
ORIGINAL ARTICLE

Distinct chromatin environment associated with phosphorylated
H3S10 histone during pollen mitosis I in orchids
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Abstract Pollen developmental pathway in plants involving
synchronized transferal of cellular divisions from meiosis
(microsporogenesis) to mitosis (pollen mitosis I/II) eventually
offers a unique Bmeiosis-mitosis shift^ at pollen mitosis I.
Since the cell type (haploid microspore) and fate of pollen
mitosis I differ from typical mitosis (in meristem cells), it is
immensely important to analyze the chromosomal distribution
of phosphorylated H3S10 histone during atypical pollen mi-
tosis I to comprehend the role of histone phosphorylation in
pollen development. We investigated the chromosomal phos-
phorylation of H3S10 histone during pollen mitosis I in or-
chids using immunostaining technique. The chromosomal dis-
tribution of H3S10ph during pollen mitosis I revealed differ-
ential pattern than that of typical mitosis in plants, however,
eventually following the similar trends of mitosis in animals
where H3S10 phosphorylation begins in the pericentromeric
regions first, later extending to the whole chromosomes, and
finally declining at anaphase/early cytokinesis (differentiation
of vegetative and generative cells). The study suggests that the
chromosomal distribution of H3S10ph during cell division is

not universal and can be altered between different cell types
encoded for diverse cellular processes. During pollen devel-
opment, phosphorylation of histone might play a critical role
in chromosome condensation events throughout pollen mito-
sis I in plants.
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Introduction

In plants, two distinct and successive developmental phases,
microsporogenesis and microgametogenesis, lead to the pro-
duction of the mature pollen. Such pollen developmental path-
way instigates with meiosis in pollen mother cell, which leads
to the formation of a tetrad of four haploid microspores.
Further, each of the four microspores undergoes first pollen
mitosis (pollen mitosis I), which results in the formation of
two cells of different fates and sizes, i.e., generative and
vegetative cells (Tanaka 1997; Borg et al. 2009). Therefore,
pollen development in plants consists of an exceptional
cellular reprogramming that eventually stimulates the
switching of cellular and nuclear machinery from meiosis
(microsporogenesis) to mitosis (pollen mitosis I/II). Such dy-
namic cellular and nuclear machinery eventually serves as an
excellent model to study the dynamic relationship of chromo-
somal histone phosphorylation at Bmeiosis-mitosis shift^ dur-
ing pollen development. Phosphorylation of H3S10 histone
has beenwell documented and specifically correlatedwith cell
cycle progression, chromosome condensation, and segrega-
tion processes during mitosis and meiosis (Hans and
Dimitrov 2001; Johansen and Johansen 2006; Kouzarides
2007; Sharma et al. 2015). In this context, critical sur-
vey of literature suggests that during meiosis I, the
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hyper-phosphorylation of H3S10 is initiated at the
leptotene-zygotene shift, highest during metaphase I, and ter-
minated toward interkinesis. While, at meiosis II, it only oc-
curs at pericentromeric regions from prophase II until telo-
phase II and follows the same trend as evident in mitosis
(Manzanero et al. 2000; Fuchs et al. 2006; Houben et al.
2007; Granot et al. 2008; Oliver et al. 2013; Marcon-Tavares
et al. 2014). Although the progression of H3 phosphorylation
during cell cycle is highly conserved, however, its spatial and
temporal distribution was found to be altered to some extent
among species, groups, cell types, and organisms (Fuchs et al.
2006; Houben et al. 2007; Sharma et al. 2015). Since the first
mitosis in microspore differs from typical mitosis (in meristem
cells), it is immensely important to compare the global
chromatin environment associated with phosphorylated
H3S10 histone in different cell types that undergo mi-
totic divisions for diverse cellular processes. Therefore,
an attempt has been made to catalogue the cytological
consequences underlying chromatin environment associ-
ated with phosphorylation of histone H3S10 during pol-
len mitosis I in orchids. Here, we report the differential
chromosomal phosphorylation of H3S10 during pollen
mitosis I division along with resulted generative and
vegetative cells. The study evidently provides insight
into the chromosomal histone phosphorylation pattern
associated with atypical mitosis of microspores (pollen
mitosis I) in plants.

Materials and methods

Three orchid species viz. Cymbidium sasanami, Cymbidium
sinense (2n=40), and Dendrobium chinsai (2n=38) and one
hybrid, i.e., Dendrobium specio-kingianum ‘Red Splash’
(2n=38), of the Orchidaceae family were used for the study.
Flower buds with appropriate size for pollen mitosis were
used as research materials after necessary confirmation of
the desired stages. The flower buds were fixed in PHEMES
buffer (50 mM PIPES, 25 mM HEPES, 5 mM MgCl2 and
5 mM EGTA, 0.35 M sorbitol, pH 6.9) containing 3 % (w/v)
paraformaldehyde and 0.2 % (v/v) Triton X-100 and washed
twice in phosphate-buffered saline (PBS, pH 7.4). The anthers
were digested for 30–45 min at 37 °C in the mixture of
1 % (w/v) Cellulase Onozuka RS (Yakult Pharmaceutical
Industry Co. Ltd), 1 % Cytohelicase (Sigma), and 0.5 % (w/
v) Pectolyase Y-23 (Seishin Pharmaceuticals) prepared in
PBS. The digested anthers were washed twice in PBS and
then squashed in a drop of PBS on the slides coated with
poly-L-lysine (Sigma). The slides were incubated for a mini-
mum of 12 h at 4 °C with a rabbit polyclonal anti-H3S10ph
(diluted 1:500 in PBS containing 3 % bovine serum albumin
(BSA); Santa Cruz Biotech. SC-8656R). After washing in
PBS, the slides were incubated for 1 h at 37 °C with an

Alexa Fluor 546-labeled goat anti-rabbit antibody (1:100
diluted in 3 % BSA/PBS; Molecular Probes 11035).
After final washes in PBS, the chromosome preparations
were counterstained with 4′,6-diamidino-2-phenylindole
hydrochloride (DAPI) and mounted with ProLong gold
antifade mountant (Life Technologies, P10144).
Immunosignals and stained chromosomes were captured
using a CCD camera (Hamamatsu Photonics, model
4880) equipped with a Axioscope fluorescence microscope
(Zeiss), and image analysis was performed as described pre-
viously (Suzuki et al. 2010).

Results and discussion

Brown and Lemmon (1991, 1992, 1994) analyzed the cyto-
skeleton and ultrastructure of first mitosis in the pollen of
Cypripedium and Phalaenopsis orchids using immunofluo-
rescence and electron microscopy. This classical report evi-
dently demonstrated the structure and progression of pollen
mitotic divisions in orchids. As similar to other plant taxa,
microsporogenesis in orchids includes asymmetric and atypi-
cal mitosis (pollen mitosis I) in the unreleased four micro-
spores within tetrad. The tetrad of four haploid young micro-
spores did not release the microspore individually and collec-
tively underwent pollen mitotic events to produce pollen
grains. Eventually, pollen mitosis in orchids, different stages
starting from prophase to cytokinesis, could be identified pre-
cisely. Such pollen mitotic I (PM-I) divisions in each micro-
spore ultimately resulted in an inward large vegetative cell and
outward smaller generative cell. Most of the stages associated
with PM-I (prophase to anaphases) were identified precisely
in conventional cytological preparations (supplementary
Figs. S1–S3), as well as subsequent immunostained prepara-
tions too (Figs. 1 and 2). Further, the chromosomal distribu-
tion of H3S10ph during different stages of PM-I was deter-
mined precisely. The immunosignals of phosphorylated
H3S10 were first appeared at PM-I prophase (Fig. 1a) in dif-
fused manner and declined at PM-1 anaphases. Such observa-
tion supports the view of earlier workers (Fuchs et al. 2006;
Houben et al. 2007) that phosphorylation of H3S10 begins
with the entry of the cell into mitotic cell cycle and declines
toward the exit of the cycle. However, in contrast,
peri-centromeric distribution of H3S10ph was observed dur-
ing late prophase or pro-metaphase of PM-I (Fig. 1b–d). In
angiosperm, phosphorylation of H3S10 during typical
mitotic-metaphase and meiosis II was found to be strongly
associated with peri-centromeric regions and suggested a ma-
jor role in chromosome condensation and sister centromere
cohesion respectively (Manzanero et al. 2000; Houben et al.
2007; Caperta et al. 2008). However, one of the inter-
esting features associated with the study involves intense
hyper-phosphorylation along the entire chromosome length
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(Fig. 2a–d) during metaphase of pollen mitosis I. Notably,
such uniform labeling of metaphase chromosomes was also
found to be unique in typical mitosis of holokinetic plant
species, i.e., Luzula luzuloides and Rhynchospora tenuis
(Gernand et al. 2003; Guerra et al. 2006), and in meiosis I of
angiosperms with monocentric chromosomes (Houben et al.
1999; Manzanero et al. 2000; Gernand et al. 2003; Paula et al.
2013). However, overall observation suggests that the
progression of chromosomal histone phosphorylation
during pollen mitosis I in orchids more or less is similar
to that of mitosis in mammalian cells where phosphor-
ylation of H3S10 firstly appeared at pericentromeric re-
gions and then spread throughout the chromosome arms
as mitotic stages proceed (Hendzel et al. 1997; Goto
et al. 1999). In this context, several reports on phos-
phorylation of histone have successfully demonstrated
its association with condensation of mitotic chromatin
in mammalian cells (Gurley et al. 1974; Prigent and
Dimitrov 2003; Nowak and Corces 2004; Houben et al.
2007). Finally, a significant decrease in phosphorylation with

dispersed immunolabeling pattern was observed during the
PM-I anaphases/early cytokinesis (differentiation of vegeta-
tive and generative cells) (Fig. 2e). The diminishing of

Fig. 1 Chromosomal distribution pattern of H3S10ph during early
pollen mitosis I stages in orchids. a–a^ Prophase showing the early
immunosignals of H3S10ph. b–b^ to d–d^ Pro-metaphase showing the
pericentromeric distribution of H3S10ph in Cymbidium sasanami (b–
b^), Cymbidium sinense (c–c^), and Dendrobium chinsai (d–d^).
Counterstain DAPI and immunosignals of anti-H3S10ph are
pseudocolored in blue and in red, respectively. Scale bar= 10 μm

Fig. 2 Chromosomal distribution pattern of H3S10ph during pollen
mitosis I in orchids. a–a^ to d–d^ Metaphase showing the distribution
of H3S10ph along the entire length of the chromosomes in Cymbidium
sinense (a–a^) and Cymbidium sasanami (b–b^), metaphase in
single microscope which seems to be busted out from tetrad of
Dendrobium chinsai (c–c^), and metaphase in single microscope
of Dendrobium specio-kingianum ‘Red Splash’ (d–d^). e–e^
Anaphase showing the decline in signals of anti-H3S10ph (Cymbidium
sasanami). f–f^ Vegetative cell (V) showing the presence of anti-
H3S10ph immunosignals whereas generative cell (G) did not show the
any anti-H3S10ph signals (Cymbidium sinense, arrow marks showing
chromocenters). Counterstain DAPI and immunosignals of anti-
H3S10ph are pseudo-colored in blue and in red, respectively. Scale
bar= 10 μm
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phosphorylated immunosignals is a common phenome-
non associated with the distribution of H3S10ph during
typical mitosis in plants (Houben et al . 2007;
Marcon-Tavares et al. 2014). Overall observation sug-
gests that the cell cycle-dependent spatial and temporal
distribution of chromosomal H3S10ph is not universal
between different cell types (e.g., microspore and meri-
stematic cell) programmed for diverse cellular processes as
advocated earlier too (Fuchs et al. 2006; Houben et al. 2007;
Sharma et al. 2015).

In the present study, the dispersed smaller dots like phos-
phorylation pattern of H3S10ph were observed in vegetative
nuclei (VN) only whereas generative nuclei (GN) did not
show any immunosignal during this stage (Fig. 2f). On the
other hand, the accumulation of densely DAPI-stained nuclear
materials in VNwithout any signal of H3S10 phosphorylation
indicates the probable heterochromatic regions (Figs. 2f and
S4; arrow marked). Earlier reports suggest that the VN have
diffuse and transcriptionally active chromatin, whereas the
generative cells contain highly condensed and transcriptional-
ly inactive chromatin (Saito et al. 1997; Borg et al. 2009).
Several studies have already documented the distribution of
diverse histone modification marks in generative and vegeta-
tive cells of several plant species including lily (Okada et al.
2006; Sano and Tanaka 2010), Arabidopsis (Cartagena et al.
2008), oak (Ribeiro et al. 2009), rye (Houben et al. 2011), and,
recently, in barley (Pandey et al. 2013). However, most of the
abovementioned reports were actually focused on distribution
of eu/heterochromatin-specific histone modification marks
for, e.g., H3K4me2, H3K9me2; H3K27me2/3, H3K9ac,
H3K36me, and H4K5/8 that suggest that the chromatin
organization in vegetative and generative cells of pollen
grains is not universal across angiosperms and subjected
to differential expression (reviewed in Sharma et al.
2015). Notably, the H3S10 phosphorylation is a versa-
tile histone modification that is found to be involved in
diverse nuclear functions encompassing transcription ac-
tivation of several genes for diverse cellular program-
ming besides chromosome condensation events during
cell cycle progression in mitosis and meiosis (Prigent
and Dimitrov 2003; Nowak and Corces 2004). Though, in
the framework of the present observations, it may be quite
premature to suggest the plausible role of phosphorylation of
H3S10 in vegetative cell; however, the co-localization of other
histone modification marks along with phosphorylated
histones may shed light on the precise chromatin orga-
nization of vegetative/generative cells of the pollen. In
conclusion, during pollen development, phosphorylation
of histone might play a critical role in chromosome
condensation events throughout pollen mitosis I in plants.
However, spatial and temporal distribution of H3S10ph can
be altered between different cell types programmed for diverse
cellular processes.
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