
RESEARCH ARTICLE

Interference of the Histone Deacetylase
Inhibits Pollen Germination and Pollen Tube
Growth in Picea wilsoniiMast
Yaning Cui1,2☯, Yu Ling1,2☯, Junhui Zhou1,2, Xiaojuan Li1,2*

1 Key Laboratory of Genetics and Breeding in Forest Trees and Ornamental Plants, College of Biological
Sciences and Biotechnology, Beijing Forestry University, Beijing, China, 2 National Engineering Laboratory
for Tree Breeding, College of Biological Sciences and Biotechnology, Beijing Forestry University, Beijing,
China

☯ These authors contributed equally to this work.
* lixj@bjfu.edu.cn

Abstract
Histone deacetylase (HDAC) is a crucial component in the regulation of gene expression in

various cellular processes in animal and plant cells. HDAC has been reported to play a role

in embryogenesis. However, the effect of HDAC on androgamete development remains

unclear, especially in gymnosperms. In this study, we used the HDAC inhibitors trichostatin

A (TSA) and sodium butyrate (NaB) to examine the role of HDAC in Picea wilsonii pollen
germination and pollen tube elongation. Measurements of the tip-focused Ca2+ gradient

revealed that TSA and NaB influenced this gradient. Immunofluorescence showed that

actin filaments were disrupted into disorganized fragments. As a result, the vesicle traffick-

ing was disturbed, as determined by FM4-64 labeling. Moreover, the distribution of pectins

and callose in cell walls was significantly altered in response to TSA and NaB. Our results

suggest that HDAC affects pollen germination and polarized pollen tube growth in Picea wil-
sonii by affecting the intracellular Ca2+ concentration gradient, actin organization patterns,

vesicle trafficking, as well as the deposition and configuration of cell wall components.

Introduction
Pollen grains serve an important function in delivering sperm nuclei to the female gametophyte
by generating pollen tubes during sexual reproduction in plants [1]. This reproductive cell is a
model system in molecular and cellular studies. The tip-growing pollen tubes have a restricted
expansion site associated with vesicle trafficking [2], actin cytoskeleton organization [3], apical
ion flux [4], cytosolic pH, and the cytosolic Ca2+ gradient [5].

Chromatin is a highly complex structure of DNA and nucleo protein and can be dynami-
cally modified during physiological processes [6]. Among these delicate modifications, acety-
lation and deacetylation of the lysine residues of core histones play important roles in the
regulation of gene expression and chromatin state [7,8]. Histone acetylation is catalyzed by
histone acetyltransferases (HATs). Targeted recruitment of HATs to a promoter is considered
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to be linked with histone hyperacetylation and transcriptional activation [9,10]. In contrast,
the deacetylase state is maintained by histone deacetylase (HDAC), which leads to transcrip-
tional repression [11,12].

Recent advances in this field have revealed that HDAC is both directly and indirectly
involved in many biological processes, including development, proliferation, differentiation,
and cell death [13]. HDAC1-knockout mice showed increased cardiac apoptosis and prolifera-
tion, leading to a phenotype of early embryonic death, as well as severe multiplication defects
and general growth retardation [14,15].

In plants, however, the extent to which HDAC regulates biological functions has been of
increased interest. Previous investigations showed that HDA18, a gene encoding histone deace-
tylase, is a key component required for the regulatory machinery of the Arabidopsis root epi-
dermis [16]. In Arabidopsis thaliana, knockout of RPD3-related HDAC plants showed delayed
flowering, suggesting that histone deacetylation plays an important role in the vegetative-to-
reproductive phase transition [17]. Recently, it has been reported that inhibiting HDAC activ-
ity in cultured male gametophytes increased the transformation of embryogenesis in both
Brassica napus and Arabidopsis thaliana. Further analysis suggested that this process may be
correlated with high acetylation of histones H3 and H4 [18]. However, the effect of histone
acetylation on the germination and polar growth of mature pollen grains has seldom been
reported.

In this study, we tested the hypothesis that HDAC is involved in pollen tube growth. We
treated pollen grains with two well-known inhibitors of HDAC, and then we analyzed pollen
germination and tube length. Moreover, by employing dye, fluorescence labeling, and fluores-
cence microscope imaging technology, we observed changes in Ca2+ distribution, the arrange-
ment of actin filaments, the distribution of secretory vesicles, and the cell wall components.
Our findings demonstrate that interfering HDAC can affect pollen germination, pollen tube
elongation, and pollen tube tip morphology, providing clues about how HDAC controls pollen
tube growth.

Materials and Methods

Ethics statement
No specific permits were required for the described field studies. The location is not privately
owned or protected in any way, and the field studies did not involve endangered or protected
species.

Plant material
Mature pollen was collected from Picea wilsonii trees growing in the Botanical Garden of the
Institute of Botany, Chinese Academy of Science (with the permission of the Beijing Botanical
Garden Institute of Botany, Chinese Academy of Sciences), on April 14, 2014. Dried pollen
grains were stored at -20°C. In vitro pollen culture was performed by liquid mass culture in an
Erlenmeyer flask. After 30 min of rehydration at room temperature, pollen grains were sus-
pended in germination media containing 12% sucrose, 0.01% Ca(NO3)2, and 0.01% H3BO3 at
pH 7.0 on a shaker (120 rpm) at 25°C in the dark. TSA (catalog no. T8552; Sigma-Aldrich,
St. Louis, MO, USA) was dissolved in dimethyl sulfoxide (DMSO). Sodium butyrate (NaB)
(catalog no. B5887; Sigma-Aldrich) was dissolved in water. Various concentrations of TSA and
NaB were added to the germination media just before the culture process. In addition, pollen
grains were cultured in the presence of DMSO as a control. All working concentrations of
DMSO were<0.2% (v/v).
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Observation of pollen germination and pollen tube growth
Pollen grains were considered to be germinated when the tube length was greater than the
diameter of the grain. The germination rate was determined by checking at least 200 pollen
grains in each of three replicates. Tube length was measured by checking at least 20 pollen
tubes in each of three replicates. Pollen grains were measured under an Olympus CX31 light
microscope (Tokyo, Japan) and digital images were captured using a Canon 600D camera
(Tokyo, Japan).

Fluo-3/AM labeling of Ca2+

Pollen tubes were cultured for 24 h and then loaded with the Ca2+-sensitive fluorescent dye
Fluo-3/AM ester (Sigma-Aldrich). Initially, pollen tubes were incubated at 4°C for 2 h in the
dark in culture media containing 20 μM Fluo-3/AM ester. Pollen tubes were then rinsed three
times with the corresponding media and cultured for an additional 1 h. Then, the samples were
excited at 488 nm under a Leica LSM TCS SP5 microscope (Leica Microsystems GmbH, Wet-
zlar, Germany) and emission signals were recorded at 500–550 nm. At least twenty to thirty
pollen tubes were examined in each of three replicates.

Fluorescence labeling of actin filaments
Labeling of the actin filaments in the pollen tubes was performed with Alexa Fluor1 488 Phal-
loidin (catalog no. A12379; Life Technologies, Carlsbad, CA, USA) according to Ou et al. [19].
The stained samples were observed under Leica LSM TCS SP5 at an excitation wavelength of
488 nm and an emission wavelength of 500–550 nm. All images were projected along the z-
axis. Labeling of the actin filaments was observed by scoring at least twenty to thirty randomly
chosen pollen for each of three separate.

FM4-64 staining to analyze vesicle trafficking in the pollen tube apex
The loading of cells with FM4-64 dye was performed by direct application to the growing pol-
len tubes, as described previously, with minor modifications [20]. Fluorescence of samples was
detected with Leica DM2500 using excitation at 510–560 nm. Serial optical sections were per-
formed every 1 min after dye application until the fluorescence reached saturation. Images
were processed using the LAS AF Lite software. For FM4-64 staining, twenty to thirty tubes
were measured per replicate, with three replicates per treatment.

Fluorescent immunolabeling of pectins in the pollen tube cell wall
Immunolabeling of pectins in pollen tube cell walls was performed according to Chen et al.
[20] with slight modifications. All the samples were excited at 488 nm under Leica LSM TCS
SP5 and emission signals were collected at 500–550 nm. Controls were prepared by omitting
the primary antibody. For immunolabeling of pectins, twenty to thirty pollen tubes were used
for data analysis in three replicates per treatment.

Fluorescence labeling of callose
Callose in the pollen tube cell wall was labeled with decolorized aniline blue [20]. Stained sam-
ples were examined and photographed by Leica DM2500 epifluorescence (ultraviolet excita-
tion) using excitation wavelengths of 340–380 nm. Labeling of callose was performed in
triplicate, which twenty to thirty pollen tubes were used for data analysis in each of three
replicates.
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Results

TSA and NaB inhibited pollen tube growth
As this study aimed to characterize the role of HDAC in living pollen, we first observed pollen
tube growth. Picea wilsonii pollens were cultured in media containing various concentrations
of TSA (0–4 μM). We found that, under inhibitor-free conditions, most pollen germinated and
elongated after 24 h (Fig 1A). In contrast, following treatment with TSA, pollen germination
and tube growth were inhibited (Fig 1B–1F). Quantitative analysis of these images showed that
TSA inhibited pollen tube growth in a dose-dependent manner (Fig 1H). To further test the
long-term effect of TSA, we recorded pollen germination after 24, 30, and 36 h (Fig 1G).
Although the germination rates after TSA treatment were significantly lower than under the
control condition, more pollen grains germinated in response to TSA over time. As expected,
tube growth showed the same tendency over time, suggesting that pollen germination and tube
length can be delayed by TSA treatment. It should be noted that TSA significantly inhibited
pollen germination at a concentration of 0.1 μM (Fig 1G and 1H). However, it was found that
1, 2, and 4 μM of TSA had similar inhibitory effects (Fig 1G and 1H). Therefore, we can specu-
late that low concentrations of TSA have obvious inhibiting effects on the pollen, and the inhi-
bition power gradually increased with the increasing concentration up to a certain maximum
concentration.

We also examined the impact of NaB, another HDAC inhibitor [21]. As shown in Fig 2, pol-
len germination and tube growth were inhibited (Fig 2) after 24 h of treatment, similar to the
effect of TSA treatment.

TSA and NaB affected the Ca2+ gradient at the pollen tube
To determine if TSA and NaB affect calcium concentration, we labeled cytosolic calcium with
the calcium dye Fluo-3/AM ester at a low temperature (4°C) according to Zhang et al. [22].
Fluo-3/AM ester fluorescence in pollen tubes grown in normal culture medium was mainly
located at the tip; moreover, the pollen tubes showed a typical tip-to-base cytoplasmic Ca2+

concentration gradient (Fig 3A). When treated with 0.2% DMSO, the pollen tubes also showed
a Ca2+ gradient from tip to base (Fig 3B). However, the fluorescent signal gradient disappeared
when pollen tubes were cultured with 0.5 μMTSA (Fig 3E). To further characterize the Ca2+

gradient in the tube in more detail, we obtained the fluorescence intensity from the base to the
tip of the pollen tube through ImageJ analysis and then determined the slope. The greater the
slope coefficient, the greater the increase in fluorescence (Fig 3C and 3D). The slope coefficient
obtained under the different conditions clearly demonstrated that the Ca2+ gradient was
completely dissipated by TSA (Fig 3G) treatment. The Ca2+ gradient in pollen tubes after NaB
treatment was consistent with that after TSA treatment (Fig 3F and 3H).

TSA and NaB treatment disrupted the normal arrangement of actin
filaments
To monitor the effect of TSA and NaB on actin filaments, pollen tubes were fixed with 4%
paraformaldehyde and stained with Alexa Fluor1 488 Phalloidin according to Ou et al. [19]. In
control cells, we could clearly observe the actin filaments distributed in a net axial array
throughout the pollen tube. The typical bundle of actin filaments was mainly parallel to the
long axis, and disorganized fragments were found only in the elongating tip (Fig 4A). Further-
more, we barely detected variation in actin filament distribution in tubes cultured in DMSO at
a concentration of 0.2% (Fig 4B), suggesting that DMSO did not cause artefacts. In contrast, as
shown in Fig 4C and 4D, treatment with TSA and NaB caused marked twisting of the actin
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Fig 1. Effects of TSA on pollen germination andmean tube length in Picea wilsonii. Pollen germination and tube elongation were inhibited in a dose-
dependent manner. Pollen tubes were cultured in (A) standard medium for 24 h, (B) medium containing 0.1 μM TSA for 24 h, (C) medium containing 0.5 μM
TSA for 24 h, (D) medium containing 1 μMTSA for 24 h, (E) medium containing 2 μM TSA for 24 h, and (F) medium containing 4 μMTSA for 24 h. (G) Percent
germination of pollen tubes cultured in media containing various TSA concentrations. (H) Mean lengths of pollen tubes cultured in media containing various
TSA concentrations. One asterisk indicates a significant difference between the growth rates of the drug-treated and control groups at P<0.05. A double
asterisk indicates a significant difference between the growth rates of the drug-treated and control groups at P<0.01. Bar = 200 μm.

doi:10.1371/journal.pone.0145661.g001
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filaments. Moreover, fragments could be observed in the middle part of the tube, suggesting
the continuous bundle initiated from the grain to the tubes was broken. These results suggest
that TSA and NaB produced actin filament disorganization in pollen tubes.

TSA and NaB disordered vesicle trafficking dynamics
Because the elongation of the pollen tube is closely related to endocytosis and exocytosis, we
analyzed the vesicle trafficking under TSA and NaB treatment. Pollen tubes were stained with

Fig 2. Effects of NaB on Picea wilsonii pollen germination andmean tube length. (A) Effects of NaB on pollen tube growth. Mean length of pollen tubes
treated with 0, 0.05, 0.1, 0.2, 0.5, and 1 mMNaB, respectively. (B) Effects of NaB on pollen tube germination. Percent germination of pollen tubes treated with
0, 0.05, 0.1, 0.2, 0.5, and 1 mMNaB, respectively. (C) Pollen tubes cultured in standard medium for 24 h. (D) Pollen tubes cultured in medium containing 0.05
mM NaB for 24 h. (E) Pollen tubes cultured in medium containing 0.1 mM NaB for 24 h. (F) Pollen tubes cultured in medium containing 0.2 mM NaB for 24 h.
(G) Pollen tubes cultured in medium containing 0.5 mMNaB for 24 h. (H) Pollen tubes cultured in medium containing 1 mMNaB for 24 h. One asterisk
indicates a significant difference between the growth rates of the drug-treated and control groups at P<0.05. A double asterisk indicates a significant
difference between the growth rates of the drug-treated and control groups at P<0.01. Three asterisks indicate a significant difference between the growth
rates of the drug-treated and control groups at P<0.001. Bar = 150 μm.

doi:10.1371/journal.pone.0145661.g002
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Fig 3. Effect of inhibitors of HDAC on cytosolic Ca2+ in Picea wilsonii pollen tubes. (A) Fluo-3/AM staining of pollen tubes cultured in standard medium
for 24 h. (B) Fluo-3/AM staining of pollen tubes incubated in standard medium supplemented with 0.2% DMSO for 24 h. (C) The fluorescence intensity was
analyzed using ImageJ from the base to the tip of the (A) pollen tube. The slope coefficient became larger. (D) The fluorescence intensity was analyzed using
ImageJ from the base to the tip of the (B) pollen tube. The slope coefficient became larger. (E) Fluo-3/AM staining of pollen tubes incubated in medium
supplemented with 0.5 μM TSA for 24 h. (F) Fluo-3/AM staining of pollen tubes incubated in medium supplemented with 0.5 mMNaB for 24 h. (G) The
fluorescence intensity was analyzed using ImageJ from the base to the tip of the (E) pollen tube. The slope coefficient was largely unchanged. (H) The
fluorescence intensity was analyzed using ImageJ from the base to the tip of the (F) pollen tube. The slope coefficient was largely unchanged. Bar = 50 μm.

doi:10.1371/journal.pone.0145661.g003
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FM4-64, a reliable styryl dye for membrane trafficking in plant cells. As shown in Fig 5, the
uptake of FM4-64 into pollen tubes was strictly time-dependent (Fig 5A–5E), resulting in a
reverse V-like pattern of fluorescence in the tip of the tube after 10 min. When 0.2% DMSO
was added to standard medium, pollen tubes showed similar FM4-64 internalization to those
cultured in standard media (Fig 5F–5J). In contrast, when cultured in medium containing

Fig 4. Treatment of Picea wilsonii pollen tubes with inhibitors of HDAC induces the redistribution of actin filaments. (A) Pollen tubes cultured in
standard medium for 24 h showing actin filaments parallel to the direction of pollen tube elongation. (B) The addition of 0.2% DMSO to the standard medium
followed by incubation for 24 h had no obvious effect on the distribution of the actin filaments compared with the controls. (C) In pollen tubes treated with
0.5 μM TSA-containing medium for 24 h, the actin filaments became obviously twisted and irregularly arranged. (D) In pollen tubes cultured in 0.5 mM NaB-
containing medium for 24 h, the actin filaments were broken and disorganized. Bar = 20 μm.

doi:10.1371/journal.pone.0145661.g004
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0.5 μMTSA and 0.5 mM NaB, pollen tubes showed a different pattern of internalization. FM4-
64 uptake was observed not only in the apical region, but also in the subapical region of pollen
tube (Fig 5K–5T). As a result, a dispersed pattern, instead of reverse V-like pattern of dye fluo-
rescence, was detected after TSA and NaB treatment.

Fig 5. Time course of FM4-64 uptake in a growing Picea wilsonii pollen tube. (A–E) FM4-64 uptake into
the pollen tube followed a strict time sequence, and dye uptake occurred mainly along the apex in a normally
growing pollen tube of Picea wilsonii. (F–H) FM4-64 staining of a 0.2% DMSO-treated pollen tube. FM4-64
internalization occurred in the apical region of a growing pollen tube. (K–O) FM4-64 staining of a 0.5 μM TSA-
treated pollen tube, showing nonuniform internalization from both sides of the tube. (P–T) FM4-64 staining of
a pollen tube cultured in 0.5 mM NaB-containing medium for 24 h. The fluorescence was distributed unevenly
and showed no distinct direction during the course of uptake. Bar = 20 μm (arrows indicate the direction of
dye distribution).

doi:10.1371/journal.pone.0145661.g005
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TSA and NaB treatment induced pectin distribution changes in the cell
wall
As the cell wall is a key structure in pollen tube growth, it is important to confirm whether TSA
and NaB treatment would induce distribution changes of pectin in the cell wall. JIM5 and JIM7
antibodies can recognize acidic and esterified pectins, respectively, in pollen tubes. As shown in
Fig 6, in the pollen tubes grown in standard media, JIM5 fluorescence was distributed along the
tube shank wall, except at the apical region (Fig 6A), whereas JIM7 fluorescence was observed
at the very tip of the growing tubes (Fig 6B). When cultured in medium containing 0.2%
DMSO, JIM5 and JIM7 labeling of pollen tubes showed that the fluorescence signal distribution
was not changed dramatically (Fig 6C and 6D). By contrast, when pollen tubes were cultured
in medium containing 0.5 μMTSA and 0.5 mMNaB, the localization of pectins was completely
altered. Acidic pectins were deposited along the entire surface of the pollen tubes, including the
apical region (Fig 6E and 6G). Meanwhile, esterified pectins were found only in the basal site
(Fig 6F and 6H), which was opposite to the results in control tubes.

Effect of TSA and NaB on callose deposition
We examined whether TSA and NaB treatment would affect callose deposition. Aniline blue
produced uniform staining along the tube shank, but it was absent in the apical region in pollen
tubes growing in standard media (Fig 7A). In pollen tubes cultured in media containing 0.2%
DMSO, the callose fluorescence could also be found throughout the tube wall (Fig 7B), except
the extreme apex, which was similar to the control. By contrast, intense fluorescence from ani-
line blue could be found in the apical region and subapical regions when tubes were treated
with 0.5 μMTSA and 0.5 mMNaB (Fig 7C and 7D). These results show that the amount of cal-
lose in the apical region was dramatically increased by TSA and NaB treatment.

Discussion
HDAC plays important roles in chromatin remodeling and subsequent transcriptional activa-
tion of many genes [23,24]. Previous studies have clarified the histone deacetylase was involved
in pathogen response [25] and flowering [26]. In Arabidopsis, SWP1 represses lateral root pri-
mordium 1 (LPR1) via histone deacetylation, resulting in increased root elongation [27]. When
the inhibitor of HDAC was applied to germinating Arabidopsis seeds, a striking increase was
found in the density of root hairs of the seedlings [16]. The studies above demonstrated that
histone acetylation/deacetylation status regulates many aspects of plant development. Until
now, the function of the histone acetylation/deacetylation on plant reproductive process has
rarely been reported. Li and colleagues proved that histone deacetylase represents a key means
of embryogenesis [18], but the regulation of pollen germination and polar growth by HDAC
has not been reported. In this study, we investigated the relationship between HDAC and pol-
len tube growth using specific inhibitors of HDAC.

Our data show that the disruption of HDAC by TSA and NaB inhibited the pollen germina-
tion ratio and tube elongation rate, suggesting that HDACs are involved in the regulation of
pollen germination and tube growth. These results are consistent with an earlier study demon-
strating that disruption of RNA synthesis inhibits pollen tube growth [28], further demonstrat-
ing that the dynamic changes in gene transcription activity are mediated primarily by the
interwoven processes of chromatin remodeling and histone modification [29]. In addition, we
found that TSA and NaB suspended pollen germination and tube growth in a concentration-
dependent manner. This is identical to a previous report showing that TSA and NaB signifi-
cantly inhibited primary root elongation in an approximate negative correlation to TSA and
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NaB concentration [21]. These results suggest that HDAC is closely linked to the cellular pro-
cesses in pollen germination and pollen tube growth.

There is a close relationship between the intracellular Ca2+ influx and the elongation of the
pollen tube. The Ca2+ channel is localized to a small region in the pollen tube tip, and Ca2+

enters from the tip and forms a gradient [30]. More recent studies have indicated that Ca2+

Fig 6. Fluorescent immunolabeling of pectins in a Picea wilsonii pollen tube. (A) JIM5 labeling of pollen tubes cultured in standard medium. Strong
fluorescence was detected along the entire tube shank wall, excluding the tip. (B) JIM7 labeling of pollen tubes cultured in standard medium. Esterified
pectins were found at the tip of the pollen tube. (C) JIM5 labeling of pollen tubes treated with medium containing 0.2% DMSO. The result is consistent with
that obtained for the control (A). (D) JIM7 labeling of pollen tubes treated with medium containing 0.2% DMSO. The distribution of esterified pectins is
consistent with that seen in the control (B). (E) JIM5 labeling of pollen tubes cultured in the presence of 0.5 μM TSA. The fluorescence signal was distributed
along the pollen tube wall. (F) JIM7 labeling of pollen tubes incubated in medium containing 0.5 μMTSA. Esterified pectins were found only in the basal part
of the pollen tube wall. (G) JIM5 labeling of pollen tubes cultured in the presence of 0.5 mM NaB. (H) JIM7 labeling of pollen tubes incubated in medium
containing 0.5 mM NaB. Bar = 50 μm.

doi:10.1371/journal.pone.0145661.g006
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signals can increase the rate of pollen tube tip growth and facilitate a response to tropism cues
[31]. Ling et al. [32] demonstrated that the Ca2+-dependent GABA signal can regulate pollen
germination and growth. We suspect that TSA and NaB can affect the Ca2+ concentration gra-
dient. To verify this hypotheses, we used the calcium dye Fluo-3/AM ester to detect cytosolic
calcium. ImageJ was consistent with our assumption that TSA and NaB might regulate the
change in Ca2+ influx. Nevertheless, there are few reports about the relationship of HDAC and
Ca2+ in plants. Therefore, our study results suggest that calcium concentration is necessary for
the HDAC-regulated polarized growth of pollen tubes.

In addition, accumulating evidence indicates that actin filaments can regulate pollen tube
growth [33]. They act as a complex signaling network not only to regulate pollen tube tip
growth but also for polarized diffuse growth in plants [34]. In most cases, actin dynamics can
be controlled by Ca2+ and Ca2+-dependent enzymes [35]. HDAC is a key regulator of cytoskel-
eton components in mammalian cells [36]. It has been reported that HDAC8 associates with
and regulates smooth muscle cell cytoskeleton dynamics [37]. HDAC6-mediated deacetylase
activity plays a key role in the antigen-specific reorientation of the tubulin cytoskeleton [38].
Our results show that the treatment of pollen grains with TSA and NaB induce the polymeriza-
tion of actin to become disorganized in the pollen tube tip region, suggesting sensitivity to TSA
and NaB. Therefore, we speculate that HDAC signaling affects intracellular Ca2+ levels, block-
ing the polymerization of actin filaments in pollen tube tips and affecting tube germination.

Vesicle trafficking is fundamental to most activities in organisms, and FM4-64 staining
shows a new tracer of membrane trafficking in living cells [39]. We also can assume that FM4-
64 is present in endocytic vesicles [40]. Endocytosis is now considered to be a requirement for

Fig 7. Effect of inhibitors of HDAC on callose deposition in Picea wilsonii pollen tube walls. (A) Control pollen tubes labeled with aniline blue. The
fluorescence was distributed evenly along the tube shank, but was absent in the tip region. (B) Pollen tubes treated with 0.2% DMSO. The fluorescence
distribution is consistent with that in the control. (C) Pollen tubes cultured in medium containing 0.5 μM TSA. Strong fluorescence was detected at the tip. (D)
Pollen tubes cultured in medium containing 0.5 mM NaB. Bar = 50 μm.

doi:10.1371/journal.pone.0145661.g007
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pollen tube tip growth. The results of time-course images of TSA- and NaB-treated pollen
tubes showed a FM4-64 staining pattern different from that of controls. In Picea wilsonii pollen
tubes, FM4-64 internalization occurred in the apical region, and it ultimately appeared in an
inverted cone-shaped pattern, which was quite different from reports in angiosperm species
[40]. In our control experiments, Picea wilsoniiMast. pollen tubes also formed similar inverted
cone-shaped patterns in the apical region. However, in TSA- and NaB-treated pollen tubes,
FM4-64 internalization occurred primarily in other sites of pollen tubes rather than in the api-
cal region, indicating that vesicular trafficking was perturbed by the chaotic status of actin fila-
ments. We think that HDAC may be involved in regulating vesicular trafficking in pollen tubes
by modulating the actin filament pattern.

Cell wall extensibility and rigidity are key parameters in the development and architecture
of plant cells [41]. In the growing pollen tube, apex pectins and callose are the primary cell wall
components. Pectins in the pollen tube apex are secreted via the Golgi apparatus-based vesicles
as esterified pectins, which are subsequently made acidic by pectin methylesterase in the tube
wall via the endosomal recycling pathway [32]. Our studies show that, in control tubes, pectins
accumulated in the tip of the growing pollen tube and were highly esterified, whereas they were
de-esterified in cell walls along the length of the tubes. When compared with the controls,
acidic pectins were distributed along the pollen tube wall, whereas esterified pectins reduced
dramatically in the tip region and were only found in the basal part of the pollen tube after
incubation with TSA and NaB. Furthermore, callose is also a small portion of the cell wall poly-
mers, and callose deposition can be enhanced by a variety of stimuli [42]. Our data from an
aniline blue staining experiment showed that callose deposition changed after TSA and NaB
incubation, suggesting that HDAC affects the deposition distribution of cell wall components
in growing pollen tubes. Previous studies in Arabidopsis also reported that a number of specific
pathways were altered by TSA treatment, including genes involved in cell wall loosening/degra-
dation, pectin depolymerization/solubilization, as well as cellulose hydrolysis[18].

In summary, our study shows that the inhibition of HDAC activity in pollen tubes promoted
intracellular Ca2+ concentration gradient changes and altered actin filament networks. Conse-
quently, the disorganization of vesicle trafficking and changes in cell wall components led to
altered tip growth. Our analyses of the effect of TSA and NaB on gymnosperm pollen tubes pro-
vide useful information about the role of HDAC in the polarized tip growth of pollen tubes.

Acknowledgments
This work was supported by the Fundamental Research Funds for the Central Universities
(BLX2012039) and the National Natural Science Foundation of China (31370212). We thank
Mr. Kai Song (Key Laboratory of Plant Resources, Institute of Botany, Chinese Academy of Sci-
ences) for supplying the pollen. We also thank Meiqin Liu (Beijing Forest University) for her
assistance with confocal laser scanning microscopy.

Author Contributions
Conceived and designed the experiments: YC YL. Performed the experiments: YC JZ. Analyzed
the data: YC. Contributed reagents/materials/analysis tools: YC JZ. Wrote the paper: YC YL
XL.

References
1. Marton ML, Fastner A, Uebler S, Dresselhaus T. Overcoming hybridization barriers by the secretion of

the maize pollen tube attractant ZmEA1 from Arabidopsis ovules. Curr Biol. 2012; 22: 1194–1198. doi:
10.1016/j.cub.2012.04.061 PMID: 22633810

The Histone Deacetylase and Pollen Germination and Growth

PLOS ONE | DOI:10.1371/journal.pone.0145661 December 28, 2015 13 / 15

http://dx.doi.org/10.1016/j.cub.2012.04.061
http://www.ncbi.nlm.nih.gov/pubmed/22633810


2. Shi SQ, Shi Z, Jiang ZP, Qi LW, Sun XM, Li CX, et al. Effects of exogenous GABA on gene expression
of Caragana intermedia roots under NaCl stress: regulatory roles for H2O2 and ethylene production.
Plant Cell Environ. 2010; 33: 149–162. doi: 10.1111/j.1365-3040.2009.02065.x PMID: 19895397

3. Justus CD, Anderhag P, Goins JL, Lazzaro MD. Microtubules and microfilaments coordinate to direct a
fountain streaming pattern in elongating conifer pollen tube tips. Planta. 2004; 219: 103–109. PMID:
14740215

4. Michard E, Alves F, Feijo JA. The role of ion fluxes in polarized cell growth and morphogenesis: the pol-
len tube as an experimental paradigm. Int J Dev Biol. 2009; 53: 1609–1622. doi: 10.1387/ijdb.
072296em PMID: 19247955

5. Hepler PK, Vidali L, Cheung AY. Polarized cell growth in higher plants. Annu Rev Cell Dev Biol. 2001;
17: 159–187. PMID: 11687487

6. Tsuji H, Saika H, Tsutsumi N, Hirai A, Nakazono M. Dynamic and reversible changes in histone H3-
Lys4 methylation and H3 acetylation occurring at submergence-inducible genes in rice. Plant Cell Phy-
siol. 2006; 47: 995–1003. PMID: 16774928

7. Kurdistani SK, Grunstein M. Histone acetylation and deacetylation in yeast. Nat Rev Mol Cell Biol.
2003; 4: 276–284. PMID: 12671650

8. Sims RJ III, Nishioka K, Reinberg D. Histone lysine methylation: a signature for chromatin function.
Trends Genet. 2003; 19: 629–639. PMID: 14585615

9. Brownell JE, Allis CD. Special HATs for special occasions: linking histone acetylation to chromatin
assembly and gene activation. Curr Opin Genet Dev. 1996; 6: 176–184. PMID: 8722174

10. Kuo MH, vom Baur E, Struhl K, Allis CD. Gcn4 activator targets Gcn5 histone acetyltransferase to spe-
cific promoters independently of transcription. Mol Cell. 2000; 6: 1309–1320. PMID: 11163205

11. Kadosh D, Struhl K. Histone deacetylase activity of Rpd3 is important for transcriptional repression in
vivo. Genes Dev. 1998; 12: 797–805. PMID: 9512514

12. Suka N, Carmen AA, Rundlett SE, Grunstein M. The regulation of gene activity by histones and the his-
tone deacetylase RPD3. Cold Spring Harb Symp Quant Biol. 1998; 63: 391–399. PMID: 10384304

13. Munster PN, Thurn KT, Thomas S, Raha P, Lacevic M, Miller A, et al. A phase II study of the histone
deacetylase inhibitor vorinostat combined with tamoxifen for the treatment of patients with hormone
therapy-resistant breast cancer. Br J Cancer. 2011; 104: 1828–1835. doi: 10.1038/bjc.2011.156 PMID:
21559012

14. Lagger G, O'Carroll D, Rembold M, Khier H, Tischler J, Weitzer G, et al. Essential function of histone
deacetylase 1 in proliferation control and CDK inhibitor repression. EMBO J. 2002; 21: 2672–2681.
PMID: 12032080

15. Montgomery RL, Davis CA, Potthoff MJ, Haberland M, Fielitz J, Qi X, et al. Histone deacetylases 1 and
2 redundantly regulate cardiac morphogenesis, growth, and contractility. Genes Dev. 2007; 21: 1790–
1802. PMID: 17639084

16. Xu CR, Liu C, Wang YL, Li LC, ChenWQ, Xu ZH, et al. Histone acetylation affects expression of cellular
patterning genes in the Arabidopsis root epidermis. Proc Natl Acad Sci U S A. 2005; 102: 14469–
14474. PMID: 16176989

17. Wu K, Malik K, Tian L, Brown D, Miki B. Functional analysis of a RPD3 histone deacetylase homologue
in Arabidopsis thaliana. Plant Mol Biol. 2000; 44: 167–176. PMID: 11117260

18. Li H, Soriano M, Cordewener J, Muino JM, Riksen T, Fukuoka H, et al. The histone deacetylase inhibi-
tor trichostatin a promotes totipotency in the male gametophyte. Plant Cell. 2014; 26: 195–209. doi: 10.
1105/tpc.113.116491 PMID: 24464291

19. Ou GS, Chen ZL, Yuan M. Jasplakinolide reversibly disrupts actin filaments in suspension-cultured
tobacco BY-2 cells. Protoplasma. 2002; 219: 168–175. PMID: 12099217

20. Chen T, Teng NJ, Wu XQ, Wang YH, TangW, Samaj J, et al. Disruption of actin filaments by latrunculin
B affects cell wall construction in Picea meyeri pollen tube by disturbing vesicle trafficking. Plant Cell
Physiol. 2007; 48: 19–30. PMID: 17118947

21. Nguyen HN, Kim JH, Jeong CY, Hong SW, Lee H. Inhibition of histone deacetylation alters Arabidopsis
root growth in response to auxin via PIN1 degradation. Plant Cell Rep. 2013; 32: 1625–1636. doi: 10.
1007/s00299-013-1474-6 PMID: 23820978

22. ZhangWH, Rengel Z, Kuo J. Determination of intracellular Ca2+ in cells of intact wheat roots: loading of
acetoxymethyl ester of Fluo-3 under low temperature. Plant J. 1998; 15: 147–151(145).

23. Lane AA, Chabner BA. Histone deacetylase inhibitors in cancer therapy. J Clin Oncol. 2009; 27: 5459–
5468. doi: 10.1200/JCO.2009.22.1291 PMID: 19826124

24. Bolden JE, Peart MJ, Johnstone RW. Anticancer activities of histone deacetylase inhibitors. Nat Rev
Drug Discov. 2006; 5: 769–784. PMID: 16955068

The Histone Deacetylase and Pollen Germination and Growth

PLOS ONE | DOI:10.1371/journal.pone.0145661 December 28, 2015 14 / 15

http://dx.doi.org/10.1111/j.1365-3040.2009.02065.x
http://www.ncbi.nlm.nih.gov/pubmed/19895397
http://www.ncbi.nlm.nih.gov/pubmed/14740215
http://dx.doi.org/10.1387/ijdb.072296em
http://dx.doi.org/10.1387/ijdb.072296em
http://www.ncbi.nlm.nih.gov/pubmed/19247955
http://www.ncbi.nlm.nih.gov/pubmed/11687487
http://www.ncbi.nlm.nih.gov/pubmed/16774928
http://www.ncbi.nlm.nih.gov/pubmed/12671650
http://www.ncbi.nlm.nih.gov/pubmed/14585615
http://www.ncbi.nlm.nih.gov/pubmed/8722174
http://www.ncbi.nlm.nih.gov/pubmed/11163205
http://www.ncbi.nlm.nih.gov/pubmed/9512514
http://www.ncbi.nlm.nih.gov/pubmed/10384304
http://dx.doi.org/10.1038/bjc.2011.156
http://www.ncbi.nlm.nih.gov/pubmed/21559012
http://www.ncbi.nlm.nih.gov/pubmed/12032080
http://www.ncbi.nlm.nih.gov/pubmed/17639084
http://www.ncbi.nlm.nih.gov/pubmed/16176989
http://www.ncbi.nlm.nih.gov/pubmed/11117260
http://dx.doi.org/10.1105/tpc.113.116491
http://dx.doi.org/10.1105/tpc.113.116491
http://www.ncbi.nlm.nih.gov/pubmed/24464291
http://www.ncbi.nlm.nih.gov/pubmed/12099217
http://www.ncbi.nlm.nih.gov/pubmed/17118947
http://dx.doi.org/10.1007/s00299-013-1474-6
http://dx.doi.org/10.1007/s00299-013-1474-6
http://www.ncbi.nlm.nih.gov/pubmed/23820978
http://dx.doi.org/10.1200/JCO.2009.22.1291
http://www.ncbi.nlm.nih.gov/pubmed/19826124
http://www.ncbi.nlm.nih.gov/pubmed/16955068


25. Zhou CH, Zhang L, Duan J, Miki B, Wu KQ. Histone Deacetylase19 is involved in jasmonic acid and
ethylene signaling of pathogen response in Arabidopsis. Plant Cell. 2005; 17: 1196–1204. PMID:
15749761

26. Tian L, Wang J, Fong MP, Chen M, Cao HB, Gelvin SB, et al. Genetic control of developmental
changes induced by disruption of Arabidopsis histone deacetylase 1 (AtHD1) expression. Genetics.
2003; 165: 399–409. PMID: 14504245

27. Krichevsky A, Zaltsman A, Kozlovsky SV, Tian GW, Citovsky V. Regulation of root elongation by his-
tone acetylation in Arabidopsis. J Mol Biol. 2009; 385: 45–50. doi: 10.1016/j.jmb.2008.09.040 PMID:
18835563

28. Hao HQ, Li Y, Hu YX, Lin JX. Inhibition of RNA and protein synthesis in pollen tube development of
Pinus bungeana by actinomycin D and cycloheximide. New Phytol. 2005; 165: 721–729. PMID:
15720683

29. Jiang CZ, Pugh BF. Nucleosome positioning and gene regulation: advances through genomics. Nat
Rev Genet. 2009; 10: 161–172. doi: 10.1038/nrg2522 PMID: 19204718

30. Holdaway-Clarke TL, Feijo JA, Hackett GR, Kunkel JG, Hepler PK. Pollen tube growth and the intracel-
lular cytosolic calcium gradient oscillate in phase while extracellular calcium influx is delayed. Plant
Cell. 1997; 9: 1999–2010. PMID: 12237353

31. Myers C, Romanowsky SM, Barron YD, Garg S, Azuse CL, Curran A, et al. Calcium-dependent protein
kinases regulate polarized tip growth in pollen tubes. Plant J. 2009; 59: 528–539. doi: 10.1111/j.1365-
313X.2009.03894.x PMID: 19392698

32. Ling Y, Chen T, Jing YP, Fan LS, Wan YL, Lin JX. gamma-Aminobutyric acid (GABA) homeostasis reg-
ulates pollen germination and polarized growth in Picea wilsonii. Planta. 2013; 238: 831–843. doi: 10.
1007/s00425-013-1938-5 PMID: 23900837

33. Lovy-Wheeler A, Wilsen KL, Baskin TI, Hepler PK. Enhanced fixation reveals the apical cortical fringe
of actin filaments as a consistent feature of the pollen tube. Planta. 2005; 221: 95–104. PMID:
15747143

34. Fu Y. The actin cytoskeleton and signaling network during pollen tube tip growth. J Integr Plant Biol.
2010; 52: 131–137. doi: 10.1111/j.1744-7909.2010.00922.x PMID: 20377675

35. Franklin-Tong VE. Signaling and the modulation of pollen tube growth. Plant Cell. 1999; 11: 727–738.
PMID: 10213789

36. Valenzuela-Fernandez A, Cabrero JR, Serrador JM, Sanchez-Madrid F. HDAC6: a key regulator of
cytoskeleton, cell migration and cell-cell interactions. Trends Cell Biol. 2008; 18: 291–297. doi: 10.
1016/j.tcb.2008.04.003 PMID: 18472263

37. Waltregny D, Glenisson W, Tran SL, North BJ, Verdin E, Colige A, et al. Histone deacetylase HDAC8
associates with smooth muscle alpha-actin and is essential for smooth muscle cell contractility. FASEB
J. 2005; 19: 966–968. PMID: 15772115

38. Serrador JM, Cabrero JR, Sancho D, Mittelbrunn M, Urzainqui A, Sánchez-Madrid F. HDAC6 deacety-
lase activity links the tubulin cytoskeleton with immune synapse organization. Immunity. 2004; 20:
417–428. PMID: 15084271

39. Betz WJ, Mao F, Smith CB. Imaging exocytosis and endocytosis. Curr Opin Neurobiol. 1996; 6: 365–
371. PMID: 8794083

40. Parton RM, Fischer-Parton S, Watahiki MK, Trewavas AJ. Dynamics of the apical vesicle accumulation
and the rate of growth are related in individual pollen tubes. J Cell Sci. 2001; 114: 2685–2695. PMID:
11683395

41. Wang YH, Chen T, Zhang CY, Hao HQ, Liu P, Zheng MZ, et al. Nitric oxide modulates the influx of
extracellular Ca2+ and actin filament organization during cell wall construction in Pinus bungeana pollen
tubes. New Phytol. 2009; 182: 851–862. doi: 10.1111/j.1469-8137.2009.02820.x PMID: 19646068

42. Bhuja P, McLachlan K, Stephens J, Taylor G. Accumulation of 1,3-beta-D-glucans, in response to alu-
minum and cytosolic calcium in Triticum aestivum. Plant Cell Physiol. 2004; 45: 543–549. PMID:
15169936

The Histone Deacetylase and Pollen Germination and Growth

PLOS ONE | DOI:10.1371/journal.pone.0145661 December 28, 2015 15 / 15

http://www.ncbi.nlm.nih.gov/pubmed/15749761
http://www.ncbi.nlm.nih.gov/pubmed/14504245
http://dx.doi.org/10.1016/j.jmb.2008.09.040
http://www.ncbi.nlm.nih.gov/pubmed/18835563
http://www.ncbi.nlm.nih.gov/pubmed/15720683
http://dx.doi.org/10.1038/nrg2522
http://www.ncbi.nlm.nih.gov/pubmed/19204718
http://www.ncbi.nlm.nih.gov/pubmed/12237353
http://dx.doi.org/10.1111/j.1365-313X.2009.03894.x
http://dx.doi.org/10.1111/j.1365-313X.2009.03894.x
http://www.ncbi.nlm.nih.gov/pubmed/19392698
http://dx.doi.org/10.1007/s00425-013-1938-5
http://dx.doi.org/10.1007/s00425-013-1938-5
http://www.ncbi.nlm.nih.gov/pubmed/23900837
http://www.ncbi.nlm.nih.gov/pubmed/15747143
http://dx.doi.org/10.1111/j.1744-7909.2010.00922.x
http://www.ncbi.nlm.nih.gov/pubmed/20377675
http://www.ncbi.nlm.nih.gov/pubmed/10213789
http://dx.doi.org/10.1016/j.tcb.2008.04.003
http://dx.doi.org/10.1016/j.tcb.2008.04.003
http://www.ncbi.nlm.nih.gov/pubmed/18472263
http://www.ncbi.nlm.nih.gov/pubmed/15772115
http://www.ncbi.nlm.nih.gov/pubmed/15084271
http://www.ncbi.nlm.nih.gov/pubmed/8794083
http://www.ncbi.nlm.nih.gov/pubmed/11683395
http://dx.doi.org/10.1111/j.1469-8137.2009.02820.x
http://www.ncbi.nlm.nih.gov/pubmed/19646068
http://www.ncbi.nlm.nih.gov/pubmed/15169936

