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Abstract

Cajal bodies (CBs) are small mobile organelles found throughout the nucleoplasm of animal and plant cells. The dynamics of these
organelles involves interactions with the nucleolus. The later has been found to play a substantial role in the compensatory response that
evolved in eurythermal fish to adapt to the cyclic seasonal habitat changes, i.e., temperature and photoperiod. Contrary to being consti-
tutive, rRNA synthesis is dramatically regulated between summer and winter, thus affecting ribosomal biogenesis which plays a central
role in the acclimatization process. To examine whether CBs, up to now, never described in fish, were also sustaining the phenotypic plas-
ticity observed in nuclei of fish undergoing seasonal acclimatization, we identified these organelles both, by transmission electronic micros-
copy and immunodetection with the marker protein p80-coilin. We found transcripts in all tissues analyzed. Furthermore we assessed that
p80-coilin gene expression was always higher in summer-acclimatized fish when compared to that adapted to the cold season, indicating
that p80-coilin expression is modulated upon seasonal acclimatization. Concurrently, CBs were more frequently found in summer-accli-
matized carp which suggests that the organization of CBs is involved in adaptive processes and contribute to the phenotypic plasticity of
fish cell nuclei observed concomitantly with profound reprogramming of nucleolar components and regulation of ribosomal rRNAs.
� 2007 Elsevier Inc. All rights reserved.
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Cajal bodies (CBs) are small organelles found within
both plant and animal nuclei. These organelles contain
the p80-coilin marker protein, nucleolar proteins fibrillarin
and Nopp140 as well as many factors associated with RNA
transcription and processing [1–4]. These factors include
small nucleolar RNAs that take part in ribosomal biogen-
esis and small Cajal body-specific RNAs (scaRNA) which
accumulate specifically in these organelles and participate
in snRNAs modifications [5]. CBs are known to be
dynamic and mobile organelles distributing its structure
throughout the nucleoplasm, involving interactions with
the nucleolus. Accordingly, fibrillarin mobility in the
nucleus entrust both CBs and nucleolus suggesting that,
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as Nopp140, processing and assembly of snoRNPs involves
the CBs. In this context, it is interesting to note that the U3
snoRNA precursor is capped by the Tgs1/PIMT methyl
transferase enzyme which has been localized within the
CBs [6] prior to its interaction with fibrillarin and other
proteins constituting the snoRNPs [7]. Therefore, this evi-
dence suggests that both CBs and the nucleolus are
involved in ribosomal biogenesis.

We have previously shown that ribosomal RNA synthe-
sis, which is observed in the phenotypic rearrangement of
nucleolar components, is reprogrammed as part of the
physiological response that fish have evolved to adapt to
the environmental cyclic seasonal temperature and photo-
period changes [8,9]. Accordingly, we have found that
transcription of 5.8S rRNA is considerably higher in sum-
mer- than in winter-acclimatized carp [10]. We have also
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observed that carp nucleolin, the most abundant nucleolar
protein, reported to play a key role in repressing rRNA
[11], is strongly induced upon cold temperature acclimati-
zation [12] concomitantly with the appearance of a segre-
gated nucleolus [9].

Here, we identify for the first time, CBs in fish. Addi-
tionally, we provide evidence that these CBs participate
in seasonal acclimatization in carp and that p80-coilin
expression is involved in the compensatory response in
conjunction with the observed nucleolar dynamics [9]
where the mechanism and regulation of ribosomal biogen-
esis contributes to the remarkable phenotypic plasticity of
the nucleus during seasonal acclimatization in fish.

Materials and methods

Animals and tissues preparation. Male carp (Cyprinus carpio) of
approximately 1000–2000 g were maintained as described in previous
studies [13]. Tissues from different organs (liver, brain, pituitary and testis)
were obtained, washed with PBS pH 7.4 (137 mM NaCl, 2.7 mM KCl,
10 mM Na2HPO4 and 2 mM KH2PO4) and immediately processed or
stored at �80 �C.

Isolation of the carp p80-coilin cDNA. A 1400 bp fragment corre-
sponding to a partial coding sequence of carp p80-coilin was amplified by
nested RT-PCR using carp brain tissue cDNA as a template. Amplifica-
tion was performed using degenerated primers derived from Danio rerio

p80-coilin partial sequence (GenBank Accession No.: AF220008). The
primers used include: COILRin, 5 0-TTYTGGTAGACCAAGTCAAA
C-3 0; COILRout, 5 0-ACTCTCTCTGWGCCATCTGG-30; COILFin,
5 0-TGGTTGCTKGTGGACCTGAAC-3 0; COILFout, 5 0-ATGTGCTG
GTTGCTKGTGGAC-3 0.

The 5 0- and 3 0-terminal regions of carp p80-coilin cDNA were isolated
using FirstChoice RLM-RACE kit (Ambion, USA) with adapter and
gene-specific primers deduced from the 1400 bp amplified fragment
described earlier (P80-5 0in: 5 0-GACAACTCGGCATTTGTTCAGGT
C-3 0. P80-50ou: 5 0-TGCTGGAAAGATCTGCGACAACTC-3 0. P80-3 0in:
5 0-GCTGAACCCGGAAAGTTTGACTTG-3 0. P80-30ou: 5 0-CTCGGC
CTCAAGCTCCAGCTGAAC-3 0). The full-length carp p80-coilin cDNA
was amplified by RT-PCR using CoilFW-N; 5 0-GGAATTCCATATGG
CCACCTCCAGTCTCAATAC-30 and CoilRev-B; 5 0-CGCGGATCCA
TCAGGGTTCTGATATAC-3 0 as primers. The PCR product was cloned
in the pGEM-T vector system I (Promega, USA) and named pCoilCM.

Gene expression of carp p80-coilin during acclimatization. Total RNA
fractions were isolated in testis, brain, pituitary and liver tissues from
winter- and summer-acclimatized carp as reported in [8]. Semi-quantita-
tive RT-PCR was performed with StrataScript� One-Tube RT-PCR
System (Stratagene, USA), using 0.5 lg of total RNA from each sample as
a template and primers CoilFW-N and CoilRev-B. As control, we per-
formed RT-PCR using primers derived from carp mitochondrial 16S
ribosomal RNA (16Scarp30FW: 5 0-GGGGTTTACGACCTCGATGT
T-3 0 and 16Scarp30REV: 5 0-GCTTTAAGTATGGGCCCCCCT-3 0) and
total RNA obtained from each tissue as template. The RT-PCR products
were fractionated in a 1.5% agarose gel and visualized by staining with
ethidium bromide.

Construction of a carp p80-coilin expression vector. The coding region
containing the first 499 residues of carp p80-coilin protein was amplified
by PCR from pCoilCM using primers CoilFW-N and CoilRev-B, which
contained NdeI and BamHI restrictions sites, respectively (underlined).
This product was digested with NdeI and BamHI and directionally cloned
in the pET15b expression vector (Novagen, USA). This clone was named
pETCoil.

Expression and purification of recombinant protein. Escherichia coli

BL21 (DE3) competent cells were transformed with the pETCoil clone.
Bacteria containing this clone was grown at 37 �C with agitation in min-
imal medium plus 50 mg/ml ampicillin and 33 mg/ml chloramphenicol,
until log-phase and subsequently induced with 1mM IPTG (isopropyl-1-
thio-b-D-galactopyranoside) during 7 h. Recombinant protein was purified
by Ni-NTA according to manufacturer instructions (Qiagen, USA),
quantified using the Bio-Rad protein assay and analyzed in a 10% SDS–
PAGE gel.

Generation of p80-coilin polyclonal antibodies. Specific carp coilin
antibodies were prepared by BiosChile S.A. (Chile) by immunizing two
rabbits with the purified recombinant p80-coilin protein.

Immunodetection of Cajal bodies. Tissue sections for immunocyto-
chemistry were prepared from pituitary and brain of acclimatized carps
according Fernandez et al. [14], and incubated with the carp p80-coilin
polyclonal antibody (dilution 1:2000) and FITC-conjugated anti-rabbit
IgG (dilution 1:1000, Biosource, USA). The sections were counterstained
with 0.5 lg/ml propidium iodide and mounted in 10% DABCO, Sigma
(USA) in 90% glycerol. The samples were examined using laser scanning
confocal microscopy on an Axiovert 100 M Microscopy (Zeiss).

Transmission electronic microscopy of CBs. Fragments of pituitary
from acclimatized carps were fixed for 15–45 min at 4 �C in 1.6% glutar-
aldehyde in 0.1 M Sörensen’s buffer (pH 7.4). The fragments were washed
in Sörensen’s buffer, incubated for 5 min at 4 �C in Carnoy solution (1:3
acetic acid/ethanol), rehydrated in graded ethanol (5 min each in 100%,
75%, 50%, and 30%), and incubated for 10 min at 60 �C in a freshly
prepared solution of 2% gelatin in 1% formic acid and 50% AgNO3 in
water. Samples were rinsed in water and immersed for 10 min in a 5%
thiosulfate solution and finally rinsed in water before being acetylated as
previously described [15]. Ultrathin sections were mounted on collodion-
coated cupper grids and stained with uranyl acetate and lead citrate before
examination in a Jeol CX100 electron microscope at 60 kV.
Results

We isolated a full length C. carpio cDNA sequence
(1867 bp, GenBank Accession No. AY585706) encoding
532 amino acids corresponding to carp p80-coilin. The
entire sequence of this protein shares 94% identity with
its putative ortholog in zebrafish, but only 34% identity
with putative mammalian orthologs (human, rat and
mouse). However, N- and C-terminal carp p80-coilin
domains are more highly conserved (Supplementary
Fig. 1). Additionally, the carp p80-coilin contains the
conserved RG Box within the C-terminal domain. This
RG box is characterized by the presence of several gly-
cine/arginine repeats. Within the central variable region,
two characteristic p80-coilin nuclear localization signals
(NLSa and NLSb) are located at positions 103–108
and 189–193, respectively (boxed regions in Supplemen-
tary Fig. 1).

To assess gene expression of p80-coilin in carp undergo-
ing seasonal acclimatization, RT-PCR assays were
performed on different tissues. As shown in Fig. 1, p80-coi-
lin transcript was detected in all tissues analyzed. However,
p80-coilin expression was significantly higher in testis,
brain and pituitary on summer- compared with winter-
acclimatized carp. Liver expression of p80-coilin was weak
in both seasons and did not show significant differences
between summer- and winter-adapted fish (Fig. 1).

Cajal bodies in carp cells were detected by immunocyto-
chemistry (Fig. 2). We labeled semithin sections of pituitary
and brain obtained from winter- and summer-adapted fish
with our polyclonal antibody prepared from the purified
recombinant carp p80-coilin protein (residues 1–499). The
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Fig. 1. Gene expression of carp p80-coilin during seasonal acclimatiza-
tion. (A) RT-PCR analysis of p80-coilin from testis, brain, pituitary and
liver tissues from summer (S)- and winter (W)-adapted carps. (B) Control
using primers derived from carp 16S mitochondrial rRNA and same
tissues total RNA as template.
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immuno-labeling procedure recognized specific nuclear
structures containing p80-coilin in sections of pituitary
and brain tissue. The nucleoplasmic localization of these
structures with the p80-coilin protein indicates that these
subnuclear structures correspond to CBs. As shown in
Fig. 2 (arrows), carp brain cells, obtained from summer-
and winter-acclimatized fish exhibited higher immuno-
Fig. 2. p80-coilin immunodetection during carp acclimatization. (A) Immun
summer-seasonally adapted carp. Arrows indicate nuclear domains correspond
labeling than pituitary cells. In addition, as seen in
Fig. 2, during the warm season the presence of CBs within
the cell nuclei, was observed with a higher frequency than
in cells from winter-acclimatized fish. Furthermore, in
some cellular types, it was possible to detect up to two
Cajal bodies per nucleus.

Until now, CBs have never been observed in fish mate-
rial. To confirm our results using the marker p80-coilin
protein to identify CBs in fish, we examined summer- and
winter-acclimatized pituitary carp cells, by electron micros-
copy. In order to visualize CBs at the ultrastructural level,
we used the silver NOR technique in pituitary ultrathin sec-
tions from summer- and winter-adapted fish. This cyto-
chemical method is well known to detect not only the
fibrillar compartment of nucleoli but also the CBs [16].
As shown in Fig. 3A, a prominent and transcriptionally
active nucleolus was observed during warm season. Con-
versely, during winter, the nucleolar components were
redistributed in distinctive regions indicating a transient
inactivation of the nucleolar activity [9]. Although in both
adaptive states we did not find CBs in contact with the
nucleolus as it has been observed in other species [17–20],
we could clearly identify these subnuclear organelles
appearing as small dense structures that are randomly dis-
tributed within the nucleoplasm (Fig. 3B). Consistent with
ostaining of pituitary sections and (B) brain sections from winter- and
ing to Cajal bodies. The nuclei were counterstained with propidium iodide.



Fig. 3. Electron microscopy of nucleolus and Cajal bodies in pituitary cells from acclimatized carp. (A) Ultrastructural organization of nucleolus and (B)
Cajal bodies (CB) detection in pituitary cells from winter- and summer-adapted carp. (F, Fibrillar component; G, granular component; NE, nuclear
envelope.) White arrows depict CBs. Scale bar: 0.2 lm.
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our immunofluorescence observations, CBs were more fre-
quently found in summer-acclimatized carp cells. Further-
more, when compared to winter-acclimatization, we also
identified up to two CBs per nucleus in cells from sum-
mer-acclimatized fish which actually exhibited different
sizes within the same cell (Fig. 3B).
Discussion

The findings report herein provides evidence that the
nuclear phenotypic plasticity observed in fish undergoing
seasonal acclimatization involves Cajal bodies. Addition-
ally, this is also the first report identifying these subnuclear
organelles in fish. Generally described as silver-stained
nucleolar accessory bodies, they have been characterized
by electron microscopy as spherical threaded non-membra-
nous structures measuring 0.2–1.0 lm in diameter. CBs
have been identified in a wide range of species but not
always visible in every cell type or tissue. Their number
has been shown to vary in relation to cell cycle progression,
physiological changes, and diseases, being most prominent
in cell types actively engaged in transcription [21]. CBs are
known to move throughout the nucleoplasm and change
size, forming structures that contain a variety of molecular
components that suggest different functions or states [20].
CBs contain different nucleolar antigens including fibrilla-
rin, Nopp140 and several small nucleolar RNPs [6] as well
as the SMN protein [22]. However, since the report by
Andrade et al. [1], p80-coilin has been recognized as a spe-
cific marker for these subnuclear structures.

Although p80-coilin is mainly concentrated in the CBs,
many experimental evidences have demonstrated that this
protein is able to migrate to the nucleoplasm, suggesting
that the protein may have dynamic functions in the nucleus
[23,24]. GFP-labeled proteins and fluorescent tagged
RNAs have demonstrated that many proteins and RNAs
diffuse within the nucleus and are exchanged between
nuclear bodies and the surrounding nucleoplasm with
half-times ranging from a few seconds to several minutes
[24–29]. Experiments performed in Xenopus laevis oocytes
demonstrated that p80-coilin exhibit transporter functions
comparable to those described for Nopp140, NO38/B23
and nucleolin in the nucleolus [30]. Moreover, a direct
molecular interaction between p80-coilin and Nopp140
has been described [3]. This strongly supports the concept
concerning a functional interaction between CBs and the
nucleolus.

To assess the participation of CBs in the complex phys-
iological compensatory response that eurythermal fish have
evolved to survive in a cyclical temperature changing envi-
ronment we used the molecular marker p80-coilin. We
characterized the entire cDNA sequence of carp p80-coilin,
which adds to the reported primary structure for zebrafish
(Accession No. NM131512) as the only two cDNA
sequences described in teleost. The deduced amino acid
sequence of carp p80-coilin exhibits a similar organization
to other species [31]. Both N- and C-terminal domains are
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strongly conserved, suggesting that they have preserved
biological functions. The N-terminal domain has been
described to be responsible for self-oligomerization of
p80-coilin, and also contains the two nuclear localization
signals of the protein (NLSa and NLSb). Additionally, in
human p80-coilin, the existence of a cryptic nucleolar local-
ization signal (NoLS) which is characterized by a high con-
tent of Lysine residues (KKNKRKNK) has been proposed
[32]. Although in the carp p80-coilin primary structure this
motif is not entirely conserved, a long stretch of lysine res-
idues was found at the same position which may be playing
a similar role.

It is known that the C-terminal domain of p80-coilin
regulates the number of Cajal bodies [33] and the interac-
tions with Sm proteins and UsnRNPs [34]. A special trait
in the C-terminal domain of p80-coilin is the presence of
several arginine/glycine dipeptides repeats defining the
RG box motif [22]. In particular, arginine residues can be
symmetrically dimethylated which modulate the affinity
of p80-coilin for SMN protein [35]. In carp p80-coilin,
the RG box is well conserved displaying several R/G
repeats.

Evaluation of p80-coilin gene expression during accli-
matization was assessed by RT-PCR. We found p80-coilin
transcripts in all tissues analyzed. The highest levels were
observed in testis, brain and pituitary. In addition, gene
expression was consistently higher in summer-acclimatized
fish when compared to that adapted to the cold season
indicating that p80-coilin expression is regulated by sea-
sonal acclimatization. This finding suggests that the organi-
zation of CBs may play a role in the adaptive processes.
This result was supported by ultrastructural analyses of
carp CBs. These analyses demonstrated that there is a sig-
nificant modification in the ultrastructural of CBs in sum-
mer-adapted carp in comparison to winter-adapted carp.
These CBs appear as prominent argyrophilic structures,
whose number and size vary, particularly during the warm
season (Fig. 3).

Cell phenotypic plasticity depicts structural dynamics
that result from molecular changes necessary to response
towards environmental changes [36,37]. We have gained
insight into nucleolar function in fish acclimatization and
documented its involvement in this adaptive process where
a cyclical rearrangement of the nucleolar components
occurs in parallel with a fine regulation in the transcription
activity of rRNA genes, pre-rRNA maturation and ribo-
somal biogenesis [8–10,38,39]. The findings reported here,
support the notion that indeed CBs are also involved in
the phenotypic plasticity which occurs during fish
acclimatization.
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