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Abstract We have analysed the distribution of epigenetic

marks for histone modifications at lysine residues H3 and

H4, and DNA methylation, in the nuclei of mature pollen

cells of the Angiosperm tree Quercus suber; a monoecious

wind pollinated species with a protandrous system, and a

long post-pollination period. The ultrasonic treatment

developed for the isolation of pollen nuclei proved to be a

fast and reliable method, preventing the interference of cell

wall autofluorescence in the in situ immunolabelling

assays. In contrast with previous studies on herbaceous

species with short progamic phases, our results are con-

sistent with a high level of silent (5-mC and H3K9me2)

epigenetic marks on chromatin of the generative nucleus,

and the prevalence of active marks (H3K9me3 and H4Kac)

in the vegetative nucleus. The findings are discussed in

terms of the pollination/fertilization timing strategy adop-

ted by this plant species.
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Introduction

Chemical modifications of histones and DNA methylation

patterns play an important role in regulating chromatin

dynamics and transcription. The male germ cells of higher

plants are initiated from haploid microspores following an

asymmetric division. The nucleus of the microspore cell

then migrates to one of the poles, where it undergoes a

mitotic division, giving rise to two structurally and func-

tionally different cells. The smaller and elongated cell

closest to the pole, generative cell, has a reduced volume of

cytoplasm containing relatively few organelles, and is pre-

destined to divide and form the two male sperm nuclei. The

larger and spherical cell vegetative cell contains higher

amounts of stored molecules such as starch and lipids, and

has an important role in pollen grain maturation and ger-

mination, and also in pollen tube elongation. Once formed,

the generative cell rapidly detaches from the pole and floats

freely within the cytoplasm of the vegetative cell, resulting

in a unique ‘‘cell-within-a-cell’’ structure in the pollen grain.

Besides different sizes and composition, the generative

and vegetative cells also present distinct nuclear configura-

tions. Soon after the asymmetric division of the microspore,

the generative nucleus enters the S phase, and then passes

into G2 assuming a high chromatin condensation pattern. The

vegetative nucleus is arrested at G1, and displays a diffuse

chromatin appearance (Bino et al. 1990; Tanaka 1997).

Chromatin structure is not only important for DNA

packaging, but also plays an active role in diverse bio-

logical processes such as gene expression, DNA replication

and repair and chromosome recombination and segregation

(Fuchs et al. 2006). Different patterns of chromatin orga-

nization are associated with characteristic gene expression

profiles and distinctive staining properties. Euchromatin

represents decondensed and potentially active chromatin,

Communicated by Thomas Dresselhaus.

T. Ribeiro (&) � W. Viegas � L. Morais-Cecı́lio

Departamento de Botânica e Engenharia Biológica,

Centro de Botânica Aplicada à Agricultura (CBAA),
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whereas heterochromatin is condensed and largely trans-

criptionally inert. Heterochromatin can be constitutive,

when condensation is permanent throughout the cell cycle

in all tissues, or facultative when chromatin compaction is

developmentally regulated as a result of cellular differen-

tiation (Craiq 2005). Euchromatin and heterochromatin are

also characterized by different epigenetic marks associated

with specific posttranslational histone modifications, or

with distinct levels of cytosines methylated at the position

five of the pyrimidine ring (5-mC). Amongst the plethora

of well-documented histone modifications, the acetylation

and methylation of selected lysine residues (K) of histones

H3 and H4 seem to be particularly involved in the regu-

lation of gene transcription (Richards and Elgin 2002; Horn

and Peterson 2006). Genes residing in euchromatic

domains are usually associated with, the hyperacetylation

of several lysine residues on histones H3 and H4, high

levels of H3 methylation in K4, K36, K79, and low levels

of DNA methylation. Silent heterochromatic domains are

characterized by hypoacetylation of H4, and histone H3

dimethylation on K9 and K27, histone H4 methylation on

K20, and DNA hypermethylation (Berger 2007). Histone

methylation marks are present both on hetero- and

euchromatin, being specified by the position and number of

methyl groups. In plants, for instance, H3K4 methylation is

restricted to euchromatin and, H3K9me1,2, to heterochro-

matin (review in Fuchs et al. 2006).

Angiosperms display distinct fertilization processes

enabling self- or cross-pollination, which in turn can be

related with the period of time from pollination to fertil-

isation (Weterings and Russell 2004). Studies reporting

epigenetic mark patterns in pollen nuclei are scarce, and

have been restricted to herbaceous plants with short

progamic phases (Oakeley et al. 1997; Janousek et al. 2000,

2002; Okada et al. 2006). Quercus suber L. is a monoe-

cious wind-pollinated tree species with a protandrous

system and a long progamic phase, taking about 3 months

between pollination and the conclusion of the fertilization

process (Boavida et al. 1999). In this work we characterize

the distribution of several epigenetic marks in each nucleus

of the bicellular mature pollen. The study of epigenetic

marks in pollen nuclei of Q. suber is compared with those

observed in Lilium, in order to disclose potential correla-

tions between different pollination/fertilization processes,

as well as chromatin dynamics in pollen grain nuclei.

Materials and methods

Pollen collection

Catkins containing flowers after anthesis were collected

from several trees in Sintra, Portugal, during the flowering

season in 2008. Dehiscent anthers of Lilium sp. grown in

the greenhouse were collected from full open flowers.

Pollen of both species was isolated by shaking the

anthers into a copper sieve. The isolated pollen grains were

then kept at room temperature in a sealed vials containing

silica gel, to avoid any effects due to humidity until used.

Isolation of pollen nuclei by ultrasonic treatment

Isolation of the nuclei of mature pollen was carried out

according to Pan et al. (2004), with modifications. Briefly,

isolated pollen grains were resuspended in nuclear isolation

buffer for woody plants (WPB) (Loureiro et al. 2007),

consisting of 0.2 M Tris HCl, 4 mM MgCl2.6H2O, 2 mM

EDTA Na2.2H2O, 86 mM NaCl, 10 mM sodium metabi-

sulfite, 1% (w/v) PVP-10, 1% (v/v) Triton X-100, at

pH 7.5. The suspension of pollen grains (0.5 ml of WPB

per 0.01 cm3 of pollen grains) was treated on ice with an

ultrasonic device (Ultrasonic Processor, model UP 50 H,

Dr. Hielsher GmbH) at 40 W, using 0.8 cycle with 80%

amplitude, for 5 min, or with a low magnitude (40 W, 0.5

cycles with 40% magnitude, for 3 min). The treated solu-

tion was then filtered through miracloth (Calbiochem) and

centrifuged at 500g for 5 min. According to the amount of

pellet obtained, part of the supernatant was carefully dis-

carded and the pellet resuspended in approximately 100 lL

of the remaining volume.

Pre-treatment of microscope slides

For enhanced nuclei adhesion, microscope slides were

previously immersed in a freshly prepared solution of

2% (v/v) APTES (3-aminopropyltriethoxy-silane, Sigma)

in acetone for 10 s, followed by a brief wash in acetone and

water, and finally air-dried.

Slide preparation and immunostaining of pollen nuclei

For histone immunoanalysis, nuclei suspension aliquots

were mounted on APTES-coated slides, and attached

to slides by the dry-ice technique (Schwarzacher and

Heslop-Harrison 2000). Fixation was carried out on the

slides with 200 lL of 4% (w/v) formaldehyde in 19 PBS

during 20 min at room temperature, and further washed

for 5 min in 19 PBS. Immunodetection of modified his-

tones was done according to published methods (Houben

et al. 2003). To avoid non-specific antibody binding,

slides were incubated for 30 min in a blocking solution of

8% (w/v) BSA, 0,1% (v/v) Triton X-100 in PBS at room

temperature. After washing in 19 PBS, slides were

incubated for 12 h at 4�C in a humid chamber with pri-

mary antibodies in the following dilutions: 1:200 (anti-

H3K9Ac, Upstate 06-942), 1:500 (anti-H3K9me2, Abcam
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AB 7312, and anti-H4K5,K8,K12,K16Ac, Abcam AB 2380)

and 1:1,000 (anti-H3K4me3, Abcam AB 8580) in 19 PBS

supplemented with 1% BSA. The slides were further washed

in 19 PBS and incubated in Cy3-conjugated anti-rabbit

IgG diluted 1:100 in 19 PBS, 1% BSA for 1 h at 37�C. After

final washes in 19 PBS, slides were mounted in antifade

containing DAPI as DNA counterstain.

For cytosine methylation immunoanalyses the suspen-

sions of nuclei were mixed with an equal volume of the

fixative 3:1 (v/v) ethanol:glacial acetic acid mixture, placed

on ice for 10 min and centrifuged 5 min at 500g. The

supernatant was discarded and replaced with fresh 3:1 (v/v)

ethanol:glacial acetic acid mixture, and this fixation and

centrifugation was repeated. According to the amount of

pellet obtained, a volume (approximately 100 lL) of new

3:1 fixative was adjusted and the pellet resuspended. Ali-

quots were dropped on to APTES-coated slides and

allowed to dry. Immunolocalization of 5-methylcytosine

residues was performed according to published methods

(Castilho et al. 1999). Briefly, slides were blocked for

30 min in 1% (w/v) BSA in 19 PBS supplemented with

0.5% (v/v) Tween 20 (PBST) at room temperature, and

after washing in 19 PBST were incubated for 1 h at 37�C

in a humid chamber with a mouse monoclonal antibody

raised against 5-methylcytosine (anti-5-mC, Abcam AB

10805) diluted 1:200 in blocking solution. Slides were

subsequently washed in 19 PBST and then incubated in

Cy3-conjugated anti-mouse IgG diluted 1:100 in 19 PBS,

1% BSA for 1 h at 37�C. Finally, slides were washed in 19

PBST and mounted in antifade containing DAPI as a DNA

counterstain.

Image capturing

Fluorescence signals were analysed under an epifluores-

cence microscope (Zeiss Axioscop2, Zeiss, Jena, Germany)

with the appropriate filters. The images recorded with the

Carl Zeiss Axiocam digital camera and Axiovision soft-

ware (version 3.0.6.38), were separately captured and

merged with Photoshop� (Adobe� Systems Inc., San Jose,

California, USA). Nuclei area measurements were per-

formed using the Axiovision measurement module 3.0.0.0

(Zeiss).

Results

Ultrasonic isolation of pollen nuclei maintains

chromatin structure and integrity

A low magnitude ultrasonic treatment of fresh mature

pollen in WPB buffer, and subsequent counterstaining with

DAPI, revealed the binucleate structure of mature pollen of

Q. suber (Fig. 1). Disruption of the exine and intine layers

in one of the three cell wall apertures (white arrow, Fig. 1)

allows DAPI penetration and the visualization of the two

nuclei still enclosed in the pollen structure. The two nuclei

could be recognized by their distinctive shape and chro-

matin organization: the vegetative nucleus has a nearly

spherical shape. A large nucleolus detected through a faint

DAPI staining (yellow arrowhead, Fig. 1), and an overall

low intensity of DAPI, revealed a loose chromatin orga-

nization. The generative nucleus has an elongated shape, a

small nucleolus (red arrowhead, Fig. 1) and a high inten-

sity of DAPI staining revealing the highly condensed

nature of its chromatin. Both nuclei also present marked

differences in their nuclear areas, as seen in Fig. 1. A

comparison between free nuclei, released from pollen

grains (Fig 2a), and nuclei inside pollen grains (Fig. 1)

shows that the major features of each of the two nuclear

populations are maintained after ultrasonic treatment. The

ratio between the areas of the vegetative and generative

nuclei was also maintained both inside the pollen grains

and in the free nuclei, allowing their reliable identification

after immunodetection.

Nuclei of Lilium sp. were used as a control for the

validation of the nuclear isolation technique in studies

of nuclear organization, and in the characterization of

immunodetection patterns.

Fig. 1 Mature pollen grain of Quercus suber processed with a low

magnitude ultrasonic treatment and stained with DAPI. Pollen wall is

visible due to autofluorescence. Pollen grains have three apertures

which were differently affected by the treatment: one aperture shows

complete rupture (white arrow), while the others still remain closed

(yellow arrows). The two nuclei of the bicellular pollen are differently

stained by DAPI (blue signal). The yellow arrowhead indicates the

large nucleolus of the vegetative nucleus and the red arrowhead, the

small nucleolus of the generative nuclei. Bar = 10 lm
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Lilium isolated nuclei have statistically significant

(t-test, P \ 0.001) larger areas (mean values for vegeta-

tive = 1,590 ± 380 lm2, n = 30 and generative = 1,190 ±

280 lm2, n = 30) than Q. suber (mean values for vegetative

195 ± 42 lm2, n = 30 and generative nuclei 73 lm2 ± 14,

n = 30). The differences can be attributed to the relative C

values of cork oak (1C = 931 Mbp) and Lilium sp. Although

the Lilium species used is unidentified, the DNA content

data available for this genus ranges from 1C = 13,426–

46,942 Mbp (Bennett and Leitch 2004). The size proportion

between vegetative and generative nuclei is more marked in

Q. suber (mean value 0.38 ± 0.05) (Fig. 2a) than in Lilium

(mean value 0.74 ± 0.09) (Fig. 2d).

Distribution patterns of 5-mC residues in vegetative

and generative nuclei of Quercus suber and Lilium sp.

In addition to preserving nuclear structure and integrity the

isolation of pollen by ultrasound also avoids pollen wall

autofluorescence, and allows antibodies’ accessibility.

In Q. suber the labelling pattern of the anti-5-mC

antibody is highly distinctive in both the vegetative and the

generative nuclei (Figs. 2b, 3). The vegetative nucleus

displays a very weak label, with a discrete spotty pattern

(Fig. 3) only detected when the generative nucleus is

overexposed (Fig. 2b). The generative nuclei in contrast

are entirely labelled, showing regions with different

intensities (Fig. 3). In Lilium sp. in contrast differences in

5-mC patterns between the two kinds of nuclei are not

very marked, although the vegetative nucleus presents a

stronger labelling than the generative one, (Fig. 2e) in

agreement with the previous description (Janousek et al.

2000).

Distribution patterns of histones modifications

in mature pollen nuclei of Quercus suber

To characterize chromatin epigenetic marks in pollen

grain nuclei of Q. suber the following antibodies for post-

translation histone modifications were used: histone H3

trimethylated at lysine 4 (H3K4me3), dimethylated at

lysine 9 (H3K9me2) and acetylated at lysine 9 (H3K9Ac),

and histone H4 tetra-acetylated at lysines 5, 8, 12, 16

(H4tetraAc). Figure 3 shows that the distribution patterns

of all the histones modifications studied are markedly dif-

ferent between the two nuclei, with the generative nuclei

always more strongly labelled than the vegetative one

(Table 1). All epigenetic marks studied are distributed

throughout the generative nuclei, whereas in the vegetative

ones they present a discrete spotty pattern with random

distribution. In vegetative nuclei, H4tetraAc and H3K4me3

isoforms show a stronger label when compared with the

other isoforms (Fig. 3; Table 1) while in generative nuclei

all isoforms show a very strong label except for a weaker

H3K9Ac.

The lysine residue of histone H3 at the position nine

(H3K9) can be either methylated or acetylated, and both

modifications present distinct patterns for each type of

nucleus. In generative nuclei the level of H3 acetylation is

more reduced than dimethylation (Table 1), whereas in the

vegetative nuclei both H3K9 modifications have similar

intensities and distribution patterns (Fig. 3; Table 1).

In summary, Q. suber pollen nuclei show a 5-mC pattern

opposite to the one in Lilium sp. (Fig. 2). Q. suber vege-

tative and generative nuclei accumulate simultaneously

epigenetic marks related with gene activity and gene

silencing. All epigenetic marks are more represented in

Fig. 2 Comparative

distribution of methylated

cytosines (5-mC) in ultrasonic

treatment- isolated vegetative

and generative nuclei from

Quercus suber (a, b, c), and

from Lillium sp. pollen grains

(d, e, f). DAPI staining of

vegetative (left) and generative

(right) nuclei (a, d).

Immunodetection of 5-mC

residues in both nuclei (b, e).

Merged images of DAPI

staining and immunodetection

(d, f). Bars = 10 lm
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generative nuclei rather than in vegetatives (Fig. 3;

Table 1).

Discussion

An integrated study of the epigenome of Q. suber,

addressing the pattern of several epigenetic marks associ-

ated with gene silencing (cytosine methylation, 5-mC, and

histone modifications, H3K9me) and with gene activity

(histone modifications, H3K4me3, H3K9Ac and H4tetra-

Ac) in both nuclei of the mature pollen was performed

using an ultrasonic treatment for nuclei isolation.

To our knowledge this work uses ultrasonic treatment in

the isolation of nuclei for in situ immunodetection assays

for the first time. Our approach shows that by avoiding the

fluorescence constraints of pollen grain walls, and the

presence of cytoplasm, not only can the two nuclear pop-

ulations be perfectly recognized, but easy access of the

antibodies to the chromatin also made possible the accurate

characterization of distinct epigenetic marks.

Analysis of Lilium sp. pollen nuclei revealed a 5-mC

distribution pattern similar to the one previously described

(Janousek et al. 2000), with more intense label in the

vegetative than in the generative nucleus, fully validating

ultrasonic treatment for studies of chromatin organization.

The epigenetic marks studied have distinct patterns

distinguishing vegetative and generative nuclei of Q. suber,

and are different from those described in other species.

Although the generative nuclei of cork oak present highly

condensed chromatin they also display some features nor-

mally associated with gene activity, such as immuno

signals for H4KAc and H3K4me3, as was also observed in

Lilium (Janousek et al. 2000; Okada et al. 2006). Recent

studies concerning transcriptome profiling in the generative

nuclei of Lilium longiflorum revealed the upregulation of

356 genes correlating epigenetic and gene expression pat-

terns (Okada et al. 2007). The level of H4 acetylation has

also been related with DNA replication and/or post-repli-

cation processes, such as DNA repair, maintenance of

DNA methylation, and chromatin remodelling (Fuchs et al.

2006).

Comparative analysis of epigenetic marks in both nuclei

of cork oak pollen revealed stronger label associated with

gene silencing (H3K9me2 and 5-mC) in generative than in

vegetative nucleus, which presents a more relaxed chro-

matin structure. In Lilium, a strong label of H3K9me2 was

observed in the generative nucleus (Okada et al. 2006),

whereas the level of 5-mC was higher in the vegetative one

(Janousek et al. 2000). In other herbaceous species studied,

with either bicellular or tricellular mature pollen grains, a

marked DNA methylation in the vegetative nucleus was

Fig. 3 Vegetative and generative pollen grain nuclei of Quercus
suber. Distribution patterns of epigenetic marks associated with

heterochromatin (DNA methylation, 5-mC and histone H3 dimethy-

lated at lysine 9 (H3K9me2); euchromatin (histone H3 trimethylated

at lysine 4 (H3K4me3), and acetylated isoforms of histones H4

(H4K5,K8,K12,K16Ac) and H3 (H3K9Ac). The exposure time in the

DAPI staining and immunodetection capturing was adjusted in both

vegetative and generative nuclei in order to discriminate the labelling

pattern of different epigenetic marks. Bars = 10 lm

Table 1 Comparative intensity of epigenetic marks between the

vegetative and generative nuclei of Quercus suber mature pollen,

from immunolabelling

Epigenetic marks Quercus suber nuclei

Vegetative Generative

5-mC ? ????

H3K9me2 ? ????

H3K4me3 ??? ????

H4K5,K8,K12,K16Ac ?? ????

H3K9Ac ? ??

5-mC 5-methyl cytosine, H3K9me2 histone H3 dimethylated at

lysisne 9, H3K4me3 histone H3 trimethylated at lysisne 4,

H4K5,K8,K12,K16Ac histone H4 acetylated at lysisnes 5, 8, 12 and

16, H3K9Ac histone H3 acetylated at lysisne 9

Epigenetic marks label intensity visually evaluated. ? Weak and

scarce, ?? intermediate, ??? strong, ???? very strong
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also observed, although associated with a more relaxed

chromatin organization compared with the generative one

(Oakeley et al. 1997; Janousek et al. 2002). This apparent

contradiction has been interpreted on the basis that DNA

cytosine hypermethylation in the vegetative nucleus

reflects temporary inactivation mechanisms acting during

pollen grain maturation, which is essential for their long-

term survival until they reach the stigma (Janousek et al.

2002).

In Q. suber the vegetative nuclei present a coherent

pattern of epigenetic marks with reduced amounts of

chromatin silencing marks (5-mC, and H3K9me) and high

levels of active chromatin marks (H3K4me3, and H4tet-

raAc). This pattern contrasts with the faint or nearly absent

labelling of H3K4me2 (Okada et al. 2006) and H4KAc

(Janousek et al. 2000) described for Lilium vegetative

nuclei, emphasizing the differences in chromatin patterns

between the herbaceous plants and the oak tree pollen

grains.

We also analysed the distribution of histone H3 modi-

fications at the lysine 9 (methylation, H3K9me2 and

acetylation, H3K9Ac) in Q. suber pollen nuclei. The

presence of the two types of H3K9 modifications was

detected in both nuclei, although fainter signals were

observed in vegetative ones. Lysine 9 of H3 is more

methylated than acetylated in generative nuclei, whereas

vegetative nuclei reveal more acetylation than methylation.

While H3K9me2 is related with gene silencing, a clear

correlation between transcription and H3K9Ac isoform has

not yet been established in plants. It is known, however,

that the presence of H3K9Ac is not cell-cycle or replication

dependent, occurring in both heterochromatic and euchro-

matic domains of Vicia faba and Hordeum vulgare, as well

as in the euchromatic domains of Arabidopsis (Jasencakova

et al. 2000, 2001, 2003).

Altogether our analysis of the epigenetic marks on Q.

suber pollen grains discloses patterns that are distinct from

those previously described, suggesting the existence of a

correlation with different pollination/fertilization strategies

in angiosperms. The chromatin compaction level of the

generative nuclei is also more pronounced in Q. suber than

in Lilium sp., which could reflect different levels of tran-

scription between these species, relative to differences in

their pollination/fertilization processes. During the proga-

mic stage the generative nucleus needs to maintain its

integrity to guarantee the proper transference of male

genetic material to the female gametophyte, and it has to

divide and achieve synchrony with its female counterpart

which requires a long-range signalling between male and

female gametophytes. For species with very long progamic

phases, such as Q. suber, this process is even more

essential to successfully achieve fertilization. We propose

therefore that the complex process underlying the required

synchrony between male and female gametophytes is

associated with specific patterns of high order chromatin

organization.

This hypothesis considers that the low level of DNA

methylation associated with histone modifications charac-

teristic of active chromatin in the Q. suber vegetative

nucleus, indicates a high potential for transcription that can

compensate the apparent chromatin silencing of the gen-

erative nucleus.

In conclusion, our data further support the idea that the

epigenetic patterns associated with chromatin organization

in mature nuclei of pollen grains are not universal, but

reflect the fertilization timing strategies adopted by each

plant species.
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