of 
fixation solution was added to the pellet. For pollen tubes 
cultivation, 250 µl of the germination medium was added 
to the hydrated pollen pellet. The pollen grains were trans-
ferred to glass vials (14 × 45 mm) and incubated in a humid 
chamber in the dark at 22 °C. After 6 h of cultivation, the 
pollen tubes were washed with 0.15 M sodium cacodylate 
buffer pH 7.4, and then the fixation solution was added. All 
samples were fixed for 12 h at 4 °C. Then, the pollen tubes 
were adhered to small pieces of Thermanox® plastic sheet 
(Ted Pella) coated with 0.1% Poly-L-lysine (Merck KGaA, 
Darmstadt, Germany). For ultrastructure analysis of the 
FGU, pistils from emasculated flowers were dissected under 
a stereomicroscope on the day of anthesis and immediately 
transferred to the fixation solution for 12 h at 4 °C.

All fixed materials (pollen, pollen tubes, and pistils) were 
washed in 0.15 M sodium cacodylate buffer pH 7.4 and 

double post-fixed in 2% (v/v) OsO4 (Polysciences Europe 
GmbH, Germany) with 3.0% potassium ferricyanide (w/v) 
in 0.15 M sodium cacodylate buffer pH 7.4 (1 h on ice) fol-
lowed in by 1% (w/v) thiocarbohydrazide (Merck KGaA, 
Darmstadt, Germany) (at RT for 20 min) and then 2% (v/v) 
OsO4 (at RT for 30 min). The samples were stained over-
night with 1% (w/v) uranyl acetate and then treated for 
30 min at 60 °C in lead aspartate solution pH 5.5. After 
each incubation step, the material was rinsed three times 
with Milli-Q-filtered water. Serial dehydration of the mate-
rial was performed in graded ethanol series and then embed-
ded in Spurr resin (Polysciences Europe GmbH, Germany) 
according to the standard protocol. Ultrathin sections were 
collected on copper grids and examined by transmission 
electron microscopy (Jeol EM 1010) at 80 kV.

FISH reactions

For in situ hybridization, A. thaliana pollen and pollen 
tubes in the germination solution were mixed with a fixation 
medium containing 100 mM PIPES buffer pH 6.9, 4 mM 

Fig. 1   Model of the organization of A. thaliana “male germ unit” 
(MGU) in pollen grain (A) and tip-growing pollen tube (B) and 
“female germ unit” (FGU) in the ovule (C). VN vegetative nucleus, 

SC1, SC2 sperm cells, EC egg cell, S1, S2 synergids, CC central cell, 
A antipodal cells, MP micropylar pole, ChP chalazal pole
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MgSO4·7H2O, 4 mM EGTA, 10% (w/v) sucrose and 5% 
(v/v) formaldehyde (Polysciences Europe GmbH, Germany) 
and incubated for 90 min at room temperature. Following 
fixation, the samples were rinsed three times by centrifuga-
tion with 50 mM PIPES buffer pH 6.9, 2 mM MgSO4·7H2O, 
and 2 mM EGTA (Merck KGaA, Darmstadt, Germany) and 
three times in PBS pH 7.2 (Dardelle et al. 2010) and saline-
sodium citrate buffer pH 7.0 (4xSSC). The FISH reaction 
was also performed on H. orientalis pollen tubes after the 
GC division into two SCs. Freshly collected mature pol-
len grains were used for germination in the Brewbaker and 
Kwak (1963) medium with 10% (w/v) polyethylene gly-
col 4000 (Merck KGaA, Darmstadt, Germany) modified 
by adding pistils from the pollinated flowers (according to 
the method described by Zienkiewicz et al. 2011). Cultiva-
tion was carried out at 25 °C in the dark and pollen tubes 
were collected after 24 h of growth and fixed in a mixture 
of 4% (v/v) paraformaldehyde and 0.5% (v/v) glutaralde-
hyde (Polysciences Europe GmbH, Germany) prepared in 
PBS pH 7.2, overnight at 4 °C. The material was then enzy-
matically digested in a mixture of 1% cellulase R10 (Serva 
Electrophoresis GmbH, Heidelberg, Germany) and 27 U 
pectinase (Merck KGaA, Darmstadt, Germany) in 0.01 M 
citrate buffer pH 4.8 for 25 min at 37 °C and next rinsed in 
0.01 M citrate buffer pH 4.8 and saline-sodium citrate buffer 
pH 7.0 (4xSSC).

A. thaliana pistils from emasculated flowers were dis-
sected on the day of anthesis and fixed in a solution con-
taining 4% formaldehyde (v/v) and 0.25% (v/v) glutaral-
dehyde (Polysciences Europe GmbH, Germany) in PBS 
pH 7.2 for 24 h at 4 °C. The fixed material was dehydrated 
through a graded series of ethanol containing 10 mM dithi-
othreitol (DTT, Merck KGaA, Darmstadt, Germany) and 
subsequently supersaturated. It was embedded in BMM 
resin (butyl methacrylate, methyl methacrylate, 0.5% ben-
zoyl ethyl ether with 10 mM DTT, Merck KGaA, Darm-
stadt, Germany) at – 20 °C under UV light for polymeriza-
tion. Semithin sections were mounted on Polysine®Slides 
(Thermo Fisher Scientific Inc, Waltham, MA, USA). Before 
the FISH reaction, the resin was removed with two changes 
of acetone, and then the material was rinsed twice in water 

and finally in PBS pH 7.2 and 4xSSC pH 7.0 (Niedojadło 
et al. 2012, 2015a, b).

Poly(A) RNA was detected using a DNA oligonucleo-
tide probe (5′Cy3 T(T)29, Genomed, Warsaw, Poland) 
resuspended in hybridization buffer (30% [v/v] formamide, 
4 × SSC, 5 × Denhardt’s buffer, 1 mM EDTA, 50 mM phos-
phate buffer) to a concentration of 50 pmol/ml. Hybridiza-
tion was performed 12 h at 26 °C. After labeling, the mate-
rial was stained with Hoestch 33,342 in PBS pH 7.2 (1:1000) 
for DNA detection and mounted in ProLong Gold Antifade 
reagent (Thermo Fisher Scientific Inc, Waltham, MA, USA).

Images of pollen and pollen tubes were registered with 
a Leica TCS SP8 confocal laser scanning microscope using 
a diode 405 laser and a diode laser DPSS 561. Optimized 
pinhole, long exposure (200 Hz), and 63x (numerical aper-
ture 1.4) Plan Apochromat DIC H oil immersion lens were 
used. The images were collected sequentially in the blue 
(Hoechst 33342, PMT detector with sensitivity range of 
420–470 nm) and red (Cy3, PMT detector with sensitivity 
range of 570–610 nm) channels using low laser power (1.5% 
of maximum power) and sequential collection to minimize 
bleed-through between the channels. The obtained data 
were corrected for background autofluorescence as deter-
mined by negative control signal intensities. Images of 
semithin sections of A. thaliana pistils were acquired using 
an Olympus BX50 fluorescence microscope. The UPlanFI 
100 × (N.A. 1.3) oil immersion lens and narrow band filters 
(U-MNU, U-MNG) were used. The results were registered 
with an Olympus XC50 digital color camera and CellB soft-
ware (Olympus Soft Imaging Solutions GmbH, Münster, 
Germany).

Immunocytochemistry

The pistils of A. thaliana were prepared for embedding in 
BMM resin (butyl methacrylate, methyl methacrylate, 0.5% 
benzoyl ethyl ether with 10 mM DTT (Merck KGaA, Darm-
stadt, Germany) according to Niedojadło et al. (2015a, b). 
The material was cut into semithin sections. (1.5 µm) and 
collected on Thermo Scientific™ Polysine adhesion micro-
scopic slides (Thermo Fisher Scientific Inc, Waltham, MA, 
USA). Before the reaction, the resin was removed using 
acetone, and the material was washed in distilled water 
and PBS pH 7.4. After incubation with 2% BSA (bovine 
serum albumin) in PBS pH 7.4 for 30 min at room tem-
perature, the sections were incubated with anti-pectins 
rat primary antibodies: JIM7, LM19, and LM5 (Kerafast) 
diluted 1:20 in 0.2% BSA in PBS pH 7.4 overnight at 4 °C 
and with AlexaFluor®488-conjugated goat anti-rat second-
ary antibody (Thermo Fisher Scientific Inc, Waltham, MA, 
USA) diluted 1:250 in 0.2% BSA in PBS pH 7.4 for 1 h at 
37 °C. Additionally, DNA was stained with 4 pg/ml DAPI 
(4′,6-diamidino-2-phenylindole, Merck KGaA, Darmstadt, 

Fig. 2   Localization of poly(A)+RNA in A. thaliana MGU, optical 
serial sections of the dehydrated pollen grain (A–D), after pollen 
rehydration (E–H) and in  vitro growing pollen tube (I–L). During 
dehydration in SCs, polyadenylated transcripts accumulate in gran-
ules (A–D, arrowheads), and after rehydration, they are dispersed 
in the cytoplasm; the pollen cytoplasmic projection is visible (E–H, 
arrowheads). After pollen germination, a high level of poly(A) + RNA 
is detected in the SCs cytoplasm, and the cytoplasmic connection of 
male gametes to VN is still observed (I–L, arrowheads). The homog-
enous signal of the fluorescence is present in VN during all analyzed 
stages of male gametophyte development. VC vegetative cell, VN veg-
etative nucleus, SC1, SC2 sperm cells; red signal of FISH reaction, 
blue Hoechst 33342 staining; bars 5 µm

◂
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Germany) solution in PBS pH 7.4 for 5 min. Next, slides 
were washed in PBS pH 7.4, dried at room temperature, and 
mounted with ProLongTMGold antifade reagent (Thermo 
Fisher Scientific Inc, Waltham, MA, USA). To perform con-
trol reactions, the incubations with primary antibodies were 
omitted. The controls showed no labeling (not shown). Sem-
ithin sections were analyzed with an Olympus BX50 fluores-
cence microscope. UPlanFI 100 × (N.A. 1.3) oil immersion 
lens and narrow band filters (U-MNU, U-MNB) were used. 
The results were registered with an Olympus XC50 digital 
color camera and CellB software (Olympus Soft Imaging 
Solutions GmbH, Münster, Germany).

Methylene blue and Calcofluor White stainings

To investigate the structure of the mature embryo sac, the 
A. thaliana pistils were embedded in BMM resin and cut 
into semithin sections as described previously. Next, the sec-
tions were stained with 1% w/v methylene blue and washed 
in distilled water. After drying at room temperature, the 
slides were mounted with DPX Mount for histology (Merck 
KGaA, Darmstadt, Germany). The fluorochrome Calcofluor 
White Stain (Merck KGaA, Darmstadt, Germany) composed 
of Calcofluor White M2R 1 g/L and Evans Blue 0.5 g/L was 
used for the cytochemical staining of cellulose. The sections 
were stained for 2 min, washed with distilled water, and then 
mounted with ProLongTMGold antifade reagent (Thermo 
Fisher Scientific Inc, Waltham, MA, USA). The stained sec-
tions were analyzed using an Olympus BX50 fluorescence 
microscope with a UPlanFI 100 × (N.A. 1.3) oil immersion 
lens and narrow band filter U-MNU. The results were regis-
tered with an Olympus XC50 digital color camera and CellB 
software (Olympus Soft Imaging Solutions GmbH, Münster, 
Germany).

Results

Male germ unit

Fluorescence in situ hybridization (FISH) using an oligonu-
cleotide probe complementary to the poly(A) tail of RNA 

indicated different spatio-temporal distribution of transcripts 
in A. thaliana male gametophyte cells (Fig. 2). Immediately 
after anthesis, in dehydrated pollen grains, poly(A)+RNA 
was detected in the cytoplasm of the VC and in both gametes 
(Fig. 2A–D, ESM_1). The fluorescence signal was homog-
enously distributed in the nucleus of the VC (VN) and in 
small clusters around the nucleus in the cytoplasm (Fig. 2B, 
arrows), while the fluorescence signal in the remaining 
cytoplasmic area was lower and more dispersed. In SCs, 
FISH analysis revealed an accumulation of polyadenylated 
RNA in the cytoplasm with a less homogenous distribu-
tion in the nucleus. Serial confocal optical sections showed 
distinct clusters of fluorescence in the cytoplasm of SCs 
(Fig. 2A–D, arrowheads). During rehydration, male gam-
etes' poly(A)+RNA distribution pattern changed (Fig. 2E–H, 
ESM_2). Polyadenylated transcripts become dispersed 
throughout the cytoplasm. Interestingly, the FISH reaction 
highlighted a cytoplasmic connection between SCs and the 
VN (Fig. 2E–H, arrowheads). Homogenous poly(A)+RNA 
localization in the MGU remained in in vitro growing pol-
len tubes (Fig. 2I–L, Supplementary Fig. S1A–C). The level 
of polyadenylated transcripts was higher in the cytoplasm 
compared to the nucleus of SCs. The cytoplasmic projec-
tion connecting one SC with the VN was strongly detectable 
(Fig. 2K, Fig. S1A–B, arrowheads).

To verify the universality of poly(A)+RNA localization in 
the SCs formed after the GC mitosis in the growing pollen 
tube (bicellular pollen grain), we examined Hyacinthus ori-
entalis L. as a model. Surprisingly, the distribution pattern 
of polyadenylated transcripts in male gametophyte cells was 
consistent with that observed in the SCs of the dehydrated 
tricellular pollen grain of A. thaliana (Fig. S1). In hyacinth, 
after SCs formation, the MGU exhibits a physical associa-
tion between SCs and the VN. Within this organized struc-
ture, the poly(A)+RNA was localized as numerous granules 
in the cytoplasm of both gametes (Fig. S1D–J, arrowheads). 
In contrast, the fluorescence signal in the VN remained uni-
formly distributed (Fig. S1D–J).

We subsequently analyzed the ultrastructure of the MGU 
organization (Figs. 3, 4) using the en bloc method, which 
produces general staining and significantly enhances the 
TEM images of membrane structures in cells (Walton 1979; 
Kopriwa 1984). During the final stages of maturation within 
the anther and following its dehiscence, tricellular Arabi-
dopsis pollen loses water. In the dehydrated pollen grain, 
organelles are densely packed in the cytoplasm of the VC. 
The cytoplasmic membranes were not clearly visible (Fig. 3, 
Fig. S2). Among the ambiguously distinguished membrane 
structures, mitochondria and numerous vesicles were present 
(for example, Fig. 3B). Larger vacuoles were not observed, 
likely due to their disappearance in the dehydrated state. 
Lipid bodies, visible as dense osmiophilic structures, were 
dispersed throughout the cytoplasm (e.g., Fig. 3C). The SCs 

Fig. 3   Transmission electron micrographs of sections through MGU 
of dehydrated A. thaliana pollen grain. In the center of the VC MGU 
formed by VN and two SCs are visible (A). SCs are located near the 
VN (B–D). SCs are irregular in shape and form protrusions, which 
provide them with close contact with VN (E–L, arrowheads); they 
also are separated from each other by their plasma membranes and 
enclosed within the peri-germ cell membrane (J–M, arrows). The 
SCs connecting area has an interlocking cell border filled with elec-
tron-dense material (Fig.  3  M, asterisk). The VN is highly lobbed 
with numerous nuclear pores (A–I). VC vegetative cell, VN vegetative 
nucleus, SC1, SC2 sperm cells, m mitochondrion, lb lipid body

◂
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Fig. 4   Transmission electron micrographs of sections through MGU 
of rehydrated A. thaliana pollen grain. The membrane structures/
organelles are more dispersed and become more visible in VC (A, B) 
and SCs (C, D). VN is still highly lobbed with dispersed chromatin 
and numerous nuclear pores (E). After hydration, the close proxim-
ity of VN and SCs becomes more visible (F–G, arrowheads). The 

plasma membranes of SCs and peri-germ cell membrane are dis-
tinctly discernible (C–D, F–L, arrows), and interlocking cell borders 
connect SCs, which also share a common area filled with electron-
dense material (H–L, asterisks). VC vegetative cell, VN vegetative 
nucleus, SC1, SC2 sperm cells, er endoplasmic reticulum, d dicty-
osomes, pl plastid, m mitochondrion, lb lipid body
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are located adjacent to the VN, forming the MGU in the 
center of the VC (Fig. 3A). The VN is large, highly lobbed 
and contains numerous nuclear pores (Fig. 3A–I, Fig. S2). 
The male gametes are separated from each other by their 
plasma membranes and are enclosed within the plasma 
endomembrane of the VC called peri-germ cell membrane 
(PGCM) (Sugi et al. 2024) (Fig. 3I–M, arrows, Fig. S2). The 
area connecting the SCs exhibits an interlocking cell border 
filled with electron-dense material (Fig. 3M, asterisk). The 
male gametes are irregularly shaped and develop protrusions 
that facilitate close contact with the VN (Fig. 3D–L, arrow-
heads). The SCs have a relatively simple ultrastructure, simi-
lar to the VC with a shrunken cytoplasm and few membrane 
structures, such as mitochondria and vesicles (Fig. 3F–I). 
Single lipid bodies are also observed (e.g., Fig. 3G). The 
nuclei of SCs are elongated and less lobed than the VN, and 
their nuclear envelopes contain pores (Fig. 3B–M, Fig. S2).

The hydration of compatible pollen on the stigmatic 
papilla and the subsequent activation of germination are 
affected by the passage of water through the germination 
apertures of the pollen grain, where the intine is more acces-
sible (Heslop-Harrison 1987). In our study, after rehydrating 
A. thaliana pollen grains by submerging them for 30 min in 
the germination medium (Boavida and McCormick 2007; 
Dardelle et al. 2010), we observed significant ultrastructural 
changes in the VC cytoplasm (Fig. 4). Near the site of pol-
len tube formation, we noted considerable dilution of the 
cytoplasm. Generally, the membrane structures/organelles 
in the VC cytoplasm became more dispersed and visible 
(Fig. 4A, B). Numerous mitochondria, plastids, dictyosomes, 
and vesicles were present. The fixation of the material in en 
bloc staining did not allow us to detect ribosomes, but our 
observations in previous works (Niedojadło et al. 2015a) 
suggest that the shape of the cisterns indicates a rough 
reticulum (e.g., Fig. 4C–F). These changes within the MGU 
were accompanied by the rapid reformation of the VC mem-
brane system following hydration. The VN remained lobed 
with dispersed chromatin, while the SCs adopted a more 
regular and elongated shape (Fig. 4E, F, J, Fig. S3). The 
relatively simple ultrastructure of male gametes becomes 
apparent, with only a few organelles, such as mitochondria, 
dictyosomes, and cisternae of the endoplasmic reticulum, 
being visible (e.g., Fig. 4 H, J). The nuclei of SCs exhib-
ited more condensed chromatin compared to the VN (e.g., 
Fig. 4H–I, Fig. S3). Following hydration, the proximity of 
the VN and SCs becomes more visible; serial pollen sections 
revealed a cytoplasmic extension in the form of a tail from 
one of the SCs (Fig. 4F, J, arrowheads, Fig. S3). The plasma 
membranes of both SCs and the VC were distinctly visible 
(Fig. 4C, D, F–K, arrows), and SCs were observed to share a 
common area filled with electron-dense material (Fig. 4H–L, 
asterisks, Fig. S3).

In the pollen tube, the SC–VN physical association within 
the MGU remains evident (Fig. 5). The euchromatic VN is 
lobed and changed to a highly elongated shape (Fig. 5A) 
with numerous nuclear pores clearly visible (Fig.  5C, 
arrows). The spindle-shaped SCs are separated from each 
other by their respective plasma membranes but remain in 
close proximity to irregular areas of the extracellular matrix 
with numerous invaginations, which are the sites of their 
connection (Fig. 5B, arrowheads). The tip of one SC is in 
close contact with the VN (Fig. 5C, arrowheads). Within 
the reduced cytoplasm of the SCs, only a few organelles and 
vesicles are present. The nuclei of SCs are elongated and 
contain more condensed chromatin than the VN. Numerous 
nuclear pores are observed in the nuclear envelope of each 
SC.

Female germ unit

Analysis of poly(A)+ RNA distribution in mature embryo 
sacs revealed the highest levels of polyadenylated tran-
scripts in the nuclei of the EC, CC, and Ss compared to 
the somatic cells of the ovule (Fig. 6A, C, E, G). At stage 
FG7 (Christensen et al. 1997), when the nucleus of the EC 
is highly polarized toward its chalazal end, and the nucleus 
of the CC is in close proximity to the EC (Fig. 6A), the 
highest level of poly(A)+RNA among all cells within the 
FGU is localized in the cytoplasm of the Ss (Fig. 6C). As 
development progresses to the FG8/F1 (Christensen et al. 
1997), the EC remains polarized while the CC nucleus elon-
gates along the micropyle–chalaza axis. During this stage, 
poly(A)+RNA levels remain high in the nuclei of the female 
gametes, which are closely positioned to each other (Fig. 6E, 
arrowheads). At the early stage F2 (Christensen et al. 1997), 
following pollination, when the three nucleoli are visible in 
the CC, high levels of poly(A)+RNA are still observed in 
the nuclei of the EC and CC. In the serial optical sections 
of the nucleus of the primary endosperm cell, the contact 
by the nuclear protrusion directed toward the EC is visible 
(Fig. 6G, arrowheads).

Next, we analyzed the ultrastructure of Arabidopsis FGU 
using the en bloc staining method (Fig. 7, Fig. 8). In the 
micropylar region of the embryo sac, the two elongated Ss 
exhibit a cytoplasm rich in organelles (Fig. 7A, B). Among 
them, numerous mitochondria with well-defined cristae, 
dictyosomes, a few plastids containing starch grains, and 
an extensive endoplasmic reticulum can be observed. Addi-
tionally, numerous vesicles are present. A large vacuole is 
positioned at the chalazal end of the Ss, while small vacu-
oles are dispersed throughout the cytoplasm (Fig. 7C, D). 
The cell wall surrounding the Ss varies in thickness. At the 
micropylar end, a specialized cell wall structure known as 
a filiform apparatus is visible (Fig. 8A). Moving from the 
filiform apparatus toward the chalazal end of the Ss, the cell 
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wall gradually thins and becomes irregular near the EC, with 
areas that stretch considerably or even disappear at some 
points. The cell wall separating the Ss is irregular in shape 
with numerous invaginations (Fig. 7A, Fig. 7C, D, arrow-
heads). The nucleus of the S with condensed chromatin and 
a nucleolus is centrally positioned between the vacuole and 
the filiform apparatus (Fig. 7B). In contrast to the Ss, the 
cytoplasm of the EC contains fewer organelles with numer-
ous mitochondria, dictyosomes and endoplasmic reticulum 
which are distributed at the chalazal end of the cell. In the 
micropylar part of the EC, a large vacuole or small vacuoles 
of varying sizes are present (Fig. 8A). The nucleus with 
a big nucleolus is located at the chalazal end of the cell 
(Fig. 8A, B). En bloc staining reveals that the chromatin in 
this nucleus is decondensed. Plastids containing a few starch 
granules are positioned near the nucleus (Fig. 8B). The CC 
is the largest cell within the FGU and is where polar nuclei 
fusion occurs during maturation (Fig. 8C). The euchromatic 
nucleus with a large nucleolus and lobed structure is located 
in the micropylar region of the cell (Fig. 8A–C). The CC is 
highly vacuolated, containing numerous vacuoles, including 
a large central vacuole at the chalazal end (not shown). Most 
of the cytoplasm surrounding the nucleus is rich in numer-
ous organelles, such as mitochondria, dictyosomes, plastids 
without starch granules, and extensive endoplasmic reticu-
lum. The cytoplasm also contains many starch grains and 
lipid bodies (Fig. 8C, G). The EC shares a common bound-
ary with the CC at the chalazal end, which is not defined as 
a typical cell wall as seen in somatic cells. Mansfield et al. 
(1990) described this boundary as “the gap between the EG 
and CC plasmalemmas.” In some areas, this boundary is 
irregular and discontinuous, bringing the plasma membranes 
in close contact (Fig. 8B, D–F, asterisks). In some regions, 
“cell wall” extensions are present (Fig. 8G, arrowheads). In 
these regions, the accumulation of the electron-dense mate-
rial is visible. Along this boundary, numerous vesicles and 
cisternae of endoplasmic reticulum are observed in both the 
EC and CC (Fig. 8B, D–F, arrowheads). Elongated cister-
nae of the endoplasmic reticulum extend from the irregular 
boundary to the EC nucleus (Fig. 8F, arrowheads). In the 
female gametes boundary sections, various membrane struc-
tures in different shapes are present, indicating the irregular 
structure of this area (Fig. 8D–E, arrows).

The nature of the boundary region between the EC 
and CC in the A. thaliana embryo sac remains poorly 

characterized. Methylene blue staining did not detect any 
staining in this area, in contrast to the staining observed in 
the somatic cell walls of the ovule (Fig. S4, arrowheads). 
However, occasional staining of cytoplasmic bridges was 
observed. Ultrastructural analyses indicate the presence of 
electron-dense material within this boundary region. To fur-
ther investigate the composition of this extracellular matrix, 
we used the immunocytochemistry technique to localize 
specific components. We used the JIM7 antibody to detect 
methyl-esterified homogalacturonan, the LM19 antibody 
to identify unesterified homogalacturonan, and the LM5 
antibody to localize β-(1,4)-galactan. Our results indicate a 
high pool of β-(1,4)-galactan and a lack/undetectable pool of 
the examined homogalacturonans. Additionally, Calcofluor 
White staining did not reveal the presence of cellulose in 
this area (Fig. S5).

Discussion

During the maturation of A. thaliana, tricellular pollen grains 
undergo programmed dehydration, entering a metabolically 
quiescent state that enhances their resistance to environmen-
tal changes after anthesis (Moon and Jung 2020). Pollen 
is considered orthodox, meaning it is desiccation tolerant, 
remains viable and can germinate upon rehydration (Franchi 
et al. 2011; Firon et al. 2012). Ultrastructural analyses of dry 
pollen revealed the shrunken morphology of cells within the 
MGU, where dehydration is accompanied by poly(A)+RNA 
accumulation in the VN and the male gametes. In response 
to dehydration and to protect against hyperosmotic stress, 
mRNP particles form and accumulate within cytoplasmic/
stress granules as part of a protective mechanism (Sorenson 
and Bailey-Serres 2014; Sze et al. 2021, 2024; Kubiak et al. 
2023). The dehydration-induced condensation increases K+ 
ions concentration in the cytoplasm above the optimal level 
(100–150 mM), inhibiting mRNA binding to the ribosomes 
and the translation initiation (Bashe and Mascarenhas 1984). 
Pollen enters a phase of metabolic silencing. Upon rehydra-
tion, the pollen's endomembrane system rapidly recovers and 
the cellular metabolic processes are reactivated (Van Aelst 
et al. 1993; Yamamoto et al. 2003). We observed a homog-
enous distribution of poly(A)+RNA in both the cytoplasm 
and the nucleus of VC and SCs. The polyadenylated RNA 
stored in the granules is released, and the translation can be 
resumed (Hafidh et al. 2018; Sze et al. 2021). During ger-
mination, the K+ ion concentration reaches optimal levels 
for reinitiation of protein synthesis (Bashe and Mascarenhas 
1984). The cytoplasmic projection of the SC connected to 
the VN is visible in our FISH analysis. The homogenous 
pattern of poly(A)+RNA localization is maintained within 
the MGU as it moves toward the tip of the in vitro grow-
ing pollen tube. Advances in single SC isolation techniques 

Fig. 5   Transmission electron micrographs of sections through MGU 
of in  vitro growing A. thaliana pollen tube. The euchromatic VN 
(A) with numerous nuclear pores (C, arrows) is lobbed and changes 
shape to a highly elongated (A). Interlocking cell borders connect two 
SCs (B, asterisks), and the plasma membranes of both gametes are in 
contact with each other (B, arrowheads). The tip of one of the SCs, 
which is in close contact with the VN (C, arrowheads). VN vegetative 
nucleus, SC1, SC2 sperm cells

◂
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(Flores-Tornero and Becker 2023) have facilitated the iden-
tification of the SC transcriptome and genes (Borges et al. 
2008, 2011; Slotkin et al. 2009; Misra et al. 2019, 2023). 
However, whether male gametes are transcriptionally active 
or silenced remains unresolved. On the other hand, it can-
not be excluded that some of the transcripts identified in 
SCs could have been transported from the VC during pollen 
development (Jiang et al. 2015). Engel et al. (2005) demon-
strated that in A. thaliana pollen, the promoter of Gamete 
Expressed 1 (atGEX1) is active specifically in SCs but not 
in the GC or VC, indicating that the transcriptional activity 
of male gametes may be reactivated.

In contrast to the male gametophyte, the EC and the CC 
are enclosed within the embryo sac, surrounded by multiple 
layers of somatic cells of the ovule/ovary. The mature ovule 
is the site of fertilization and embryogenesis. The ultrastruc-
ture of cells within the FGU reflects their metabolic activity 
and biological function. The Ss are the most metabolically 
active within the FGU and are characterized by numerous 
organelles. We also observed the highest poly(A)+RNA lev-
els in their cytoplasm and nuclei. In turn, mature female 
gametes accumulate a high pool of polyadenylated tran-
scripts in their nuclei. The EC is transcriptionally silenced, 
whereas the CC remains active (Pillot et al. 2010). Whether, 
similar to the animal EC, this pool of poly(A)+RNA is a 

Fig. 6   Localization of poly(A)+RNA in A. thaliana FGU at the dif-
ferent stages of the embryo sac development: FG7 (A–D), F1 (E, F) 
and F2 (G, H). During anthesis, the highest level of polyadenylated 
transcript in the nuclei of the female gametes is observed, while in 
the cytoplasm, the fluorescence signal is lower (A, B). In the Ss, the 
poly(A) +RNA is high in both the nucleus and the cytoplasm; the 
signal is not visible in the area of the filiform apparatus (C, D). The 
level and distribution of poly(A)+RNA do not change in the following 

stages when the CC nucleus elongates (E, F) and after its fertilization 
(G, H). During this period, the high poly(A) +RNA level in all the 
EC and CC nuclei areas, which are close to each other (arrowheads), 
is still detected. EC egg cell, CC central cell, S1, S2 synergids, DS 
degenerative synergid, SCC somatic cells, n nucleus, fa filiform appa-
ratus, A, C, E, G signal of FISH reaction, B, D, F, H DAPI staining; 
bars 5 µm
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long-term RNA, and whether the progamic phase is a stage 
of “passive” waiting of the EC for SC remains an open ques-
tion. Additionally, the timing of the zygotic genome activa-
tion (ZGA) in A. thaliana is still debated. Some data suggest 
that the zygote remains relatively quiescent, allowing the 

embryo to undergo several divisions without de novo tran-
scription, while other data indicate that ZGA occurs soon 
after fertilization (Pillot et al. 2010; Nodine and Bartel 2012; 
Kao and Nodine 2019).

Fig. 7   Transmission electron micrographs of serial sections of A. 
thaliana synergids. The cytoplasm of the Ss is rich in different orga-
nelles, such as mitochondria, dictyosomes, and extensive endoplas-
mic reticulum; numerous starch grains around the dictyosomes are 
also observed (A, B). The nucleus with a big nucleolus is localized 
in the center of cell (B). The cell wall separating both Ss and EC is 

irregular in shape, with numerous invaginations with areas of contact 
of plasma membranes (A, C, D, arrowheads). MP micropylar pole, 
ChP chalazal pole, EC egg cell, S1, S2 synergids, SCC somatic cells, 
er endoplasmic reticulum, d dictyosomes, m mitochondrion, a amylo-
plasts, V vacuole, pl plastid, n nucleus, nu nucleolus
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The distribution pattern of (poly)A+RNA in male and 
female gametes of H. orientalis differs from that in A. thali-
ana. In the SCs formed in the pollen tube of hyacinth, poly-
adenylated RNA is localized in the cytoplasmic granules, 
similar to the pattern observed in the dehydrated pollen grain 
of A. thaliana. Our previous studies revealed that H. orien-
talis SCs synthesize a new pool of RNA immediately after 
their formation although at a lower level than that observed 
in the VN. This transcriptional activity is accompanied by 
RNA polymerase II and a rich pool of splicing machinery 
elements. However, as the pollen tube continues to grow, 
RNA synthesis in the SCs nuclei is inhibited, and the splicing 
factors are gradually eliminated while the VN remains tran-
scriptionally active (Zienkiewicz et al. 2011). This indicates 
that hyacinth SCs become metabolically silenced during pol-
len tube growth. In mature embryo sacs of H. orientalis, a 
high level of poly(A)+RNA is present only in the Ss, while in 
the transcriptionally silenced EC and CC (Niedojadło et al. 
2012), the accumulation of polyadenylated transcripts in the 
cytoplasm and nucleus is very low. However, after fertiliza-
tion, a drastic increase in poly(A)+RNA is observed in both 
the zygote and the primary endosperm cell (Pięciński et al. 
2008). The different patterns of poly(A)+RNA distribution 
in these two species' SCs and female gametes may reflect 
distinct gamete development strategies. These differences 
may be attributed to the timing of the SCs formation, female 
gamete maturation, and the duration of the progamic phase. 
Arabidopsis has a short style, and fertilization occurs within 
1–2 h after pollination (Christensen et al. 1997). In contrast, 
hyacinth has a longer pistil, with a style length of 2–3 mm, 
and the period between pollination and fertilization extends 
to 48 h or longer (Pięciński et al. 2008). To better understand 
these processes, future research on the MGU should include 
in vivo experiments.

The MGU is essential in the controlled transport and 
delivery of immotile SCs to the ovule/embryo sac (Russell 
1984; Ge et al. 2011). The position of male gametes within 
the MGU is important in determining their migration in 
the growing pollen tube. In over 90% of A. thaliana pol-
len tubes, the VN precedes the SCs (Goto et al. 2020). Our 
observations indicate that within the MGU, SCs maintain 
close contact with the VN and are connected for movement 
through a cytoplasmic projection of one of the SCs. When 
the MGU enters the pollen tube, VN and SCs change to a 
slender shape, and the VN transport male gametes as passive 
cargo (Zhang et al. 2017). Disruption of MGU organization, 
such as exposure to elevated temperatures during in vitro 
pollen tube culture, leads to SCs separation and hinders their 
movement (Ge et al. 2011). The genetic control of the MGU 
assembly and positioning was revealed by Lalanne and Twell 
(2002). In A. thaliana, GUM (germ unit malformed) muta-
tions disrupt the progressive anchoring of the VN and delay 
the MGU’s entry into the pollen tube, whereas MUD (germ 
unit displaced) mutations probably affect the cytoskeletal 
components anchoring the VN. The separation of the SCs 
from the VN and the displacement of the MGU to the pol-
len wall hinder the translocation of the unit into the pollen 
tube. Additionally, in A. thaliana, the migration sequence 
of VN and SCs, as well as subsequent pollen tube recep-
tion, is regulated by specific VN envelope proteins. The VN 
is highly invaginated, and KAKU4-dependent deformation 
facilitates its entry into the growing pollen tube and subse-
quent migration of the MGU (Goto et al. 2020). The move-
ment of the MGU toward the tip of the elongating pollen 
tube is possible due to WPP domain-interacting proteins 
(WIPs) and their binding partners, WPP domain-interacting 
tail-anchored proteins (WITs), which generate a dual-driving 
force that moves the VN and SCs (Zhou and Meier 2014). 
A sperm cytoplasmic projection in the MGU remains intact 
during the pollen tube elongation. The physical connection 
of the sperm cells (SCs) and their enclosure within a shared 
inner membrane of the vegetative cell (VC), the peri-germ 
cell membrane (PGCM), are also crucial for the coordinated 
migration of the vegetative nucleus (VN) and male gametes 
as a unit (Sprunck 2020; Sugi et al. 2024).

The organization of the MGU and FGU provides inter-
cellular communication between their elements (Mogensen 
1992). Within the MGU, there are two possible pathways 
for transporting molecules from the VC to the male gam-
etes. The first mechanism involves direct transport through 
the nuclear pores of the VN, which is closely associated 
with the long cytoplasmic projection of the SC. The sec-
ond mechanism is indirectly from the VC cytoplasm via 
membrane-associated transport (Rauf et al. 2024). The A. 
thaliana VN is highly lobed; such a structure increases its 
surface area with numerous nuclear pores. The SCs are 
physically linked and enclosed by their plasma membrane 

Fig. 8   Transmission electron micrographs of A. thaliana embryo sac. 
In the longitudinal section, FGU is formed by elongated the Ss, EC, 
and CC (A). The nucleus of the CC with a big nucleolus is lobbed, 
and the numerous organelles, including many of the plastids, are vis-
ible in the cytoplasm (B, C, G). The EC nucleus is localized in the 
chalazal end of the cell, while the CC nucleus in the micropylar end 
of the cell is present (B). The EC and the CC border area is irregular 
and, in some places, discontinuous, allowing the plasma membranes 
to close contact (B, D, E, asterisks). Along the common of the EC 
and CC area, the numerous vesicles and cisternae of the endoplas-
mic reticulum are visible (B, D, E, arrowheads) sometimes they are 
elongated and located between the nucleus and the “cell wall?” (F, 
arrowheads). The EC and CC boundary cross sections show mem-
brane structures, indicating the irregular structure of this area (D, E, 
arrow). The “cell wall” can be very thick in some places and contain 
patchy electron-dense material (G, arrowheads). MP micropylar pole, 
ChP chalazal pole, EC egg cell, CC central cell, S1, S2 synergids, 
SCC somatic cells, fa filiform apparatus, er endoplasmic reticulum, 
d dictyosomes, m mitochondrion, V vacuole, pl plastid, n nucleus, nu 
nucleolus

◂
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and the peri-germ cell membrane, structures that become 
evident after hydration. A thin, non-fibrillar extracellular 
matrix devoid of plasmodesmata/plasmodesmata-like struc-
tures is present between these membranes. It is considered 
as an apoplast with unique features due to its origin (Sugi 
et al. 2024). Ultrastructural analysis of cross sections of the 
MGU in the pollen/pollen tube has also revealed irregu-
lar border between SCc and points of contact between the 
plasma membranes of both gametes. Although the precise 
molecular mechanisms of transport between the VC and 
SCs have not been elucidated so far, it is recognized that 
the MGU may act as a conduit for cell-to-cell communica-
tion. In A. thaliana, it has been proposed that TE-siRNAs 
(transposable element (TE)-derived small interfering RNAs) 
produced in the VN can migrate to the SCs to enhance TE 
silencing via the RdDM (RNA-directed DNA methylation) 
pathway in their genome or influence imprinted gene expres-
sion after fertilization (Slotkin et al. 2009; Grant-Downton 
et  al. 2013; Creasey et  al. 2014; Martinez et  al. 2016). 
Additionally, the VC may contribute not only small RNA 
but also coding transcripts to the male gametes. Jiang et al. 
(2015) demonstrated that the AHG3 (ABA-hypersensitive 
germination3) gene, which encodes a protein phosphatase, is 
specifically transcribed in the A. thaliana VC but is predomi-
nantly translated in the SCs. Intercellular communication 
plays an important role in the functioning of the FGU. Small 
RNA can move freely within the FGU, from the CC to the 
EC (Ibarra et al. 2012; Erdmann et al. 2017), and can also 
induce non-cell-autonomous silencing from the Ss to the 
EC and the CC (Schröder et al. 2023). However, the precise 
molecular mechanism underlying this movement remains 
unknown. Our study investigated the unique structure of the 
boundary between the A. thaliana EC and CC. The extra-
cellular matrix separating these both gametes is thick and 
irregular, with regions where cell membranes may come 
into contact. Erdmann et al. (2017) revealed that the CC 
and the egg apparatus remain symplastically connected after 
cellularization. Similar to the findings of Mansfield et al. 
(1991), we did not observe plasmodesmata, but we localized 
numerous membrane structures in cross sections. Whether 
these are potential channels/vesicles for the symplastic or 
apoplastic movement between cells remains an open ques-
tion. Further research, including immunocytochemistry or 
FISH, is needed to localize specific molecules at the ultra-
structure level.

Ultrastructural analysis of the extracellular matrix 
between the EC and CC in A. thaliana revealed a homog-
enous area devoid of fibrous elements and containing small 
masses of electron-dense material. These dense bodies 
are associated with microtubules to maintain the distance 
between cells and stabilize the boundary between cells 
during fertilization, ensuring that both female gametes 

remain in proximity to the SCs during recognition (Rus-
sell 1984; Huang and Russell 1992). The properties and 
the porosity of the cell wall are determined by its polysac-
charide composition: cellulose, hemicellulose, and pectin 
matrix composed of homogalacturonan (HG), rhamnoga-
lacturonan-I (RG-I), and rhamnogalacturonan-II (RG-II) 
that is often linked to HG (Ridley et al. 2001; Willats 
et al. 2001; Caffall and Mohnen 2009). Calcofluor White 
staining confirmed the lack of cellulose at the EC and CC 
boundary in A. thaliana. Immunolabeling using LM5 anti-
body revealed that the key element of the extracellular 
matrix of this area is β-(1,4)-galactan. This pectic poly-
saccharide is one of the main side chains of RG-I, which 
typically constitutes ∼20–35% of pectin with a backbone 
of alternating rhamnose and galacturonic acid residues, 
and side chains that include α−1,5-arabinans, β-(1,4)-
galactans, and less frequently arabinogalactans (Silva et al. 
2016). The role of pectic RG-I-associated LM5 β-(1,4)-
galactan in cell walls remains unknown. Arabinans and 
galactans in RG-I are highly mobile and can interact, form-
ing a transiently entangled matrix (Moore et al. 2008). The 
temporary presence of a pectic β-(1,4)-galactan epitope 
in cell walls has been observed to precede the main phase 
of cell elongation in the seedling root apex of A. thaliana 
(McCartney et al. 2003) and in etiolated hypocotyls and 
floral stem internodes (Moneo-Sánchez et al. 2019). This 
polymer may modulate cell wall properties essential for 
the transition to the rapid cell elongation phase. Similarly, 
in A. thaliana, the zygote elongates and polarizes before 
asymmetric cell division to generate a smaller apical and 
larger basal cell (Faure et al. 2002; Lau et al. 2012). Ferti-
lization triggers modifications in the extracellular matrix 
of the EC and CC, with symplastic isolation occurring 
at later stages of embryo and endosperm development 
(Stadler et al. 2005; Ingram 2010; Erdmann et al. 2017). 
HG, the most abundant pectic polymer involved in form-
ing calcium cross-linked gels that strengthen the network 
structure of the cell wall, was not detected in the Arabi-
dopsis FGU. Methyl-esterified HG (JIM7) and unesterified 
HG (LM19) are probably present at low or undetectable 
levels. In contrast, in H. orientalis, both epitopes were 
localized in the EC and CC (Niedojadło et al. 2015a, b). 
The reason for these differences is not entirely clear, but 
it cannot be ruled out that they may be related to the time 
from fertilization to the first zygotic division. In Arabi-
dopsis, this period is about 24 h (Kimata et al. 2016). The 
zygote initially measures only ∼20 µm in diameter but 
expands approximately ∼threefold along the apical-basal 
axis before dividing (Jürgens 2001). In the hyacinth, this 
process occurs over 48 h after fertilization, and the zygote 
elongates about ~ twofold. (Niedojadło et al. 2015b). This 
hypothesis requires further investigations including a 
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detailed analysis of the structural and chemical composi-
tion of the extracellular matrix of female gametes of both 
species. Studying the distribution of a broader range of 
specific cell wall epitopes in the context of changes in 
the cell wall properties is necessary to better understand 
the potential for cell-to-cell communication and transport 
within the FGU before and after fertilization.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00299-​025-​03441-w.

Acknowledgements  The authors thank Wojtek Kiwi Jaruszewski for 
artwork (Fig. 1).

Author contributions  Conceived and designed the experiments KN, 
EK, JN; performed the experiments and formal analysis WP, KG-J, 
KN; technical assistance MŚ; KN wrote the draft and all authors edited 
the text.

Funding  This project was supported by Nicolaus Copernicus Univer-
sity (Toruń, Poland) for the Department of Cellular and Molecular 
Biology research programs. KN and JN are members of the Emerging 
Field “Cell as Experimental Platforms and bioFACTories,” operating 
under Excellence Initiative-Research University.

Data availability  The data underlying this article will be shared upon 
reasonable request to the corresponding author.

Declarations 

Conflict of interest  The authors declare no conflict of interest.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Bashe D, Mascarenhas JP (1984) Changes in potassium ion concen-
trations during pollen dehydration and germination in relation to 
protein synthesis. Plant Sci Lett 16(35):55–60. https://​doi.​org/​10.​
1016/​0304-​4211(84)​90157-3

Boavida LC, McCormick S (2007) Temperature as a determinant fac-
tor for increased and reproducible in vitro pollen germination in 
Arabidopsis thaliana. Plant J 52(3):570–582. https://​doi.​org/​10.​
1111/j.​1365-​313X.​2007.​03248.x

Borg M, Brownfield L, Twell D (2009) Male gametophyte develop-
ment: a molecular perspective. J Exp Bot 60(50):1465–1478. 
https://​doi.​org/​10.​1093/​jxb/​ern355

Borges F, Gomes G, Gardner R, Moreno N, McCormick S, Feijó JA, 
Becker JD (2008) Comparative transcriptomics of Arabidopsis 
sperm cells. Plant Physiol 148(2):1168–1181. https://​doi.​org/​10.​
1104/​pp.​108.​125229

Borges F, Pereira PA, Slotkin RK, Martienssen RA, Becker JD (2011) 
MicroRNA activity in the Arabidopsis male germline. J Exp Bot 
62(5):1611–1620. https://​doi.​org/​10.​1093/​jxb/​erq452

Brewbaker JL, Kwak BH (1963) The essential role of calcium ions in 
pollen germination and pollen tube growth. A J Bot 50:859–865. 
https://​doi.​org/​10.​1002/j.​1537-​2197.​1963.​tb065​64.x

Caffall KH, Mohnen D (2009) The structure, function, and biosyn-
thesis of plant cell wall pectic polysaccharides. Carbohydr Res 
344(14):1879–1900. https://​doi.​org/​10.​1016/j.​carres.​2009.​05.​021

Chen YH, Li HJ, Shi DQ, Yuan L, Liu J, Sreenivasan R, Baskar 
R, Grossniklaus U, Yang WC (2007) The central cell plays a 
critical role in pollen tube guidance in Arabidopsis. Plant Cell 
19(11):3563–3577. https://​doi.​org/​10.​1105/​tpc.​107.​053967

Christensen CA, King EJ, Jordan JR, Drews GN (1997) Megagame-
togenesis in Arabidopsis wild type and the Gf mutant. Sex Plant 
Reprod 10:49–64. https://​doi.​org/​10.​1007/​s0049​70050​067

Creasey KM, Zhai J, Borges F, Van Ex F, Regulski M, Meyers BC, 
Martienssen RA (2014) miRNAs trigger widespread epigeneti-
cally activated siRNAs from transposons in Arabidopsis. Nature 
508(7496):411–415. https://​doi.​org/​10.​1038/​natur​e13069

Dardelle F, Lehner A, Ramdani Y, Bardor M, Lerouge P, Driouich 
A, Mollet JC (2010) Biochemical and immunocytological char-
acterizations of Arabidopsis pollen tube cell wall. Plant Physiol 
153(4):1563–1576. https://​doi.​org/​10.​1104/​pp.​110.​158881

Dresselhaus T, Sprunck S, Wessel GM (2016) Fertilization mecha-
nisms in flowering plants. Curr Biol 26(3):R125-139. https://​
doi.​org/​10.​1016/j.​cub.​2015.​12.​032

Drews GN, Koltunow AM (2011) The female gametophyte. Arabi-
dopsis. Book 9:e0155. https://​doi.​org/​10.​1199/​tab.​0155

Drews GN, Lee D, Christensen CA (1998) Genetic analysis of female 
gametophyte development and function. Plant Cell 10(1):5–17. 
https://​doi.​org/​10.​1105/​tpc.​10.1.5

Dumas C, Mogensen HL (1993) Gametes and fertilization: maize as 
a model system for experimental embryogenesis in flowering 
plants. Plant Cell 5(10):1337–1348. https://​doi.​org/​10.​1105/​
tpc.5.​10.​1337

Dumas C, Knox RB, MoConohie CA, Russell SM (1984) Emerg-
ing physiological concepts in fertilization. What’s New Plant 
Physiol 15:17–20

Engel ML, Holmes-Davis R, McCormick S (2005) Green sperm: 
identification of male gamete promoters in Arabidopsis. Plant 
Physiol 138(4):2124–2133. https://​doi.​org/​10.​1104/​pp.​104.​
054213

Erdmann RM, Hoffmann A, Walter HK, Wagenknecht HA, Groß-
Hardt R, Gehring M (2017) Molecular movement in the Arabi-
dopsis thaliana female gametophyte. Plant Reprod 30(3):141–146. 
https://​doi.​org/​10.​1007/​s00497-​017-​0304-3

Faure JE, Rotman N, Fortuné P, Dumas C (2002) Fertilization in Arabi-
dopsis thaliana wild type: developmental stages and time course. 
Plant J 30(4):481–488. https://​doi.​org/​10.​1046/j.​1365-​313X.​2002.​
01305.x

Firon N, Nepi M, Pacini E (2012) Water status and associated processes 
mark critical stages in pollen development and functioning. Ann 
Bot 109(7):1201–1214. https://​doi.​org/​10.​1093/​aob/​mcs070

Flores-Tornero M, Becker JD (2023) Fifty years of sperm cell isola-
tions: from structural to omic studies. J Exp Bot 74(12):3449–
3461. https://​doi.​org/​10.​1093/​jxb/​erad1​17

Franchi GG, Piotto B, Nepi M, Baskin CC, Baskin JM, Pacini E 
(2011) Pollen and seed desiccation tolerance in relation to degree 
of developmental arrest, dispersal, and survival. J Exp Bot 
62(15):5267–5281. https://​doi.​org/​10.​1093/​jxb/​err154

Ge L, Gou X, Yuan T, Strout GW, Nakashima J, Blancaflor EB, Tian 
HQ, Russell SD (2011) Migration of sperm cells during pol-
len tube elongation in Arabidopsis thaliana: behavior during 
transport, maturation and upon dissociation of male germ unit 

https://doi.org/10.1007/s00299-025-03441-w
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/0304-4211(84)90157-3
https://doi.org/10.1016/0304-4211(84)90157-3
https://doi.org/10.1111/j.1365-313X.2007.03248.x
https://doi.org/10.1111/j.1365-313X.2007.03248.x
https://doi.org/10.1093/jxb/ern355
https://doi.org/10.1104/pp.108.125229
https://doi.org/10.1104/pp.108.125229
https://doi.org/10.1093/jxb/erq452
https://doi.org/10.1002/j.1537-2197.1963.tb06564.x
https://doi.org/10.1016/j.carres.2009.05.021
https://doi.org/10.1105/tpc.107.053967
https://doi.org/10.1007/s004970050067
https://doi.org/10.1038/nature13069
https://doi.org/10.1104/pp.110.158881
https://doi.org/10.1016/j.cub.2015.12.032
https://doi.org/10.1016/j.cub.2015.12.032
https://doi.org/10.1199/tab.0155
https://doi.org/10.1105/tpc.10.1.5
https://doi.org/10.1105/tpc.5.10.1337
https://doi.org/10.1105/tpc.5.10.1337
https://doi.org/10.1104/pp.104.054213
https://doi.org/10.1104/pp.104.054213
https://doi.org/10.1007/s00497-017-0304-3
https://doi.org/10.1046/j.1365-313X.2002.01305.x
https://doi.org/10.1046/j.1365-313X.2002.01305.x
https://doi.org/10.1093/aob/mcs070
https://doi.org/10.1093/jxb/erad117
https://doi.org/10.1093/jxb/err154


	 Plant Cell Reports (2025) 44:5656  Page 18 of 20

associations. Planta 233(2):325–332. https://​doi.​org/​10.​1007/​
s00425-​010-​1305-8

Gómez JF, Talle B, Wilson ZA (2015) Anther and pollen develop-
ment: a conserved developmental pathway. J Integr Plant Biol 
57(11):876–891. https://​doi.​org/​10.​1111/​jipb.​12425

Goto C, Tamura K, Nishimaki S, Maruyama D, Hara-Nishimura I 
(2020) The nuclear envelope protein KAKU4 determines the 
migration order of the vegetative nucleus and sperm cells in pol-
len tubes. J Exp Bot 71(20):6273–6281. https://​doi.​org/​10.​1093/​
jxb/​eraa3​67

Grant-Downton R, Kourmpetli S, Hafidh S, Khatab H, Le Trionnaire 
G, Dickinson H, Twell D (2013) Artificial microRNAs reveal 
cell-specific differences in small RNA activity in pollen. Curr 
Biol 23(14):R599-601. https://​doi.​org/​10.​1016/j.​cub.​2013.​05.​055

Hafidh S, Fíla J, Honys D (2016) Male gametophyte development and 
function in angiosperms: a general concept. Plant Reprod 29(1–
2):31–51. https://​doi.​org/​10.​1007/​s00497-​015-​0272-4

Hafidh S, Potěšil D, Müller K, Fíla J, Michailidis C, Herrmannová A, 
Feciková J, Ischebeck T, Valášek LS, Zdráhal Z, Honys D (2018) 
Dynamics of the pollen sequestrome defined by subcellular cou-
pled omics. Plant Physiol 178(1):258–282. https://​doi.​org/​10.​
1104/​pp.​18.​00648

Hamamura Y, Saito C, Awai C, Kurihara D, Miyawaki A, Nakagawa 
T, Kanaoka MM, Sasaki N, Nakano A, Berger F, Higashiyama 
T (2011) Live-cell imaging reveals the dynamics of two sperm 
cells during double fertilization in Arabidopsis thaliana. Curr Biol 
21(6):497–502. https://​doi.​org/​10.​1016/j.​cub.​2011.​02.​013

Heslop-Harrison J (1987) Pollen germination and pollen tube growth. 
Int Rev Cytol 107:1–78. https://​doi.​org/​10.​1016/​S0074-​7696(08)​
61072-4

Higashiyama T, Yang WC (2017) Gametophytic pollen tube guidance: 
attractant peptides, gametic controls, and receptors. Plant Physiol 
173(1):112–121. https://​doi.​org/​10.​1104/​pp.​16.​01571

Higashiyama T, Yabe S, Sasaki N, Nishimura Y, Miyagishima S, 
Kuroiwa H, Kuroiwa T (2001) Pollen tube attraction by the syn-
ergid cell. Science 293(5534):1480–1483. https://​doi.​org/​10.​1126/​
scien​ce.​10624​29

Honys D, Reňák D, Twell D (2006) Male gametophyte development 
and function. In: da Silva JT (ed) Floriculture, ornamental and 
plant biotechnology: advances and topical issues, vol 1. Global 
Science Books, London, pp 76–87

Huang BQ, Russell S (1992) Female germ unit: organization, isolation, 
and function. Int Rev of Cytol 140:233–291. https://​doi.​org/​10.​
1016/​S0074-​7696(08)​61099-2

Ibarra CA, Feng X, Schoft VK, Hsieh TF, Uzawa R, Rodrigues JA, 
Zemach A, Chumak N, Machlicova A, Nishimura T, Rojas D, Fis-
cher RL, Tamaru H, Zilberman D (2012) Active DNA demethyla-
tion in plant companion cells reinforces transposon methylation in 
gametes. Science 337(6100):1360–1364. https://​doi.​org/​10.​1126/​
jscie​nce.​12248​39

Ingram GC (2010) Family life at close quarters: communication 
and constraint in angiosperm seed development. Protoplasma 
247:195–214. https://​doi.​org/​10.​1007/​s00709-​010-​0184-y

Jensen WA, Fisher DB (1970) Cotton embryogenesis: the pollen tube 
in the stigma and style. Protoplasma 69:215–235. https://​doi.​org/​
10.​1007/​BF012​80723

Jiang H, Yi J, Boavida LC, Chen Y, Becker JD, Köhler C, McCormick 
C (2015) Intercellular communication in Arabidopsis thaliana 
pollen discovered via AHG3 transcript movement from the veg-
etative cell to sperm. Proc Natl Acad Sci USA 112(43):13378–
13383. https://​doi.​org/​10.​1073/​pnas.​15108​54112

Jürgens G (2001) Apical-basal pattern formation in Arabidopsis 
embryogenesis. EMBO J 20(14):3609–3616. https://​doi.​org/​10.​
1093/​emboj/​20.​14.​3609

Kao P, Nodine MD (2019) Transcriptional activation of Arabidopsis 
zygotes is required for initial cell divisions. Sci Rep 9(1):17159. 
https://​doi.​org/​10.​1038/​s41598-​019-​53704-2

Kimata Y, Higaki T, Kawashima T, Kurihara D, Sato Y, Yamada T, 
Hasezawa S, Berger F, Higashiyama T, Ueda M (2016) Cytoskel-
eton dynamics control the first asymmetric cell division in Arabi-
dopsis zygote. Proc Natl Acad Sci USA 113(49):14157–14162. 
https://​doi.​org/​10.​1073/​pnas.​16139​79113

Kopriwa BM (1984) Block-staining tissues with potassium ferrocy-
anide-reduced osmium tetroxide and lead aspartate for electron 
microscopic radioautography. J Histochem Cytochem 32(5):552–
554. https://​doi.​org/​10.​1177/​32.5.​62015​30

Kubiak DJ, Szczesniak MW, Ostrowska K, Bielewicz D, Bhat SS, 
Niedojadło K, Szweykowska-Kulinska Z, Jarmolowski A, Fray 
RG, Niedojadlo J (2023) Interplay between m6A modification 
and overall transcripts quantity: Impacts on mRNA composition 
in plant stress granules. bioRxiv. https://​doi.​org/​10.​1101/​2023.​12.​
14.​569339

Lalanne E, Twell D (2002) Genetic control of male germ unit organi-
zation in Arabidopsis. Plant Physiol 129(2):865–875. https://​doi.​
org/​10.​1104/​pp.​003301

Lau S, Slane D, Herud O, Kong J, Jürgens G (2012) Early embryogen-
esis in flowering plants: setting up the basic body pattern. Annu 
Rev Plant Biol 63:483–506. https://​doi.​org/​10.​1146/​annur​ev-​arpla​
nt-​042811-​105507

Li DX, Lin MZ, Wang YY, Tian HQ (2009) Synergid: a key link in 
fertilization of angiosperms. Biol Plant 53:401–407. https://​doi.​
org/​10.​1007/​s10535-​009-​0078-z

Liu Y, Yan Z, Chen N, Di X, Huang J, Guo G (2010) Development 
and function of central cell in angiosperm female gametophyte. 
Genesis 48(8):466–478. https://​doi.​org/​10.​1002/​dvg.​20647

Mansfield SG, Briarty LG, Erni S (1991) Early embryogenesis in 
Arabidopsis thaliana: I—the mature embryo sac. Can J Bot 
69:447–460. https://​doi.​org/​10.​1139/​b91-​062

Martínez G, Panda K, Köhler C, Slotkin RK (2016) Silencing in sperm 
cells is directed by RNA movement from the surrounding nurse 
cell. Nat Plants 2:16030. https://​doi.​org/​10.​1038/​nplan​ts.​2016.​30

Mascarenhas JP (1993) Molecular mechanisms of pollen tube growth 
and differentiation. Plant Cell 5(10):1303–1314. https://​doi.​org/​
10.​1105/​tpc.5.​10.​1303

McCartney L, Steele-King CG, Jordan E, Knox JP (2003) Cell wall 
pectic (1–>4)-beta-d-galactan marks the acceleration of cell 
elongation in the Arabidopsis seedling root meristem. Plant 
J 33(3):447–454. https://​doi.​org/​10.​1046/j.​1365-​313X.​2003.​
01640.x

McCue AD, Cresti M, Feijó JA, Slotkin RK (2011) Cytoplasmic con-
nection of sperm cells to the pollen vegetative cell nucleus: poten-
tial roles of the male germ unit revisited. J Exp Bot 62(5):1621–
1631. https://​doi.​org/​10.​1093/​jxb/​err032

Misra CS, Santos MR, Rafael-Fernandes M, Martins NP, Monteiro M, 
Becker JD (2019) Transcriptomics of Arabidopsis sperm cells at 
single-cell resolution. Plant Reprod 32(1):29–38. https://​doi.​org/​
10.​1007/​s00497-​018-​00355-4

Misra CS, Sousa AGG, Barros PM, Kermanov A, Becker JD (2023) 
Cell-type-specific alternative splicing in the Arabidopsis ger-
mline. Plant Physiol 192(1):85–101. https://​doi.​org/​10.​1093/​
plphys/​kiac5​74

Mogensen HL (1992) The male germ unit: concept, composition, and 
significance. Int Rev Cytol 140:129–147. https://​doi.​org/​10.​1016/​
S0074-​7696(08)​61095-5

Moneo-Sánchez M, Alonso-Chico A, Knox JP, Dopico B, Labrador E, 
Martín I (2019) β-(1,4)-Galactan remodelling in Arabidopsis cell 
walls affects the xyloglucan structure during elongation. Planta 
249(2):351–362. https://​doi.​org/​10.​1007/​s00425-​018-​3008-5

https://doi.org/10.1007/s00425-010-1305-8
https://doi.org/10.1007/s00425-010-1305-8
https://doi.org/10.1111/jipb.12425
https://doi.org/10.1093/jxb/eraa367
https://doi.org/10.1093/jxb/eraa367
https://doi.org/10.1016/j.cub.2013.05.055
https://doi.org/10.1007/s00497-015-0272-4
https://doi.org/10.1104/pp.18.00648
https://doi.org/10.1104/pp.18.00648
https://doi.org/10.1016/j.cub.2011.02.013
https://doi.org/10.1016/S0074-7696(08)61072-4
https://doi.org/10.1016/S0074-7696(08)61072-4
https://doi.org/10.1104/pp.16.01571
https://doi.org/10.1126/science.1062429
https://doi.org/10.1126/science.1062429
https://doi.org/10.1016/S0074-7696(08)61099-2
https://doi.org/10.1016/S0074-7696(08)61099-2
https://doi.org/10.1126/jscience.1224839
https://doi.org/10.1126/jscience.1224839
https://doi.org/10.1007/s00709-010-0184-y
https://doi.org/10.1007/BF01280723
https://doi.org/10.1007/BF01280723
https://doi.org/10.1073/pnas.1510854112
https://doi.org/10.1093/emboj/20.14.3609
https://doi.org/10.1093/emboj/20.14.3609
https://doi.org/10.1038/s41598-019-53704-2
https://doi.org/10.1073/pnas.1613979113
https://doi.org/10.1177/32.5.6201530
https://doi.org/10.1101/2023.12.14.569339
https://doi.org/10.1101/2023.12.14.569339
https://doi.org/10.1104/pp.003301
https://doi.org/10.1104/pp.003301
https://doi.org/10.1146/annurev-arplant-042811-105507
https://doi.org/10.1146/annurev-arplant-042811-105507
https://doi.org/10.1007/s10535-009-0078-z
https://doi.org/10.1007/s10535-009-0078-z
https://doi.org/10.1002/dvg.20647
https://doi.org/10.1139/b91-062
https://doi.org/10.1038/nplants.2016.30
https://doi.org/10.1105/tpc.5.10.1303
https://doi.org/10.1105/tpc.5.10.1303
https://doi.org/10.1046/j.1365-313X.2003.01640.x
https://doi.org/10.1046/j.1365-313X.2003.01640.x
https://doi.org/10.1093/jxb/err032
https://doi.org/10.1007/s00497-018-00355-4
https://doi.org/10.1007/s00497-018-00355-4
https://doi.org/10.1093/plphys/kiac574
https://doi.org/10.1093/plphys/kiac574
https://doi.org/10.1016/S0074-7696(08)61095-5
https://doi.org/10.1016/S0074-7696(08)61095-5
https://doi.org/10.1007/s00425-018-3008-5


Plant Cell Reports (2025) 44:56	 Page 19 of 20  56

Moon S, Jung KH (2020) First Steps in the successful fertilization of 
rice and Arabidopsis: pollen longevity, adhesion and hydration. 
Plants 9(8):956. https://​doi.​org/​10.​3390/​plant​s9080​956

Moore JP, Farrant JM, Driouich A (2008) A role for pectin-associated 
arabinans in maintaining the flexibility of the plant cell wall dur-
ing water deficit stress. Plant Signal Behav 3(2):102–104. https://​
doi.​org/​10.​4161/​psb.3.​2.​4959

Niedojadło K, Pięciński S, Smoliński DJ, Bednarska-Kozakiewicz 
E (2012) Transcriptional activity of Hyacinthus orientalis L. 
female gametophyte cells before and after fertilization. Planta 
236(1):153–169. https://​doi.​org/​10.​1007/​s00425-​012-​1599-9

Niedojadło K, Lenartowski R, Lenartowska M, Bednarska-Kozakie-
wicz E (2015a) Late progamic phase and fertilization affect cal-
reticulin expression in the Hyacinthus orientalis female gameto-
phyte. Plant Cell Rep 34:2201–2215

Niedojadło K, Hyjek M, Bednarska-Kozakiewicz E (2015b) Spatial 
and temporal localization of homogalacturonans in Hyacinthus 
orientalis L. ovule cells before and after fertilization. Plant Cell 
Rep 34(12):97–109. https://​doi.​org/​10.​1007/​s00299-​015-​1863-0

Nodine MD, Bartel DP (2012) Maternal and paternal genomes contrib-
ute equally to the transcriptome of early plant embryos. Nature 
482(7383):94–97. https://​doi.​org/​10.​1038/​natur​e10756

Pięciński S, Smoliński DJ, Zienkiewicz K, Bednarska E (2008) Changes 
in poly(A) RNA and TMG snRNA distribution in the embryo sac 
of Hyacinthus orientalis L. before and after fertilization. Sex Plant 
Reprod 21:247–257. https://​doi.​org/​10.​1007/​s00497-​008-​0082-z

Pillot M, Baroux C, Vazquez MA, Autran D, Leblanc O, Vielle-Calzada 
JP, Grossniklaus U, Grimanelli D (2010) Embryo and endosperm 
inherit distinct chromatin and transcriptional states from the female 
gametes in Arabidopsis. Plant Cell 22(2):307–320. https://​doi.​org/​
10.​1105/​tpc.​109.​071647

Punwani JA, Drews DN (2008) Development and function of the syn-
ergid cell. Sex Plant Reprod 21:7–15. https://​doi.​org/​10.​1007/​
s00497-​007-​0059-3

Rauf A, Wang A, Li Y, Lian Z, Wei S, Jabbar K, Wisal M, Khan I, Khalid 
M, Li J (2024) The male germ unit association is independently 
regulated of GUM in Arabidopsis thaliana. Plant Direct 8(7):e624. 
https://​doi.​org/​10.​1002/​pld3.​624

Ridley BL, O’Neill MA, Mohnen D (2001) Pectins: structure, biosyn-
thesis, and oligogalacturonide-related signaling. Phytochemistry 
57(6):929–967. https://​doi.​org/​10.​1016/​S0031-​9422(01)​00113-3

Russell SD (1984) Ultrastructure of the sperm of Plumbago zeylanica: 
II—quantitative cytology and three-dimensional organization. Planta 
162:385–391. https://​doi.​org/​10.​1007/​BF003​93450

Russell SD (1991) Isolation and characterization of sperm cells in flow-
ering plants. Annu Rev Plant Physiol Plant Mol Biol 42:189–204. 
https://​doi.​org/​10.​1146/​annur​ev.​pp.​42.​060191.​001201

Russell SD (1993) The egg cell: development and role in fertilization and 
early embryogenesis. Plant Cell 5(10):1349–1359. https://​doi.​org/​
10.​1105/​tpc.5.​10.​1349

Russell SD, Cass DD (1981) Ultrastructure of the sperms of Plumbago 
zeylanica. Protoplasma 107:85–107. https://​doi.​org/​10.​1007/​BF012​
75610

Sánchez-León N, Vielle-Calzada JP (2010) Plant developmental biology-
biotechnological perspectives. Development and function of the 
female gametophyte. Springer, Berlin, pp 209–224

Schröder JA, Bonnet DMV, Jullien PE (2023) Non-cell-autonomous small 
RNA silencing in Arabidopsis female gametes. Curr Biol 33(1):183-
188.e3. https://​doi.​org/​10.​1016/j.​cub.​2022.​11.​044

Silva IR, Jers C, Meyer AS, Mikkelsen JD (2016) Rhamnogalacturonan I 
modifying enzymes: an update. N Biotechnol 33(1):41–54. https://​
doi.​org/​10.​1016/j.​nbt.​2015.​07.​008

Slotkin RK, Vaughn M, Borges F, Tanurdzić M, Becker JD, Feijó JA, 
Martienssen RA (2009) Epigenetic reprogramming and small RNA 
silencing of transposable elements in pollen. Cell 136(3):461–472. 
https://​doi.​org/​10.​1016/j.​cell.​2008.​12.​038

Song X, Yuan L, Sundaresan V (2014) Antipodal cells persist through 
fertilization in the female gametophyte of Arabidopsis. Plant Reprod 
27(4):197–203. https://​doi.​org/​10.​1007/​s00497-​014-​0251-1

Sorenson R, Bailey-Serres J (2014) Selective mRNA sequestration by 
OLIGOURIDYLATE-BINDING PROTEIN 1 contributes to trans-
lational control during hypoxia in Arabidopsis. Proc Natl Acad Sci 
USA 111(6):2373–2378. https://​doi.​org/​10.​1073/​pnas.​13148​51111

Sprunck S (2020) Twice the fun, double the trouble: gamete interactions 
in flowering plants. Curr Opin in Plant Biol 53:106–116. https://​doi.​
org/​10.​1016/j.​pbi.​2019.​11.​003

Stadler R, Lauterbach C, Sauer N (2005) Cell-to-cell movement of green 
fluorescent protein reveals post-phloem transport in the outer integu-
ment and identifies symplastic domains in Arabidopsis seeds and 
embryos. Plant Physiol 139(2):701–712. https://​doi.​org/​10.​1104/​
pp.​105.​065607

Sugi N, Calhau ARM, Jacquier NMA, Millan-Blanquez M, Becker JD, 
Begcy K, Berger F, Bousquet-Antonelli C, Bouyer D, Cai G, Cheung 
AY, Coimbra S, Denninger P, Dresselhaus T, Feijó JA, Fowler JE, 
Geelen D, Grossniklaus U, Higashiyama T, Honys D, Igawa T, 
Ingram G, Jaillais Y, Johnson MA, Kato M, Kawachi M, Kawashima 
T, Kim YJ, Li HJ, Mongrand S, Motomura K, Nagahara S, Nakajima 
KP, Nelms B, Qu LJ, Schnittger A, Scholten S, Sprunck S, Sun MX, 
Twell D, Weijers D, Yang WC, Maruyama D, Widiez T (2024) The 
peri-germ cell membrane: poorly characterized but key interface for 
plant reproduction. Nat Plants 10(11):1607–1609. https://​doi.​org/​10.​
1038/​s41477-​024-​01818-5

Sze H, Palanivelu R, Harper JF, Johnson MA (2021) Holistic insights 
from pollen omics: co-opting stress-responsive genes and ER-medi-
ated proteostasis for male fertility. Plant Physiol 187(4):2361–2380. 
https://​doi.​org/​10.​1093/​plphys/​kiab4​63

Sze H, Klodová B, Ward JM, Harper JF, Palanivelu R, Johnson MA, 
Honys D (2024) A wave of specific transcript and protein accumula-
tion accompanies pollen dehydration. Plant Physiol 195(3):1775–
1795. https://​doi.​org/​10.​1093/​plphys/​kiae1​77

Taylor LP, Hepler PK (1997) Pollen germination and tube growth. Annu 
Rev Plant Physiol Plant Mol Biol 48:461–491. https://​doi.​org/​10.​
1146/​annur​ev.​arpla​nt.​48.1.​461

Twell D (2011) Male gametogenesis and germline specification in flower-
ing plants. Sex Plant Reprod 24(2):149–160. https://​doi.​org/​10.​1007/​
s00497-​010-​0157-5

Van Aelst AC, Pierson ES, Van Went JL, Cresti M (1993) Ultrastructural 
changes of Arabidopsis thaliana pollen during final maturation and 
rehydration. Zygote 1(2):173–179. https://​doi.​org/​10.​1017/​S0967​
19940​00014​3X

Vogler F, Konrad SS, Sprunck S (2015) Knockin’ on pollen’s door: live 
cell imaging of early polarization events in germinating Arabidopsis 
pollen. Front Plant Sci 6:246. https://​doi.​org/​10.​3389/​fpls.​2015.​00246

Walton J (1979) Lead aspartate, an en bloc contrast stain particularly 
useful for ultrastructural enzymology. J Histochem Cytochem 
27(10):1337–1342. https://​doi.​org/​10.​1177/​27.​10.​512319

Weterings K, Russell SD (2004) Experimental analysis of the fertiliza-
tion process. Plant Cell 16 Suppl(Suppl):S107-118. https://​doi.​org/​
10.​1105/​tpc.​016873

Willats WG, McCartney L, Mackie W, Knox JP (2001) Pectin: cell biol-
ogy and prospects for functional analysis. Plant Mol Biol 47(1–2):9–
27. https://​doi.​org/​10.​1023/A:​10106​62911​148

Yadegari R, Drews GN (2004) Female gametophyte development. Plant 
Cell 16 Suppl(Suppl):S133-141. https://​doi.​org/​10.​1105/​tpc.​018192

Yamamoto Y, Nishimura M, Hara-Nishimura I, Noguchi T (2003) Behav-
ior of vacuoles during microspore and pollen development in Arabi-
dopsis thaliana. Plant Cell Physiol 44(11):1192–1201

Zhang J, Huang Q, Zhong S, Bleckmann A, Huang J, Guo X, Lin Q, Gu 
H, Dong J, Dresselhaus T, Qu LJ (2017) Sperm cells are passive 
cargo of the pollen tube in plant fertilization. Nat Plants 3:17079. 
https://​doi.​org/​10.​1038/​nplan​ts.​2017.​79

https://doi.org/10.3390/plants9080956
https://doi.org/10.4161/psb.3.2.4959
https://doi.org/10.4161/psb.3.2.4959
https://doi.org/10.1007/s00425-012-1599-9
https://doi.org/10.1007/s00299-015-1863-0
https://doi.org/10.1038/nature10756
https://doi.org/10.1007/s00497-008-0082-z
https://doi.org/10.1105/tpc.109.071647
https://doi.org/10.1105/tpc.109.071647
https://doi.org/10.1007/s00497-007-0059-3
https://doi.org/10.1007/s00497-007-0059-3
https://doi.org/10.1002/pld3.624
https://doi.org/10.1016/S0031-9422(01)00113-3
https://doi.org/10.1007/BF00393450
https://doi.org/10.1146/annurev.pp.42.060191.001201
https://doi.org/10.1105/tpc.5.10.1349
https://doi.org/10.1105/tpc.5.10.1349
https://doi.org/10.1007/BF01275610
https://doi.org/10.1007/BF01275610
https://doi.org/10.1016/j.cub.2022.11.044
https://doi.org/10.1016/j.nbt.2015.07.008
https://doi.org/10.1016/j.nbt.2015.07.008
https://doi.org/10.1016/j.cell.2008.12.038
https://doi.org/10.1007/s00497-014-0251-1
https://doi.org/10.1073/pnas.1314851111
https://doi.org/10.1016/j.pbi.2019.11.003
https://doi.org/10.1016/j.pbi.2019.11.003
https://doi.org/10.1104/pp.105.065607
https://doi.org/10.1104/pp.105.065607
https://doi.org/10.1038/s41477-024-01818-5
https://doi.org/10.1038/s41477-024-01818-5
https://doi.org/10.1093/plphys/kiab463
https://doi.org/10.1093/plphys/kiae177
https://doi.org/10.1146/annurev.arplant.48.1.461
https://doi.org/10.1146/annurev.arplant.48.1.461
https://doi.org/10.1007/s00497-010-0157-5
https://doi.org/10.1007/s00497-010-0157-5
https://doi.org/10.1017/S096719940000143X
https://doi.org/10.1017/S096719940000143X
https://doi.org/10.3389/fpls.2015.00246
https://doi.org/10.1177/27.10.512319
https://doi.org/10.1105/tpc.016873
https://doi.org/10.1105/tpc.016873
https://doi.org/10.1023/A:1010662911148
https://doi.org/10.1105/tpc.018192
https://doi.org/10.1038/nplants.2017.79


	 Plant Cell Reports (2025) 44:5656  Page 20 of 20

Zhou X, Meier I (2014) Efficient plant male fertility depends on vegetative 
nuclear movement mediated by two families of plant outer nuclear 
membrane proteins. Proc Natl Acad Sci USA 111(32):11900–11905. 
https://​doi.​org/​10.​1073/​pnas.​13231​04111

Zienkiewicz K, Suwińska A, Niedojadło K, Zienkiewicz A, Bednarska E 
(2011) Nuclear activity of sperm cells during Hyacinthus orientalis 
L. in vitro pollen tube growth. J Exp Bot 62(3):1255–1269. https://​
doi.​org/​10.​1093/​jxb/​erq354

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1073/pnas.1323104111
https://doi.org/10.1093/jxb/erq354
https://doi.org/10.1093/jxb/erq354

	Bioimaging insights into structural pathways of cell-to-cell communication within the male (MGU) and female (FGU) germ units of Arabidopsis thaliana
	Abstract
	Key message 
	Abstract 

	Introduction
	Material and methods
	Ultrastructure analysis
	FISH reactions
	Immunocytochemistry
	Methylene blue and Calcofluor White stainings

	Results
	Male germ unit
	Female germ unit

	Discussion
	Acknowledgements 
	References




