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Abstract Three sets of histone variants are coexisting in the embryo at larval stages of sea urchin’s development: the
maternally inherited cleavage stage variants (CS) expressed during the two initial cleavage divisions, the early histone
variants, which are recruited into embryonic chromatin frommiddle cleavage stages until hatching and the late variants,
that are fundamentally expressed from blastula stage onward. Since the expression of the CS histones is confined to the
initial cleavage stages, these variants represent a veryminor proportion of the histones present in the plutei larvae,whereas
the late histone variants are predominant. To determine the position of these CS in the embryonic territories, we have
immunolocalized the CS histone variants in plutei larvas harvested 72 h post-fertilization. In parallel, we have pulse
labeled the DNA replicated during the initial cleavage cycle with bromodeoxyuridine (BrdU) and its position was further
determined in the plutei larvas by immunofluorescence. We have found that the CS histone variants were segregated to
specific territories in the plutei. The position in which the CS histone variants were found to be segregated was consistent
with the position in which the DNA molecules that were replicated during the initial cleavage divisions were localized.
These results strongly suggest that a specification of embryonic nuclei occurs at the initial cleavage divisions which is
determined by a chromatin organized byCS histone variants. J. Cell. Biochem. 88: 643–649, 2003. � 2003Wiley-Liss, Inc.
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During early developmental stages of sea
urchins three sets of histones are sequentially
expressed. Initially, the maternally inherited
cleavage stage variants (CS) are translated
during the two initial cleavage stages, then
the early histone variants are expressed from
middle cleavage stages (16 blastomeres) until
hatching and finally the late histone variants
become predominant from blastula stage on-
ward [reviewed by Giudice, 1999].
It is well documented at present that the CS

histone variants are very distinctly related to
those encoding early or late histone variants

[Brandt et al., 1997]. In contrast to other histone
genes known thus far, CS histone genes contain
introns, polyadenylation addition signals, and
long untranslated sequences. Although, it may
be deduced from theDNA sequence information
that the genes encoding CS histone variants are
independent of DNA replication [Mandl et al.,
1997], their translation appears to be contem-
poraneous with the S phase of the initial
cleavage cell cycles [Imschenetzky et al., 1995].

In contrast to the CS histone variants, the
genes encoding the early histone variants are
clustered, tandemly arranged, and are highly
repetitive [reviewed by Giudice, 1999]. Tran-
scription of these genes reaches a peak at the
128 cells stage and then gradually decreases
until complete inhibition at blastula stage. The
control of accumulation and proper temporal
expression of these genes reside in specific re-
gulatory elements located at the promoters of
these genes. The interaction of these regulatory
elements with its cognate transcription factors,
which have being only partially characterized
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thus far, have been correlated with specific
changes in chromatin structure along the pro-
moter and coding sequences of these genes
[reviewed by Giudice, 1999; Melfi et al., 2000;
Medina et al., 2001].

The family of late histone genes, present in
6–12 copies per genome is found in a non-
tandem arrangement. These late genes neither
contain introns nor polyadenylation signals.
Their expression occurs in a cell-cycle depen-
dent manner due to the presence of a terminal
palindrome located at their 30end. Their tran-
scription is regulated by a combined action of
transcription factors and enhancers that are
interacting with regulatory elements found in
their promoter regions. These factors and re-
gulatory elements have being only partially
characterized [reviewed by Giudice, 1999; Li
and Childs, 1999, Mancini et al., 2001].

The differences between these three sets of
histone variants determine distinct chromatin
organizations since the CS histone variants
organize atypical nucleosomes, while late his-
tones organize conventional nucleosomes [Savic
et al., 1981, Imschenetzky et al., 1989]. Since
the CS histone variants are still present at
larval stages of development, it is predictable
that distinct chromatin conformation should be
found in distinct cells in the plutei larvas.
Based on the lack of significant immune cross-
reactivity between the CS variants and the late
histones, we have immunolocalized the CS
histone variants in larvas harvested 72 h post-
insemination. In parallel, we have labeled the
DNAmolecules that were replicated during the
initial cleavage division with bromodeoxyuri-
dine (BrdU) and further determined its position
in the larvas. The results shown in this report
are consistent with a conservative type of dis-
tribution in which the CS histone variants and
the DNA replicated at the initial cleavage divi-
sion segregate together during early develop-
mental stages of sea urchins.

MATERIALS AND METHODS

Fertilization and Embryonic Cultures

Gametes were collected from the sea urchins
Tetrapygus niger, insemination was performed
and development took place in sea water at
room temperature, under aeration. The differ-
ent stages of development were followed by
microscopy and the swimming plutei larvas
were filtered through a 100 mm pores plankton

netting and washed several times with sterile
sea water [Imschenetzky et al., 1990].

Isolation of Histone Variants and
Western Immunoblots

Chromatin was purified from unfertilized
eggs and the CS variants were obtained as de-
scribed by Imschenetzky et al. [1989]. Plutei
larvas were harvested at 72-h post-insemina-
tion (p.i.) and the histones were isolated from
the chromatin [Imschenetzky et al., 1990].
Subsequently, the histone variants isolated
either from unfertilized eggs or from the plutei
larvas, were separated by electrophoresis in
one-dimensional 18% (w/v) polyacrylamide
gels containing sodium dodecyl sulfate (SDS–
PAGE). After electrophoresis, these histones
were transferred to nitrocellulose membranes,
and immuno detected with antibodies anti-
CS histone variants that were obtained as
described previously [Oliver et al., 2002]. Since
native CS histone variants were previously
found to be poly(ADP-ribosylated) [Imsche-
netzky et al., 1996], the anti-CS variants
antibodies were incubated with (ADP-ribose)
polymers covalently bound to Sepharose 4B to
remove the fraction of antibodies that
may recognize the polymers of ADP-ribose. A
final titer of the antibodies against CS histone
variants of 1:12,800 was achieved as deter-
mined by ELISA.

Monitoring DNA Replication
and DNA Labeling

To label the DNA replicated during the initial
cleavage divisions, 10�3 M BrdU was added to
cultures of embryos from 90 min until 105 min
p.i. Then the embryos were extensively washed
with seawater to remove theBrdUand cultured
in sea water until 72 h p.i. to collect the labeled
plutei larvas.

To determine the incorporation of 3H-thymi-
dine into DNA, these zygotes were incubated
continuously from 3 to 180 min after insemina-
tion in 3H-thymidine (NEN, Boston, MA, Sp.
act. 108 Ci/mmol) at concentration of 1 mCi/ml.
At different times after insemination 1 ml
samples of the zygote suspension were pro-
cessed as previously described [Imschenetzky
et al., 1991]. Inparallel, 10�3MBrdUwasadded
to the cultures of zygotes and the samples were
subsequently processed, essentially as describ-
ed by Picard et al. [1996]. For BrdU detection,
larvas plutei were fixed in 4 N HCl for 2 h and
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post-fix in methanol 100% for 30 min. Sub-
sequently, the embryos were washed twice in
buffer AþTween (150 mM NaCl, 50 mM Tris-
HCl pH 7.4, 0.05% (v/v) Tween-20) and block-
ed with 3% (p/v) bovine serum albumin (BSA)
in buffer AþTween. Monoclonal anti-BrdU
antibodies (Boehringer Manheim, Germany)
diluted 1/10 in 0.5% (p/v) BSA in buffer
AþTween were used as primary antibodies
and as secondary antibody afluoresceine-linked
sheep anti-mouse IgG diluted 1/500 in 0.5 %
(p/v) BSA in buffer AþTween. Green FITC
fluorescent signalswere observed in anepifluor-
escenceNikonEclipse E-600microscope using a
filter B-2E/C.

Immunolocalization of CS Histone Variants

For immunolocalization of CS histone var-
iants, the larvas plutei were processed essen-
tially as described by Moreau et al. [1998]. The
larvaswereharvested at 72-hp.i. permeabilized
in 10 mM sodium ethyleneglycol-bis(b-ami-
noethyl)-N,N,N0,N0-tetraacetic acid (NaEGTA)
25 mM, 2-(N-morpholino)ethanesulfonic acid
(MES) pH 6.8, 0.55 mM MgCl2, 25% (v/v)
glycerol, and Nonidet P-40 (NP-40) 1% (v/v) for
2 h at room temperature, subsequently fixed in
75% (v/v) methanol, 25% (v/v) glycerol, and
finally blocked overnight in 3% (p/v) of BSA in
buffer A (150 mM NaCl and 50 mM Tris-HCl
pH 7.4). Polyclonal affinity-purified anti-CS
antibodies diluted 1/1000 in 0.3% (p/v) BSA in
buffer A were used as primary antibody and
Alexa Fluor 594 goat anti-rabbit IgG (Molecular
Probes, Oregon) diluted 1/500 in 0.3% (p/v) BSA
in buffer A as second antibody. Alexa Fluor
fluorescent signalswere observed in anepifluor-
escenceNikonEclipse E-600microscope using a
filter G-2E/C.
Merged images in which the red signals cor-

responding to immunolocalization of CShistone
variants and the green signals corresponding to
the BrdU incorporated intoDNAare colocalized
and were observed in an epifluorescence Nikon
EclipseE-600microscopeusing adual filterF-T.

RESULTS

Western Blots of Plutei Histones

Whole histones isolated from plutei larvas
harvested 72 h post-insemination were sepa-
rated by PAGE–SDS and further analyzed by
Western blots that were revealed with anti-CS
variants antibodies as described in Materials

andMethods.As shown inFigure 1 (laneA), late
histones are represented by H1 and the nucleo-
somal core histones identified as H3, a closely
migrating doublet of H2A-H2B and histone H4.
The CS histone variants, shown in Figure 1
(lane C) are very heterogeneous and cannot be
unambiguously identified according to their
electrophoretic migration, as reported pre-
viously this heterogeneity is due to the exten-
sive poly(ADP-ribosylation) of each one of these
histones [Imschenetzky et al., 1996]. The Wes-
tern blots shown inFigure 1 (lanes B–D), reveal
that the antibodies obtained against the CS
variants did not cross-react to a significant
extent with the late histone variants. The late
histone H3 showed a very minor cross-reaction
which becomes evident only when the mem-
branes were over exposed (Fig. 1, lane B).
Alternatively, the majority of the CS histone
variants were recognized by the anti-CS anti-
bodies, as mentioned above the identification of
these variants according to their electrophoretic
migration is not feasible due to the extensive
poly(ADP-ribosylation) of each one of these
variants.

Fig. 1. Immune cross reactivity of histones from plutei larvas
and CS histone variants. Whole histones were isolated from
larvas harvested 72-h post-insemination (p.i.) as described in
Materials and Methods, and separated by SDS–PAGE, trans-
ferred to a nitrocellulose membrane, and revealed with anti-
bodies against the CS histone variants. Total CS histone variants
isolated from unfertilized eggs were analyzed in parallel, as
controls. Nitrocellulose membranes containing 20 mg histones
from plutei larvas stained with Ponceau-S (lane A) revealed with
antibodies against CS variants (lane B), 30 mg of CS variants
transferred to nitrocellulose membranes and stained with
Ponceau-S (lane C) revealed with antibodies against CS variants
(lane D).
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Labeling of the DNA During the
Initial Cleavage Division

To investigate the fate of the DNA molecules
that was replicated during the initial cleavage
divisions in the distinct territories of the larvas,
we have incorporated BrdU into DNA during
the initial cleavage cycles and further localized
the labeled DNA molecules in plutei larvas as
described in Materials and Methods. Unfortu-
nately, a long incubation of embryos in BrdU
was toxic and the pluteus stage was not at-
tained. Thus different incubation intervals
with BrdU were assayed, in order to achieve
the labeling of DNA with BrdU to an immuno
detectable level, without interfering with the
normal development (results not shown). The
best results were achieved by incubating in
BrdU from90minuntil 105min p.i. As shown in
Figure 2, this interval corresponds to the initial
part of the second S phase. InT. niger, similarly
to other sea urchins, the first S phase occurs
from 30 to 50 min p.i., while the second S phase
occurs between 90 and 120 min p.i. The first
cleavage is observed at 90 min p.i. while the
second cleavage occurs at 140min p.i. As shown
in Figure 2, the incubationwith BrdU described
abovewas sufficient to label theDNA replicated
during the initial cleavages in order to be im-
munodetected in the four cleavage stage and
normal plutei larvaswere successfully achieved
(Fig. 2; panels A and B). The specificity of the
immunofluorescent detection of theBrdU incor-
porated into DNA was further confirmed with

control plutei larvas that were treated with the
set of anti-BrdU antibodies as described in
Materials and Methods in which no fluorescent
signals were observed (results not shown). To
confirm the normal progress of replication
cycles during initial cleavage divisions, the
incorporation of 3H thymidine into DNA was
followed in the zygotes labeled with BrdU, as
described in Materials and Methods. As shown
in Figure 2, the initial cell cycles were not al-
tered as may be judged by timing of the 3H
thymidine incorporation into DNA.

Colocalization of CS Histone Variants
and the DNA Replicated at the Initial

Cleavage Cyles in Plutei larvas

The immunolocalization of CS histone var-
iants was performed in plutei larvas that were
harvested 72-h p.i. and detected with the anti-
CS histones antibodies, and the fluorescent
signals were observed in an epifluorescence
microscope as described in Materials and
Methods. In parallel, the plutei larvas labeled
with BrdU, obtained as described above, were
also processed and further observed by epifluor-
escence microscopy as described in Materials
andMethods. It was found that the CS variants
are present fundamentally in the cells that
were predominantly located in the oral territory
of the larvas and around the gut of the larvas
(Fig. 3; panel A). As shown, the territory in
which CS histone variants were located in the
plutei larvas appears consistent with the region

Fig. 2. Labeling DNA with BrdU and monitoring the early
developmental stages. DNA replication was followed during the
initial cleavage cycles by measuring the incorporation of 3�H
thymidine intoDNA, BrdUwas added from90min until 105min
p.i. and each samplewas processed as described inMaterials and
Methods. As a control an experiment was run in parallel in the

absence of BrdU (Fig. 2). Four cleavage stage embryos and
plutei larvas harvested 72-h p.i. were collected and processed
as described in Materials and Methods to detect the fluorescent
signals derived from the incorporation of BrdU into DNA.
Panel A: Four cleavage stage embryos (panel B) plutei larvas.
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in which the DNA molecules replicated during
the initial cleavage division were found (Fig. 3;
panel B). As shown in Figure 3 panel C, these
images are further supported by the colocaliza-
tion of both fluorescent signals, that derived
from the positioning of CS histone variants and
that correspond to the DNA molecules repli-
cated during the initial cleavage division. These
results indicate that the CS histone variants
become segregated to specific territories dur-
ing early developmental stages of sea urchins,
which predominantly are located in the oral
region of the larvas. This segregation is co-
incident with the position in which the DNA
molecules that were replicated in the initial
cleavage cycle were localized in the plutei.

DISCUSSION

This report demonstrates that the CS histone
variants are confined into specific territories
during early development of sea urchins. This
segregation is correlated to the embryonic posi-
tioning of theDNAmolecules thatwere replicat-
ed during the developmental interval in which
these variants were fundamentally expressed,
this is the initial cleavage stage. This conclusion
is experimentally based on the lack of signifi-
cant immune cross-reactivity of the antibodies
generated against the CS variants that are ex-
pressed at initial stages of development, with
other histone variants that are expressed after-
wards. As informed the CS histone variants are
proteins very distantly related to the other two
sets of histones expressed afterwards in devel-

opment [Mandl et al., 1997]. Otherwise, the
confined and clustered signals related to the
positioning of the CS variants found in larval
stages of development provide additional sup-
port to an almost negligible cross-reactivity
between the CS variants and the families of
histones expressed later in development.

The conservative developmental segregation
of CS histone variants described in this report
may specify early embryonic cells in terms of its
basic chromatin structure. As it is shown in this
report, such specification persists as clusters of
cells localized indetermined territories at larval
stages of development. In this context, it is pro-
vocative to speculate, that such cells may re-
present a wider spectrum of developmental
potentialities than most other cells in the em-
bryos that have followed a specific pattern of
differentiation. The sea urchin early devel-
opment, is one of the models that has being
extensively studied to define the mechanisms
that participate in the formation of axes that
govern the embryonic patteringmechanisms. In
this model the determination of the initial
animal-vegetal (AV) axis is maternally inher-
ited andbecomesmorphologically evident at the
16 cells stage. Such initial specificationmechan-
isms have being correlated with the unequal
distribution of distinct sets of animalizing
and vegetalizing transcription factors activities
which are combined with zygotically produced
factors [Davidson et al., 1998; reviewed by
Angerer, 2000]. In contrast to the specification
that characterizes the 16 blastomeres stage, the
four initial blastomeres are plastic in terms of

Fig. 3. Colocalization of CS histone variants and the DNA
replicated at the initial cleavage cycles in plutei larvas. BrdUwas
incorporated into DNA from from 90 min until 105 min p.i. and
detected in plutei larvas harvested at 72-h p.i. The plutei larvas
were processed for double-label immuno fluorescent signals.
Variants were as described in Materials and Methods. The CS

histone variants that were detected using antibodies against
CS histone variants are shown in red in panel A. The BrdU
incorporated into DNA was detected with antibodies against
BrdU is shown in green in panel B. The merged image (yellow)
showing colocalization of CS histone variants (red) and incor-
poration of BrdU into DNA (green) is shown in panel C.
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its developmental potentials, as it has been
proved in the pioneer work performed at the
dawn of experimental embryology by Hans
Driesch [1892]. The interpretation performed
by Driesch, based on the equal partition of
animal and vegetal territories, remains funda-
mentally valid at present, and may be corre-
lated with the gradients of animalizing and
vegetalizing transcription factors that are pre-
sent in the eggs at fertilization [Angerer, 2000;
reviewed by Davidson 2002]. Concomitantly
with the gradients determined by specific trans-
cription factor activities, this report strongly
suggests that chromatin organization should
play a fundamental role as well, in the time and
space dependent pattering of embryonic struc-
tures during development. The specification of
chromatin in particular embryonic cells may
facilitate or inhibit the binding of transcription
factors that will be promoting the activation or
repression of specific sets of genes in a spacio-
temporal dependent manner during develop-
ment. Interestingly, in batracians an oocyte-
specific histone variant, encoded in the H1M
(B4) gene, has being described as closely related
to the CS1 histone variant from sea urchins.
This B4 batracian histone variant resides in
the linker region of the chromatin [Dimitrov
et al., 1994, Dimitrov and Wolffe, 1996]. More
recently, it has being isolated in mouse a gene
encoding a 34-kDahistone variant that displays
a substantial homology with oocyte-specific
variant from the frog and CS1 from sea urchins.
It was postulated that this mammalian histone
variant, named H1oo, may play a critical role
in the control of gene expression presumably
through the perturbation of chromatin struc-
ture [Tanaka et al., 2001]. In addition, an
histone variant nominated H2A.Z which ex-
hibits a conserved function that differs from the
major H2A variants known thus far, has being
described aswell [Jackson andGorovsky, 2000].
This variant is crucial for Drosophila melano-
gaster and also for mammalian development.
Furthermore, it has being postulated that the
H2A.Z variant plays a pivotal role in establish-
ing the chromatin structures required for the
complex patterns of gene expression essential
for normal mammalian development [Faast
et al., 2001]. The role of H2A.Z in chromatin
organization has being inferred to the creation
of specific chromatin domains poised for tran-
scriptional activation [Fan et al., 2002]. It is
unknown thus far if all these histone variants

that have being correlated to the progress of
embryonic development in other species (B4 in
batracians, H1oo in mammals and H2A.Z),
resides in specific embryonic territories simi-
larly to the CS variants of sea urchins. Other-
wise, the potential link between the presence of
these variants and the developmental plasticity
that characterizes the initial cleavage stages of
development remains to be investigated in the
future.
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