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Abstract. Cell cycle dependent phosphorylation of con-
served N-terminal tail residues of histone H3 has been de-
scribed in both animal and plant cells. Through cytogenet-
icapproachesusing different plant species we showa detailed
description of distribution patterns of phosphorylated his-
tone H3 at either threonine 3 or threonine 32 in mitosis and
meiosis. In meristematic cells of the large genome species
Secale cereale, Vicia faba and Hordeum vulgare we have
found that phosphorylation of both threonine residues be-
gins in prophase, and dephosphorylation occurs in late ana-
phase. However, in the small genome species Arabidopsis
thaliana dephosphorylation occurs at anaphase. In the first
division of meiosis of species with large genomes phosphor-

ylation of histone H3 at either threonine 3 or threonine 32
is seen first in diakinesis and extends to anaphase I, where-
as in the second division these post-translational modifica-
tions are visible at metaphase II through anaphase II. While
in A. thaliana dephosphorylation takes place at anaphase I
and II. In all species analysed phosphorylated H3 at either
threonine 3 or threonine 32 are distributed along the entire
length of chromosomes during mitotic metaphase and
metaphase 1. In the second meiotic division threonine 3
phosphorylation is restricted to the pericentromeric do-
main, while phosphorylation of threonine 32 is widespread
along chromosome arms of all species analysed.
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Chromatin undergoes dramatic structural changes as
the nucleus progresses through the cell cycle, from decon-
densed interphase chromatin to highly condensed meta-
phase chromatin. In the control of these events the DNA
binding histones regulate chromatin structure and gene ex-
pression through dynamic post-translational modifications
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of their N-terminal tails (Wolffe, 1998). For example the cell
cycle dependent phosphorylation of histone H3 at serine 10
(H3S10ph) is tightly correlated with chromosome conden-
sation and segregation (Gurtley et al., 1975; Wei and Allis,
1998). Although Ser 10 phosphorylation and most post-
translational modifications of histone H3 are highly con-
served, a number of significant differences exist between
animals and plants (Fuchs etal., 2006; Houben et al., 2007a).
In animals Ser 10 and Ser 28 phosphorylation of histone H3
starts in late G2 in the pericentromeric region from where
it is distributed homogeneously throughout the chromo-
somes (Hendzel et al., 1997; Goto et al., 1999, 2002). In
plants, H3 phosphorylation levels at both serine positions
are high in pericentromeric regions but very low along the
chromosome arms (Houben et al., 1999; Kaszas and Cande,
2000; Manzanero et al., 2000; Pedrosa et al., 2001; Gernand
et al., 2003; Schroeder-Reiter et al., 2003). The distribution
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of H3S10ph and H3S28ph varies between the two meiotic
divisions in plants (Manzanero et al., 2000; Gernand et al.,
2003). In the first division, the entire chromosomes are
highly phosphorylated, while in the second division H3
phosphorylation is restricted to the pericentromeric re-
gions, similar to mitotic chromosomes. At the same time
single chromatids, resulting from equational division of
univalents at anaphase I, show low levels of phosphorylation
at second meiotic division, suggesting a role of this post-
translational modification in sister chromatid cohesion
(Manzanero et al., 2000; Gernand et al., 2003).

Phosphorylation of H3 at either Thr 11 (H3T11ph) or Thr
3 (H3T3ph) are spatially distinct from the modifications at
Ser 10 and Ser 28 in that both threonine modifications are
largely restricted to centromeric regions of condensed mi-
totic chromosomes in animals (Preuss et al., 2003; Dai et al.,
2005). In contrast to animals phosphorylated Thr 11 in
plants is distributed along the entire length of condensed
chromosomes (Houben etal., 2005). Phosphorylation at Thr
32 (H3T32ph) also occurs in animal cells (Tamada et al.,
2006) but the distribution pattern in mitosis and meiosis has
not yet been described in either animals or plants.

In the present study we establish a detailed description
of distribution patterns of histone H3 phosphorylated at
Thr 3 or Thr 32 in mitosis and meiosis of different plant spe-
cies. The study supports the hypothesis of differential func-
tions of these post-translational modifications in chromo-
some biology.

Materials and methods

Plant material

The following plant species have been used: Arabidopsis thaliana
ecotype No-0, Secale cereale (rye), Vicia faba (field bean) and Hordeum
vulgare (barley).

Chromosome preparation and indirect immunofluorescence

For immunodetection root tips from all species and selected an-
thers from S. cereale and flower buds from A. thaliana were isolated
and fixed in 4% paraformaldehyde in phosphate buffered saline (PBS)
as previously described (Manzanero et al., 2000). S. cereale, H. vulgare
and Vicia faba root tips were digested with 2% cellulose, 2% cellulase
‘Onozuka R-10’ and 2% pectinase (Caperta et al., 2002), and squashes
were made in PBS. A. thaliana flower buds were digested 75 min with
3% cytohelicase, 3% pectolyase and 3% cellulase in PBS at 37°C and
squashes were made in PBS. To avoid non-specific antibody binding,
slides were blocked for 30 min in 4% (w/v) bovine serum albumin
(BSA) plus 0.1% Triton X-100 in PBS at room temperature and incu-
bated with the primary antibodies in a humid chamber. Polyclonal af-
finity purified rabbit antibodies against H3 phosphorylated at threo-
nine 3 (H3T3ph, Upstate 07-424) and H3 phosphorylated at threonine
32 (H3T32ph, Abcam ab4076) were diluted 1:200 and 1:300 in PBS with
3% BSA respectively. The rat monoclonal antibody against H3 phos-
phorylated at serine 28 (H3S28ph) (Goto et al., 1999) was diluted 1:400
in PBS with 3% BSA. After 12 h incubation at 4°C and washing for 15
min in PBS, the slides were incubated in rhodamine-conjugated anti-
rabbit IgG (Dianova) and FITC-conjugated anti-rat IgG (Dianova) di-
luted 1:200 in PBS, 3% BSA for 1 h at 37°C. After final washes in PBS,
the preparations were counterstained with 4’,6-diamidino-2-phenyl-
indole hydrochloride (DAPI) in Citifluor antifade buffer (AF1; Agar
Scientific, Stansted, U.K.).
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Fluorescence in situ hybridization (FISH)

A. thaliana preparations were immunodetected as described above
and then post-fixed in 4% formaldehyde in PBS followed by FISH. The
DNA probe used for FISH analyses was the 180-bp A. thaliana-spe-
cific centromeric repeat (Copenhaver et al., 1999) labelled with digoxi-
genin-dUTP by PCR with the primers 5'-ATCCTCTAGAGTCGACCT-
GCA-3'" and 5-TTCCCAGTCACGACGTTGTAA-3’, using an initial
denaturation step for 4 minat 94°C, and 35 cycles 0of 94°Cfor45s,56°C
for 45 s, and 72°C for 45 s.

Hybridization conditions, post-hybridization washes and detec-
tion of FISH signals were performed according to Pontes et al. (2003).
Nuclei were counterstained with DAPIL.

Image processing

Analysis of fluorescence signals was recorded with an Olympus
BX61 microscope equipped with an ORCA-ER CCD camera (Hama-
matsu). Deconvolution microscopy was employed for superior optical
resolution of globular structures. Photographs were collected as se-
quential images along the Z-axis with approximately 11 slices per spec-
imen. Images were collected in grey scale and pseudocolored with Ado-
be Photoshop, and projections (maximum intensity) were done with
the program AnalySIS (Soft Imaging System).

Plant protein extraction

Plant material (200 to 300 mg) was ground under liquid nitrogen
and suspended in 1 ml of solubilization buffer (56 mM Na,CO;, 56 mM
DTT, 2% SDS, 12% sucrose, and 2 mM EDTA). After 10 min of incuba-
tion at 70°C, cell debris was removed by centrifugation. 40 g of pro-
tein of each sample were analyzed by protein gel blotting.

For the application of the anti-H3T3ph antibody histone-enriched
protein extracts for the analysis were prepared as described by Moehs
et al. (1988).

PAGE and protein gel blot analysis

Protein samples were separated by SDS-PAGE in 12% polyacryl-
amide gels according to Schagger and von Jagow (1987) and then elec-
trotransferred onto polyvinylidene difluoride (PVDF) membranes.
After blotting, membranes were reversibly stained with 1% ponceau
red. Membranes were incubated for 12 h at 4°C in PBS and 5% low-fat
milk or 2X PBS, 5% BSA, 1% PEG 3500, and 1% PVP 10, containing
the appropriate antibody. Secondary antibodies conjugated to horse-
radish peroxidase were used to reveal immunocomplexes by enhanced
chemiluminescence (Pierce, Rockford, IL).

Fig.1. Distribution of phosphorylated histone H3 at Thr 3 (H3T3ph)
and Ser 28 (H3S28ph) in somatic cells (a-d) and meiocytes (e-g) of
Secale cereale. DAPI stained chromosomes are blue, H3T3ph-specific
signals are red, and H3S28ph signals are green. (a) Interphase: no sig-
nals of H3T3ph and H3S28ph are detected. (b) Prophase: H3T3ph is
distributed along the chromosome arms whereas H3S28ph is restricted
to pericentromeric domains. (c) Metaphase: chromosome arms exhib-
it punctuated H3T3ph pattern along their entire lengths and Thr 3
hyperphosphorylation at outer pericentromeric domains (arrows),
while H3S28ph is detected at pericentromeric domains. (d) Anaphase:
H3T3ph staining is maintained in chromosome arms and Ser 28 phos-
phorylation remains restricted to pericentromeric domains. (e) Diaki-
nesis/metaphase I transition: bivalent chromosomes are stained along
chromosome arms for H3T3ph, while H3S28ph is restricted to pericen-
tromeric domains. (f) Metaphase II: intense H3T3ph staining is most-
ly found at outer pericentromeric location and partially co-localize
with phosphorylated Ser 28. (g) Anaphase II: distribution pattern of
H3T3ph is similar to that of metaphase II chromosomes. Bars = 10

pm.
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Results

Different plant species show distinct timings of threonine

3 phosphorylation of histone H3 in somatic cells and

meiocytes

The antibodies against phoshorylated histone H3 at ei-
ther threonine 3 or threonine 32 recognized a protein of the
histone H3-type, molecular mass of 17 kDa on Western
blots of A. thaliana and tobacco protein extracts (supple-
mentary Fig. 1; for online supplementary material, see www.
karger.com/doi/10.1159/000151319). The antibodies are
likely to recognize the same peptide in plants since the his-
tone H3 amino acid sequences of many plant species are
identical to the synthetic peptide sequence used for immu-
nization.

We next determined the chromosomal distribution pat-
terns of histone H3 phosphorylated at threonine 3 (H3T3ph)
in mitotic cells of different mono- and dicot species such as
Secale cereale, Hordeum vulgare, Vicia faba and A. thaliana.
In all plant species analysed no labelling of interphase chro-
matin was detected (Fig. 1a; suppl. Fig. 2c). The first immu-
nosignals were detected at prophase, as chromosomes start-
ed to condense (Figs. 1b, 2a). In S. cereale prophase chromo-
somes we observed a punctuated dispersed staining along
chromosome arms (Fig. 1b). However, a marked difference
is observed between different species where phosphoryla-
tion of threonine 3 started in early prophase in A. thaliana.
Sequential immunostaining for H3T3ph and FISH using
the A. thaliana-specific centromeric 180 bp-repeat as probe
revealed that H3T3 phosphorylation starts in close proxim-
ity to the centromere. When pericentromeric/centromeric
domains of sister chromatids are individualized and seen as
FISH-positive double dots, H3T3ph is detected in the re-
gions between the two sister chromatids (Fig. 2a, arrow). In
late prophase stage, H3T3ph labelling is dispersed along
chromosome arms (Fig. 2b). In all species analysed chromo-
somes showed an intense phosphorylation labelling when
they align to the metaphase plate (Fig. 1c; suppl. Fig. 2a, c).
Due to the larger size of S. cereale chromosomes we were
able to detect a punctuated non-homogeneous phosphoryla-
tion staining along chromosome arms and hyperphosphor-
ylation at regions adjacent to centromeric domains (Fig. 1c,
arrows, inset). In addition, costaining with antibodies for
both H3T3ph and H3S28ph in S. cereale revealed that phos-
phorylated Thr 3 was localized at outer pericentromeric do-
mains while phosphorylated Ser 28 was strongest at inner
pericentromeric domains (Fig. 1). Except for A. thaliana,
where phosphorylation of H3T3 was absent during ana-
phase (Fig. 2¢), in all other species analysed the immunola-
belling was maintained until early anaphase (Fig. 1d; suppl.
Fig. 2b, d), declined substantially in late anaphase and was
absent on decondensing chromosomes at telophase.

In meiosis, phosphorylation of H3 at Thr 3 was initiated
during a late step of chromosome condensation, at the tran-
sition between diakinesis/metaphase I where chromosomes
showed an intense immunolabelling all over the bivalent
chromosomes, except for centromeric chromatin (Figs. le,
2d). Asinmitosis, S. cereale bivalents presented strong punc-

76 Cytogenet Genome Res 122:73-79 (2008)

tuated labelling until metaphase I (Fig. 1e). In S. cereale the
immunostaining persisted until late anaphase I and disap-
peared at telophase I, while in A. thaliana meiocytes no Thr3
phosphorylation was detected at anaphase I or telophase I
(Fig. 2e). At the second metaphase H3T3ph pattern is similar
in both S. cereale and A. thaliana. The H3T3ph staining is
restricted to the regions adjacent to all centromeric domains
and no phosphorylation was detected in chromosome arms.
This contrasted with the distribution patterns of H3T3ph
observed for both metaphase I and metaphase mitotic chro-
mosomes. In S. cereale, comparison of H3T3ph distribution
with that of H3S28ph at metaphase II revealed partial colo-
calization of both histone modifications, although H3528ph
labelling is found at the inner position of pericentromeric
domains (Fig. 1f). Also A. thaliana metaphase II meiocytes
(Fig. 2f) presented an H3T3ph distribution pattern similar
to that observed for early mitotic prophase (Fig. 2a). Sequen-
tial in situ hybridization using the Arabidopsis centromeric
repeat and immunostaining with the H3T3ph antibody
showed minor superimposition between signals. Therefore,
metaphase II chromosomes of large and small genomes pres-
enta distinct specific distribution pattern in relation to those
for mitotic and first meiotic metaphases. In addition, the
timings for histone H3 dephosphorylation at threonine 3 at
both anaphase I and anaphase II differed between these spe-
cies, since in A. thaliana no labelling is found at this stage,
whereas it was still present in S. cereale.

A dynamic cell cycle dependent distribution of

phosphorylated histone H3 at threonine 32

Next we investigated the cell cycle dependent distribu-
tion patterns of phosphorylated threonine 32 of histone H3
inboth A. thaliana and S. cereale. In both species phosphor-
ylation of Thr 32 in somatic cells took place at prophase (Fig.
3a, d) and persisted through metaphase (Fig. 3b, e). In S. ce-
reale dephosphorylation occurs at late anaphase, whereas in
A. thaliana the immunolabelling was absent as early as ana-
phase (not shown).

In both species we found that histone H3 phosphorylated
at threonine 32 is distributed throughout the entire lengths
of somatic chromosomes (Fig. 3a, b, d, e). At meiosis, in the

Fig. 2. Distribution pattern of Thr 3 phosphorylation of histone H3
(H3T3ph) in mitotic (a-c) and meiotic cells of A. thaliana (d-f). DAPI
stained chromosomes are blue, H3T3ph-specific signals are red, and
the FISH signals corresponding to the A. thaliana 180-bp centromeric
repeat are green. (a) Early prophase stage: the immunosignals (red) are
adjacent to FISH signals (green). When centromeric domains of sister
chromatids are visualized as individual, H3T3ph dots are located in-
tercalary to the centromeric domains in each sister chromatid (arrows).
No superimposition between signals is observed. (b) Late prophase
stage: H3T3ph is dispersed along the chromosome arms and superim-
poses with centromeric FISH signal. (c) Anaphase: no H3T3ph label-
ling is seen, whereas the FISH signals are detected. (d) Diakinesis:
phosphorylation is initiated all over entire chromosome lengths except
for the pericentromeric regions. (e) Anaphase I: no phosphorylation of
Thr3 is observed. (f) Metaphase II: Thr 3 phosphorylation is detected
only in a discrete region between pericentromeric repeats of sister
chromatids. Bars = 10 wm.
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late prophase

Fig. 3. Thr 32 phosphorylation of histone
H3 (H3T32ph) correlates with mitotic and
meiotic condensation in A. thaliana an S. ce-
reale. DAPI stained chromosomes are blue,
H3T32ph-signals are red, and the FISH sig-
nals corresponding to the A. thaliana 180-bp
centromeric repeat are green, inset shows
H3T32ph signal only. (a, d) At late prophase
H3T32ph-signals coincide with entire lengths
of chromosomes and the same is observed at
metaphase. (¢) In diakinesis phosphorylated
Thr 32 is dispersed along bivalent arms. B
chromosomes are also stained (arrow). (f) In
the second metaphase of meiosis, the immu-
nosignalsare spread along chromosome arms.
Bars = 10 pm.

late prophase

A thaliana | S. cereale |

early steps of chromatin condensation (leptotene to pachy-
tene) H3T32 phosphorylation is absent, as determined for
Thr 3. In both A. thaliana and S. cereale, Thr 32 phosphor-
ylation is initiated at diakinesis, and all bivalent chromo-
somes were immunolabelled along their entire lengths in-
cluding the supernumerary B chromosomes (Fig. 3¢), and
went through metaphase I. The immunostaining disap-
peared atanaphase I and reappeared at metaphase IT (Fig. 3f)
however, and contrasting with the observations of H3T3ph
the entire chromosome arms were labelled at metaphase II.

Discussion

Although the components of the chromatin code are
fairly well conserved throughout eukaryotes, evidence is
growing that the interpretation of the code has diverged in
different organisms, particularly in plants versus animals.
Our study provides evidence that in addition to the chro-
mosomal patterns of histone methylation (Houben et al.,
2003; Fuchs et al., 2006) phosphorylation of histone H3 also
partially varies between species.

Phosphorylation of histone H3 in meristematic cells and
meiocytes was followed by the use of polyclonal antibodies
that recognize the phosphorylated form of Thr 3 and Thr
32. The detailed distribution patterns of Thr 3 phosphoryla-
tion in meiosis, and of Thr 32 phosphorylation in mitosis
and meiosis are here described for the first time. For both
post-translational modifications we show that the distribu-
tion patterns of phosphorylation are correlated with chro-
mosome condensation, although presenting some differ-
ences between different species. In mitosis of grasses, the
timing of phosphorylation for Thr 3 and Thr 32 begins in
prophase, progresses through metaphase when chromo-
somes are fully compacted, and dephosphorylation occurs
at late anaphase, as observed for other phosphorylated resi-
dues of histone H3 in plants, i.e. H3S10 (Kaszas and Cande,
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2000; Manzanero et al., 2000), H3S28 (Gernand et al., 2003)
and H3T11 (Houben et al., 2005). However, in A. thaliana
dephosphorylation in both residues occurs prior to ana-
phase. In meiosis both threonine residues are undergoing
phosphorylation at diakinesis in a late state of chromosome
condensation and progress through metaphase I as it hap-
pened for Thr 11 phosphorylation in plants (Houben et al.,
2005). The staining of both phosphorylated threonine resi-
dues of histone H3 is detected at metaphase II. Again, slight
differences in dephosphorylation timing occur between
different species. While in the large genome species dephos-
phorylation is seen at late anaphase I or anaphase II, in A.
thaliana, it is found during first and second anaphase.
Whether the immunostaining pattern differences between
the different species are caused by the different genome siz-
es remains to be tested on a larger number of species.
Additional differences were found between the distribu-
tion patterns of H3T3ph and H3T32ph in chromosomes at
different cell division stages. In mitotic prophase of S. cere-
ale H3T3ph labelling is discontinuous along entire lengths
of chromosome arms suggesting a close proximity with het-
erochromatic domains, namely higher density at the centro-
meric pole. While in A. thaliana phosphorylation at Thr 3
and Thr 32 begins adjacent to the major centromeric hetero-
chromatic domain, and spreads along the chromosome
arms in late prophase, when higher chromatin condensa-
tion occurs. Also in A. thaliana at early prophase some
chromosomes show split signals for centromeric DNA with
H3T3ph staining in a central location (between sister chro-
matids), a conformation present in metaphase II chromo-
somes. A comparable behaviour of centromeric regions was
also reported for Arabidopsis polyploids at meiosis (Comai
et al., 2003). Although those configurations are not yet ful-
ly understood, the cruciform organization of pericentric
chromatin recently observed in budding yeast represents a
good model to explain intramolecular loops adopted by
centromere flanking DNA sequences (Yeh et al., 2008).



In metaphase chromosomes of S. cereale Thr 3 phos-
phorylation presents a punctuated distribution pattern
along entire lengths of chromosome arms and the pericen-
tromeric domains are hyperphosphorylated, as found for
phosphorylated Thr 11 of H3 in plants (Houben et al., 2005).
Nevertheless, absence of immunolabelling is observed in
centromeric domains in both species. In fact, the signal gap
colocalizing with the centromeres may be related to the
presence of CENH3 at these regions where no phosphoryla-
tion of H3 at Ser 10 has been described in plants (Schroeder-
Reiter et al., 2003; Houben et al., 2007b). Collectively, these
results contrast with studies in mammalian cells on mitotic
chromosomes where the cell cycle dependent phosphoryla-
tion at threonines 3 and 11 are restricted to the centromer-
ic regions (Preuss et al., 2003; Dai et al., 2005). Moreover,
there are also differences in distribution patterns between
the two division phases of meiosis for both H3T3ph and
H3T32ph in plants. At diakinesis, the staining spreads uni-
formly all over the bivalent chromosomes except for the
centromeric regions. In mitosis and first meiotic division of
species with large genomes, costaining with H3T3ph and

H3S28ph antibodies revealed minor superimposition be-
tween signals. A similar pattern was detected in metaphase
IT chromosomes which show hyperphosphorylation of Thr
3 adjacent to phosphorylated serine 28 at the pericentro-
meric regions and its absence along chromosome arms.
These results contrast with patterns here observed for
H3T32ph and described for H3T11ph (Houben et al., 2005)
which present a uniform distribution along the entire length
of condensed chromosomes. Although phosphorylated
threonine residues of histone H3 have been associated with
chromatin condensation at mitosis and meiosis I, this dif-
ferent phosphorylation dynamics of threonines 3 and 11 at
metaphase II stage suggest possible different roles for these
post-translational modifications.
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