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Abstract The chromosomal location of the IgH locus
has been analyzed in several bony fish of the Antarctic
perciform group Notothenioidei. Two IgH probes were
prepared from the species Trematomus bernacchii
(family Nototheniidae, tribe Trematominae) and map-
ped onto the chromosomes of ten species belonging to
the same genus (7Trematomus) and in two outgroups,
through one-color and two-color FISH. A single loca-
tion of the IgH locus was found in the majority of the
species examined, including the outgroups, whereas in
four of them the IgH genes splited to two chromosomal
loci. RT-PCR experiments revealed the presence of
three allelic sequences in 7. newnesi, a species in which
the IgH genes were organized in two chromosomal loci.
Possible pathways leading to IgH genes duplication
during the diversification of trematomine fishes were
inferred from the analysis of the FISH patterns in a
phylogenetic context. The present work provides the
first comprehensive picture of IgH genes organization
at chromosomal level in a bony fish group.
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Introduction

The body of information on the organization of the
multigene immunoglobulin complex has grown over
the past few years, as has its implication for under-
standing diversification during vertebrate evolution
(e.g. Litman et al. 1999; Savan et al. 2005). In mammals
there are five Ig classes (isotypes) that possess distinct
effector functions, namely IgA, IgD, IgE, IgG and IgM.
Until 2005, IgM and IgD were the only antibody iso-
types found in bony fishes (Warr 1995; Wilson et al.
1997), but the recent finding of new Ig molecules (IgZ,
IgT) in zebrafish (Danilova et al. 2005), rainbow trout
(Hansen et al. 2005) and fugu (Savan et al. 2005)
indicates that the Ig system in teleosts is more complex
than was previously thought. The genomic organiza-
tion of the Ig loci has been investigated in various
fishes, and has focused mainly on the structure and
complexity of the heavy chain (IgH) locus. Similar to
the organization found in mammals, in the majority of
the fish species the IgH locus consists of a series of
variable gene segments (VH) upstream of the constant
region genes (CH) coding for u and ¢ chain isotypes
(Bengtén et al. 2006; Solem and Stenvik 2006). An
unusual pattern of genomic organization has been
described in those species showing the IgZ, IgT iso-
types (Danilova et al. 2005; Hansen et al. 2005; Savan
et al. 2005).

In some fish species the molecular structure of
the IgH genes displays a certain degree of specific
variability and has suggested the possibility that
duplication events could have led to their present
organization. In the salmonids, one of the most
extensively studied fish group, the IgH genes appear to
be organized either in single or in double locus
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(Hordvik et al. 1992; Hordvik et al. 2002; Hansen et al.
2005). A second cluster of IgH genes, possibly origi-
nating from a massive DNA duplication event, has
been described for the channel catfish, Ictalurus
punctatus (Gaffari & Lobb 1999; Bentgén et al. 2006).
It has also been hypothesized that duplication events
have given rise to the multiple IgH genes in Cyprinus
carpio (Nakao et al. 1998).

Up to now, the complexity of the IgH genes archi-
tecture has been investigated mainly by employing
molecular biology approaches. Little attention has
been devoted to the study of these genes through in
situ techniques at the chromosomal level, although the
relevance of structural information obtained by
molecular cytogenetics has largely been recognized.
For example, the evidence of two different chromo-
somal locations recently detected by fluorescence in
situ hybridization (FISH), confirmed the hypothesis
that rainbow trout possess two IgH loci (Hansen et al.
2005).

To our knowledge, the only other application of in
situ cytogenetic techniques for the study of the
organization of Ig genes in bony fishes was made by
Zhang et al. (1997) who used the in situ polymerase
chain reaction and FISH to map the gene encoding
the IgH on the chromosomes of the channel catfish,
L punctatus.

In the present work, the organization of the IgH
genes has been analyzed at chromosomal level
through the cytogenetic mapping of the IgH locus by
means of FISH. The study has focused on a bony fish
group, the tribe Trematominae (suborder Notothe-
nioidei, family Nototheniidae), which inhabits the
Antarctic continental shelf (DeWitt et al. 1990;
Eastman 1993, 2005).

Trematomine species have been widely studied.
Conventional karyotyping and molecular cytogenetics
detected a high degree of karyotypic variability within
the tribe, with diploid numbers ranging from 24 to 58
(Morescalchi et al. 1992; Ozouf-Costaz et al. 1999;
Pisano and Ozouf-Costaz 2003). The phylogenetic
relationships among these species have been matter of
debate for many years and have been recently clarified
(Sanchez et al. 2006). Immunological analyses have
been performed on one of the species in the tribe,
Trematomus bernacchii.

In T. bernacchii, IgM molecules have been exten-
sively studied (Pucci et al. 2003; Abelli et al. 2005
among others) and both VH and CH genes have been
investigated (Coscia et al. 2000; Oreste and Coscia
2002; Coscia and Oreste 2003).

The Trematominae is the most speciose taxon within
the Nototheniidae, an important Antarctic fish family
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intensively studied as a model of adaptive radiation to
cold environment (Eastman 2005; Near et al. 2004). At
present, the Trematominae includes two genera (7re-
matomus, Pagothenia) and 13 recognized species (De-
Witt et al. 1990) which radiated rapidly in the late
Miocene and mid-Pliocene (2.5-10 million years ago),
according to the estimate by Near et al. (2004).

The main aim of the present work was to obtain
structural information on the organization of the IgH
genes in the chromosomes of an appropriate number of
closely related fish species. Therefore two IgH probes
were prepared from one species (7. bernacchii) and
mapped onto the chromosomes of ten species of the
same genus through one- and two-color FISH. In order
to infer the evolution of the IgH locus from FISH data,
a comparative analysis of IgH chromosomal mapping
was performed in a phylogenetic context, by including
the species Notothenia coriiceps (family Nototheniidae,
tribe Nototheninae) as an intra-family outgroup. The
species Eleginops maclovinus, which belongs to the
basal notothenioid family Eleginopidae, was included
in the analysis as extra-family outgroup.

In the broader context of comparative genomics, the
present work provides both a contribution to the
knowledge of the arrangement of the chromosomal
IgH genes and its evolution in fish, and more generally
in vertebrates.

Materials and methods
Studied species and sampling

In this paper, we follow the taxonomic nototheniid
nomenclature from DeWitt et al. (1990), except for the
taxon borchgrevinki which has recently been assigned
to the genus Trematomus according to phylogenetic
evidence (Sanchez et al. 2006). Ten Trematomus spe-
cies were studied, namely 7. bernacchii, T. borchgrev-
inki, T. eulepidotus, T. hansoni, T. lepidorhinus,
T. loennbergii, T. newnesi, T. nicolai, T. pennellii and
T. scotti. The species Notothenia coriiceps (family
Nototheniidae, tribe Nototheninae), and Eleginops
maclovinus (Eleginopidae) were included in the anal-
ysis as outgroups.

The Trematomus and Notothenia species were col-
lected in the seas off Victoria Land and Adélie Land,
during French and Italian Antarctic Expeditions car-
ried out between 2000 and 2004. Eleginops maclovinus
was collected at Falkland Islands during the ICEFISH
2004 cruise (International Collaborative Expedition to
collect & study Fish Indigenous to Sub-Antarctic
Habitats) supported by NSF.
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The specimens were caught by gill nets, traps or
hand lines and were kept in aquaria with running,
aerated sea water prior to tissue sampling and in vivo
treatment with colchicine.

Blood cells, spleen and testis were fixed in liquid
Nitrogen and preserved at —80°C for further molecular
analyses.

Chromosome preparations were obtained from head
kidney according to Doussau de Bazignan and Ozouf-
Costaz (1985). Fixed cell suspensions and/or slide
preparations were preserved at —20°C before FISH
experiments.

Probes for FISH
IgVH probe

As a VH probe for FISH, a genomic clone isolated
from a T. bernacchii genomic library was used. The
library was constructed using genomic DNA isolated
from the blood cells of a T. bernacchii specimen. The
purified DNA was partially digested with EcoRlI;
fragments of 9-21 kb were ligated into EcoRI-digested
Lambda DASH II vector arms (Stratagene) and in
vitro packaged. The library was screened using a
508 bp EcoRI-Pstl fragment, encoding the T. bernac-
chii Ig heavy chain variable domain, from the previ-
ously isolated cDNA clone P40 (GenBank accession
no. AF303569) (Coscia and Oreste 2003). The Random
Primed DNA Labelling kit (Roche Diagnostics) was
used to obtain the 32P-labelled probe. One of four
hybridizing recombinant clones was further analyzed:
phage DNA was digested with Notl and HindIIl, and
subcloned into pBluescript II KS vector (Stratagene).
The positive clones were confirmed by DNA hybrid-
ization performed overnight at 65°C in 3 x SSC, 0.2%
SDS, 1 x Denhardt’s buffer; and then washed at 65°C
two times with 3 X SSC, 0.2% SDS and four times, with
2 x SSC, 0.1% SDS. After a final wash with 2 x SSC,
membranes were exposed to X-ray film (Kodak). Two
positive clones were identified, one containing a 2.3 kb
insert and a second, designated NH6 (GenBank
accession no. AY775455), containing an insert of about
6.5 kb. The latter was used as VH probe for FISH after
nick translation labelling with biotin-16dUTP (Roche
Diagnostics) according to standard procedures.

IgCH probe

As the CH probe for FISH, we used a cDNA fragment
of about 1 kb from clone 204 (GenBank accession no.
AY775454), encoding the constant domains of 7. ber-
nacchii IgH chain. Clone 204 was isolated from a

spleen cDNA expression library immunoscreened with
rabbit antibodies specific for T. bernacchii IgH chain,
as described in Coscia et al. (2000). The fragments
were excised out by digestion with EcoRI, subcloned
into pBS SK vector, and the recombinant plasmids
were transformed into E. coli HB101 cells for propa-
gation. Plasmid DNA purification was performed by
use of the Wizard Plus Maxipreps DNA Purification
System (Promega).

The probe was labelled with digoxigenin-11dUTP
(Roche Diagnostics) according standard procedures.

Fluorescence in situ hybridization (FISH)

The labelled probes were purified by ethanol precipi-
tation and dissolved in the hybridization buffer (65%
formamide/2 x SSC, 40 mM KH,PO,, 10% Dextran
Sulphate Sodium Salt) to yield a final concentration of
20 ng/pl.

The probes were denatured at 75°C for 5 min and
then chilled on ice to prevent from re-annealing.

One-color FISH (IgVH probe) and two-color FISH
(IgVH and IgCH probes) were performed as described
previously (Mazzei et al. 2004). Briefly, the chromo-
some preparations were denatured by heating at 70°C
for 1 min in 70% (v/v) formamide/2 x SSC (pH 7.0),
dehydrated in a cold ethanol series and air-dried.

Hybridization was carried on overnight in a moist
chamber at 37°C, followed by high-stringency washings:
5 min in 2 x SSC at 72°C and 2 min in 1 x PBD (MP
Biomedicals) at room temperature. Detection was
performed with streptavidin-FITC and anti-digoxige-
nin-Texas red (MP Biomedicals) following the
manufacturer’s instructions. Preparations were count-
erstained in DAPI (4,6-diamidino-2-phenylindole)/
2 x SSC (0.3 pg/ml) and mounted in a standard anti-
fade solution (Vector).

The chromosomal spreads were examined using a
Zeiss Axiophot epifluorescence microscope. Digital
micrographs were recorded by use of a cooled CCD
camera (Sensys Photometrics) and the images were
processed with Genus software for animal chromo-
somes (Applied Imaging).

Reverse transcriptase-polymerase chain reaction
(RT-PCR)

Total RNA was isolated from the spleen of a 7. new-
nesi specimen using the SV total RNA isolation System
(Promega), following the manufacturer’s instructions,
and then subjected to reverse transcription using M-
MLVReverse Transcriptase (Ambion). To accomplish
PCR amplification of the double-stranded cDNA the
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following two primers were used: forward (CHI1: 5'-
GCAGGGTGACTTCAAAAA GC-3’), designed on
the sequence of the T. bernacchii Ig CH1 domain;
reverse (anti-CH4: 5-GCCCCACAAACACATAC-
3", specific for the T. bernacchii Ig CH4 domain.

The amplification was performed as follows: 94°C
for 2 min, 30 cycles of 94°C (1 min) 57°C (1 min), and
72° C (1 min) with a final extension at 72°C for 7 min.
The PCR products were further amplified by a second
PCR using the same primers and following the same
conditions. The PCR products (about 800 bp) were
analyzed on 1% agarose gel, purified by QIA quick
PCR purification kit (Qiagen) and cloned into the
pGEM-T Easy vector arms (Promega). The sequence
of the clones was determined with an ABI PRISM 3100
automated sequencer at PRIMM (Naples, Italy).

Results
FISH chromosomal patterns

IgH gene sequences were localized by one- and two-
color FISH in the chromosomes of ten trematomine
species and in the two outgroups (N. coriiceps and E.
maclovinus). T. bernacchii was chosen as the main
target species, having available species-specific probes
(both VH and CH probes were obtained from its
genome).

In T. bernacchii (2n = 48) a single chromosomal
locus for the IgH genes was identified. The hybridiza-
tion signals, obtained either by one-color FISH with

Fig. 1 Cytogenetic mapping
of IgH locus in Trematomus
bernacchii. Metaphase
chromosomes after FISH with
the VH probe showing a
single IgH locus in a pair of
acrocentric chromosomes.
The two chromosomes
bearing IgH genes are
enlarged to show details of
the position of the FISH
signal (frame) (a); the same
metaphase after DAPI
staining with details of the
chromosomal region to which
the locus has been assigned
(frame) (b). Co-localized
hybridization signals after
two-color FISH using the
probes CH and VH (c); signal
of the VH probe (red) (d) and
of the CH probe (green) (e)
on the same hybridized
metaphase. Bars = 10 pm
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IgVH probe (Fig. 1a, b) or two-color FISH with IgVH
and IgCH probes (Fig. 1c—e), were localized in an
interstitial-distal region in an acrocentric chromosome
pair (Fig. 1a, frame).

This chromosomal region corresponds to a large
D API-positive band, as shown in Fig. 1b (frame). Two-
color FISH indicated the co-localization of the two
probes in the same chromosomal band thus confirming
the presence of a single chromosomal IgH locus in this
species (Fig. 1c—e).

Due to the morphological similarity among the
acrocentric chromosomes in the metaphases of T.
bernacchii (Pisano and Ozouf-Costaz 2003), the
assignment of the IgH locus to a specific chromosome
pair was not possible.

One-color FISH and two-color FISH detected a
single location of the IgH locus in six of the ten species
of the genus Trematomus, and in the outgroup species
N. coriiceps and E. maclovinus (Table 1).

In those species showing a single IgH locus (see
examples in Fig. 2a-d), the hybridization signal was
located at interstitial/distal position on a pair of acro-
centric chromosomes (as in 7. hansoni: Fig. 2a) or at a
similar position along one of the two arms of meta-
centric chromosomes (as in 7. eulepidotus: Fig. 2b) and
in the intrafamiliar outgroup N. coriiceps (Fig. 2¢). In
the extrafamiliar outgroup, E. maclovinus, the IgH
locus was detected at the peri-telomeric position of an
acrocentric chromosome (Fig. 2d).

A different hybridization pattern was observed in
T. scotti, T. newnesi, T. pennellii and T. lepidorhinus. In
these species, one- and two-color FISH produced
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Table 1 Summary of the results of the IgH genes cytogenetic
mapping in the investigated species

Single IgH locus Double IgH locus

Trematominae
Trematomus bernacchii
Trematomus borchgrevinki
Trematomus eulepidotus
Trematomus hansoni
Trematomus lepidorhinus .
Trematomus loennbergii .

Trematomus newnesi .
Trematomus nicolai .

Trematomus pennellii .
Trematomus scotti .
Outgroup species

Notothenia coriiceps .

Eleginops maclovinus .

Fig. 2 Examples of single
IgH locus chromosome
location in the trematomine
species T. hansoni (a), T.
eulepidotus (b) and in the
outgroups N. coriiceps (¢) and
E. maclovinus (d). The
hybridized chromosomes of
T. newnesi (e) and T. scotti (f)
are shown as examples of
double IgH locus pattern.
Bars = 10 um

signals in four chromosomes suggesting the presence of
two IgH loci (Table 1). As examples of such a double
chromosomal IgH sequence location, probed meta-
phases from 7. newnesi and T. scotti are included in
Fig. 2 (e and f respectively).

It is worth noting that, irrespective of the single or
double chromosomal location of IgH locus, the
hybridization signals were strong and unambiguous in
all the studied species.

Analysis of T. newnesi cDNA clones

In order to acquire further data to verify whether
multiple sequences are transcripted, RT-PCR experi-
ments were performed in one of the species (7. new-
nesi) showing four FISH signals. Three PCR products

Cc

@ Springer



14

Genetica (2007) 130:9-17

of about 800 bp, corresponding to three different
allelic IgH isoforms, were obtained. The sequenced
clones are named N42 (GenBank accession no.
DQ248890), N43 (GenBank accession no. DQ248891)
and N47 (GenBank accession no. DQ248892).

The allelic sequences showed a high nucleotide
identity, with nucleotide differences at six positions
(Table 2). Among these positions, two (61 and 178) are
located in the CH2 domain, whereas the others are in
the CH3 domain. Five of the six nucleotide differences
result in non-conservative substitutions.

Discussion

The data on Ig genes in bony fishes at the functional
and structural levels have been growing over the past
few years (e.g. Litman et al. 1999; Danilova et al. 2005;
Hansen et al. 2005; Savan et al. 2005; Bentgén et al.
2006). A certain degree of plasticity has been detected
for the Ig genomic region, and it is becoming evident
that the IgH locus in teleosts is not just a simplified
version of the mammalian translocon-type locus (Da-
nilova et al. 2005; Savan et al. 2005). The complexity of
the IgH locus architecture in several species supports
the hypothesis that duplication events could have oc-
curred leading to the present organization. For in-
stance, in the catfish I. punctatus molecular data
indicated that the IgH locus includes three regions
(IgH1, IgH2, and IgH3) in a 725 kb stretch of chro-
mosome; it has been suggested that these regions could
be derived from a massive duplication of an original
locus, followed by a second duplication of a smaller
portion (Gaffari and Lobb 1999; Bentgén et al. 2006).
Duplication events are hypothesized to be at the origin
of the complex IgH gene organization in Cyprinus
carpio (Nakao et al. 1998; Savan et al. 2005).

In salmonids, the IgH genes have been extensively
studied, but the tetraploid origin of this fish group
makes it more complicated to explain the different
organization found in the various species. Salmo salar
has two distinct, but highly homologous IgH genes,
resulting from two IgH loci (IgHA and IgHB) present

Table 2 Differences among the cDNA clones obtained by RT-
PCR in T. newnesi

Clone Position #
61 178 581 589 605 606
N42 T (ser) C(his) A (asn) G (gly) A (val) G (val)

N43 C (pro) C (his) A (asn) A (ser)
N47 T (ser) T (tyr) C (thr) G (gly)

Base positions and relative codon changes are indicated

A (val) G (val)
T (val) A (ile)
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in haploid embryos (Hordvik et al. 1992). In On-
corhynchus mykiss, the hypothesis that at least one of
IgH locus has been duplicated, has been formally
confirmed by means of cytogenetic mapping, which
demonstrated the occurrence of two IgH loci located
onto two different pairs of chromosomes (Hansen et al.
2005).

In actual fact, although molecular cytogenetics
(especially the fluorescence in situ hybridization) has
made important contributions to genomic studies of
fishes (Jaillon et al. 2004; Phillips 2006), very little
information on the IgH chromosomal organization,
through an in situ approach, was available before the
present study. Here we compare the IgH locus cyto-
genetic mapping in twelve fish, and show the occur-
rence of one or two IgH chromosomal loci in closely
related species. The results provide the first compre-
hensive picture of IgH genes organization at chromo-
somal level in a bony fish group.

We obtained unambiguous FISH signals in all the
twelve species investigated, thus providing evidence for
a single IgH locus in the majority of them, and two
chromosomal loci in four Trematomus species. In T.
bernacchii the hybridization signals were assigned to a
large DAPI positive region, although a precise identi-
fication of the chromosome pair bearing the IgH se-
quences was not possible, due to the absence of
distinctive morphological features. Indeed a detailed
chromosome characterization in fish karyotypes re-
mains a very difficult task, as Zhang et al. (1997) have
remarked, in their attempt to study the IgH genes on
the chromosomes of the catfish I. punctatus.

When considering the structural aspects, it is worth
noting that, regardless of the single or double chro-
mosomal location of IgH locus, the hybridization sig-
nals were equally strong. This suggests a similar gene
segment multiplicity. Moreover, the fact that two-
color FISH performed with the two IgVH and IgCH
probes resulted in co-localized signals, is structurally
relevant, since it indicates that each chromosomal lo-
cus contains both IgVH and IgCH gene sequences.
This in turn suggests that the identified loci should be
complete and possibly functional.

The results of RT-PCR experiments, although car-
ried out in only one species, are consistent with a
multiplicity of the IgH sequences and with the FISH
patterns, thereby revealing the presence of three allelic
sequences in 7. newnesi, a species in which the IgH
genes are organized in two chromosomal loci. Al-
though a detailed and comparative study of the func-
tional aspects of IgH sequences was outside the scope
of the present study, the occurrence, in 7. newnesi,
of at least three different transcripts with a high
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percentage of nucleotide identity (94%) and the
prevalence of non-synonymous substitutions, suggest
that these sequences could have been selected to pro-
duce molecules of comparable functionality. Similar
indications arise from the analysis of base substitutions
occurring in S. salar IgH genes, which share a 98.2%
nucleotide identity (Hordvik et al. 1992).

Two chromosomal IgH loci have been detected by
FISH in only one other fish species, O. mykiss. This
finding was interpreted as a remnant of the tetraploid
event that is believed to have occurred in the salmonid
lineage (Hansen et al. 2005). Since there is no evidence
of a tetraploid ancestry in notothenioid fishes (East-
man 1993; Pisano and Ozouf-Costaz 2003), the only
way to interpret the significance of intrafamiliar chro-
mosomal IgH locus variation and to infer the evolution
of IgH locus from the FISH data, was to analyze them
in a phylogenetic context.

In spite of numerous investigations based on both
morphological and molecular characters, the phylog-
eny of the Trematominae remained unresolved for a
long time (Ritchie et al. 1996; Lecointre et al. 1997,
Bargelloni and Lecointre 1998; Bargelloni et al. 2000;
Near et al. 2004). However very recently Sanchez et al.
(2006) obtained a consensus phylogenetic tree for the
family Nototheniidae based on MLL (Mixed lineage
leukemia like gene), Rhodopsin and mitochondrial
d-loop and cytochrome b sequencing. This included

Fig. 3 Comparative

a better resolution of the interrelationships among the
Trematominae, which now appear to be monophyletic.
Therefore the chromosomal patterns of IgH locus were
mapped onto the topology of the above-mentioned,
most-recent phylogenetic tree (Fig. 3). The tree in-
cludes a stem group (7. scotti, T. newnesi and T. eu-
lepidotus) and a clade for the remaining Trematomus
species, itself divided into two sister-groups: clade A
(pennelliilloennbergii-lepidorhinus) and clade B (ber-
nacchii-hansonilborchgrevinki-nicolai). Since in both
the outgroup species E. maclovinus and N. coriiceps,
IgH genes have been found in a single chromosome
pair, and assuming that the chromosomal region
bearing the IgH- locus is syntenic, this “single locus”
pattern can be considered as the plesiomorphic con-
dition for the IgH chromosomal position (Fig. 3a).
Among the Trematominae, the IgH locus can be
single or duplicated in a second chromosome pair. This
duplication is observed in the basal species, T. scotti
and T. newnesi, and also in T. pennellii and T. lepido-
rhinus, while the other Trematominae display a single
chromosomal IgH locus. This would suggest that an
event of duplication (Fig. 3b) occurred at the base of
the clade Trematominae, followed by separate events
of gene loss, leading back to the single IgH locus sit-
uation in 7. eulepidotus (Fig. 3, cl), T. loennbergii
(Fig. 3, ¢2) and in the whole clade B bernacchii-
hansonilborchgrevinki-nicolai (Fig. 3, ¢3). However

E. maclovinus D U

representation of the
chromosome pairs bearing a
IgH genes in ten trematomine |

species and in two outgroups.
The ideograms are drawn to
scale. The black bands on
ideograms indicate the
position of the IgH loci. The
topology of the phylogenetic
tree is from Sanchez et al.
(20006)

-

N. coriiceps H B
. bernacchif g g

L T hansoni H Q Clade B
c3 — [ borchgrevinki g g
L T nicolai 88
— T lepidorhinus -~ ] D D
5 T loennbergii g g Clade A
c
T. pennelli A8 nn
—e———— [ eulepidotus H B
cl
T newnesi g g n D Stem
group
T. scofti g g ﬁ ﬁ
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the present data cannot exclude the alternative hypoth-
esis, also with four steps, that the extra IgH locus may
have arisen independently in 7. [epidorhinus,
T. pennellii, T. newnesi and T. scotti.

Due to the absence of detailed structural informa-
tion, we cannot assess with certainty, the interspecific
homeology among the chromosome pairs bearing IgH
sequences in the various species. However it seems that
the possible plesiomorphic chromosomal IgH location,
at interstitial-distal region, has been retained in most
of the species and in the species showing two chro-
mosomal IgH loci (7. lepidorhinus, pennellii, newnesi
and scotti); the additional locus seems located in an
similar pericentromeric position.

In the clade B, T. bernacchii, T. hansoni and T.
borchgrevinki display the hypothesized IgH plesio-
morphic pattern in a single acrocentric chromosome
pair, which is probably syntenic among the three spe-
cies. However the location of Ig sequences in some
species suggests that further chromosomal rearrange-
ments may have occurred leading to the present
diversification in the IgH patterns. For instance 7.
pennellii has two loci at pericentromeric position
(Fig. 3, clade A). In T. nicolai the IgH bearing chro-
mosomes appear much smaller than those in the other
species of the clade. This is not surprising, since among
Trematominae this species possesses a very peculiar
karyotype (2n = 58) made of an high number of small
elements, probably originating from multiple fission
events (Morescalchi et al. 1992).

In summary, our analysis provides the first structural
evidence that duplication events of the IgH locus oc-
curred during the diversification of the trematomine
fishes. Comparative molecular data will be necessary to
determine homologies among the IgH sequences on
the duplicated loci in the various trematomine species
and get insights into the evolutionary processes in-
volved.

Although in some Trematominae the chromosomal
pattern of IgH loci seems close to the one described in
the rainbow trout by Hansen et al. (2005), we can
exclude that genomic tetraploidization would explain
the duplication of IgH locus in trematomines, given
the absence of a tetraploid ancestry in notothenioid
fishes (Eastman 1993; Pisano and Ozouf-Costaz 2003).
On the other end, due to the highly diversified
karyotypic features of Trematominae (e.g. Ozouf-Co-
staz et al. 1999), we cannot exclude the fact that spe-
cific karyotypic dynamics could have contributed to
the present chromosomal IgH locus patterns in these
fishes.

The lack of sufficient comparative information pre-
vents us from suggesting any definitive hypothesis on

@ Springer

chromosomal organization of IgH genes in the amaz-
ingly diverse groups of bony fish. Additional analyses
on both closely- and distantly-related fish species are
required to draw a comprehensive picture of the IgH
locus organization and evolution. However, based on
the results provided in the present study, it is likely that
in bony fishes the occurrence of diversified IgH pat-
terns could be expected. These could arise from
duplication events combined with chromosomal rear-
rangements, in accordance with the peculiar genetic
and cytogenetic histories of the various lineages.

In approaching any further analyses, the informative
value of direct in situ information, acquired by
molecular cytogenetics, should be taken into account in
order to integrate molecular information into the
broader context of the genome structure at chromo-
somal level (Jaillon et al. 2004; Volff 2005; Phillips
2006).

Acknowledgments This research was financially supported by
the Italian National Programme for Antarctic Research
(PNRA). The cytogenetic work has been realized thanks to a
grant from the European Community under COLPARSYST
program. Additional support was provided by the Polar French
Institute Paul Emile Victor (IPEV) and by the Museum National
d’Histoire Naturelle (MNHN), Paris, France. The ICEFISH
Cruise was supported by National Science Foundation grant
OPP-0132032. The study is in the framework of the Scientific
Research Program EBA (Evolution and Biodiversity in Ant-
arctica). Drs E. Cocca, D. de Pascale, G. di Prisco (Institute of
Protein Biochemistry, Naples), and A. Rizzello (University of
Lecce), kindly provided us with tissue samples for molecular
analyses.

References

Abelli L, Coscia MR, De Santis A, Zeni C, Oreste U (2005)
Evidence for hepato-biliary transport of immunoglobulin in
the antarctic teleost fish Trematomus bernacchii. Dev Comp
Immunol 29:431-442

Bargelloni L, Lecointre G (1998). Four years in notothenioid
systematics: a molecular perspective. In: di Prisco G, Pisano
E, Clarke E (eds) Fishes of Antarctica. Springer-Verlag,
Milan, pp 259-274

Bargelloni L, Marcato S, Zane L, Patarnello T (2000) Mito-
chondrial phylogeny of notothenioids: a molecular approach
to Antarctic fish evolution and biogeography. Syst Biol
49(1):114-129

Bengtén E, Clem LW, Miller NW, Warr W, Wilson M (2006)
Channel catfish immunoglobulins: Repertoire and expres-
sion. Dev Comp Immunol 30:77-92

Coscia MR, Morea V, Tramontano A, Oreste U (2000) Analysis
of a cDNA sequence encoding the immunoglobulin heavy
chain of the Antarctic teleost Trematomus bernacchii. Fish
Shellfish Immunol 10:343-357

Coscia MR, Oreste U (2003) Limited diversity of the immuno-
globulin heavy chain variable domain of the emerald
rockcod Trematomus bernacchii. Fish Shellfish Immunol
14:71-92



Genetica (2007) 130:9-17

17

Danilova N, Bussmann J, Jekosch K, Steiner LA (2005) The
immunoglobulin heavy-chain locus in zebrafish: identifica-
tion and expression of a previously unknown isotype,
immunoglobulin Z. Nat Immunol 6:295-302

DeWitt HH, Heemstra PC, Gon O (1990). Nototheniidae. In:
Gon O, Heemstra PC (eds) Fishes of the southern Ocean.
Grahamstown, South Africa: JLB Smith, Institute of Ich-
thyology, pp 279-330

Doussau de Bazignan M, Ozouf-Costaz C (1985) Une technique
rapide d’analyse chromosomique appliquée a sept especes
de poissons antarctiques. Cybium 9:57-74

Eastman JT (1993) Antarctic fish biology: Evolution in a unique
environment. Academic Press, San Diego

Eastman JT (2005) The nature of the diversity of Antarctic
fishes. Polar Biol 28:93-107

Ghaffari SH, Lobb CJ (1999) Structure and genomic organi-
zation of a second cluster of immunoglobulin heavy chain
gene segments in the channel catfish. J Immunol 162:1519—
1529

Hansen JD, Landis ED, Phillips RB (2005) Discovery of a un-
ique Ig heavy-chain isotype (IgT) in rainbow trout: impli-
cations for a distinctive B cell developmental pathway in
teleost fish. Proc Natl Acad Sci USA 102:6919-6924

Hordvik I, Voie AM, Glette J, Male R, Endersen C (1992)
Cloning and sequence analysis of two isotypic IgM heavy
chain genes from Atlantic salmon, Salmo salar L Eur J
Immunol 22:2957-2962

Hordvik I, Berven FS, Solem ST, Hatten F, Endresen C (2002)
Analysis of two IgM isotypes in Atlantic salmon and brown
trout. Mol Immunol 39:313-321

Jaillon O, Aury JM, Brunet F, Petit JL, Stange-Thomann N,
Mauceli E, Bouneau L, Fischer C, Ozouf-Costaz C, Bernot
A, Nicaud S, Jaffe D, Fisher S, Lutfalla G, Dossat C,
Segurens B, Dasilva C, Salanoubat M, Levy M, Boudet N,
Castellano S, Anthouard V, Jubin C, Castelli V, Katinka M,
Vacherie B, Biemont C, Skalli Z, Cattolico L, Poulain J, De
Berardinis V, Cruaud C, Duprat S, Brottier P, Coutanceau
JP, Gouzy J, Parra G, Lardier G, Chapple C, McKernan KJ,
McEwan P, Bosak S, Kellis M, Volff JN, Guigo R, Zody
MC, Mesirov J, Lindblad-Toh K, Birren B, Nusbaum C,
Kahn D, Robinson-Rechavi M, Laudet V, Schachter V,
Quetier F, Saurin W, Scarpelli C, Wincker P, Lander ES,
Weissenbach J, Roest Crollius H (2004) Genome duplica-
tion in the teleost fish Tetraodon nigroviridis reveals the
early vertebrate proto-karyotype. Nature 431:946-957

Lecointre G, Bonillo C, Ozouf-Costaz C, Hureau JC (1997)
Molecular phylogeny of the Antarctic fishes: paraphyly of
the Bovichtidae and no indication of the monophyly of the
Notothenioidei (Teleostei). Polar Biol 18:193-208

Litman GW, Anderson MK, Rast JP (1999) Evolution of antigen
binding receptors. Annu Rev Immunol 17:109-147

Mazzei F, Ghigliotti L, Bonillo C, Coutanceau J-P Ozouf-Costaz
C, Pisano E (2004) Chromosomal patterns of major and 5S
ribosomal DNA in six icefish species (Perciformes, Noto-
thenioidei, Channichthyidae). Polar Biol 28(1):47-55

Morescalchi A, Pisano E, Stanyon R, Morescalchi MA (1992)
Cytotaxonomy of antarctic teleosts of the pagothenia/

trematomus complex (Nototheniidae, Perciformes). Polar
Biol 12:553-558

Nakao M, Moritomo T, Tomana M Fujiki K, Yano T (1998)
Isolation of cDNA encoding the constant region of the
immunoglobulin heavy-chain from common carp (Cyprinus
carpio L.). Fish Shellfish Immunol 8:425-434

Near TJ, Pesavento JJ, Cheng CHC (2004) Phylogenetic
investigations of Antarctic notothenioid fishes (Percifor-
mes: Notothenioidei) using complete gene sequences of
the mitochondrial encoded 16S rRNA. Mol Phyl Evol
32:881-891

Oreste U, Coscia MR (2002) Specific features of immunoglob-
ulin VH genes of the Antarctic teleost Trematomus ber-
nacchii. Gene 295:199-204

Ozouf-Costaz C, Pisano E, Thaeron C, Hureau JC (1999)
Karyological survey of the notothenioid fish occuring in
Adelie Land (Antarctica). In: Séret B, Sire JY (eds) Proc.
5th Indo-Pac. Fish Conf. Nouméa 1997. Soc. fr. Ichtyol,
Paris, pp 427-440

Phillips, RB (2006) Application of fluorescence in situ hybrid-
ization (FISH) to genome mapping in fishes. In: Pisano E,
Ozouf-Costaz C, Foresti F, Kapoor BG (eds) Fish cytoge-
netics. Science Publishers, Inc. Enfield (NH) USA. (in press)

Pisano E, Ozouf-Costaz C (2003) Cytogenetics and evolution in
extreme environment: the case of Antarctic Fishes. In: Val
A, Kapoor G (eds) Fish adaptations. Science Publishers, Inc.
Enfield (NH) USA. pp 311-338

Pucci B, Coscia MR, Oreste U (2003) Characterization of serum
immunoglobulin M of the Antarctic teleost Trematomus
bernacchii. Comp Biochem Physiol B 135:349-357

Ritchie PA, Bargelloni L, Meyer A, Taylor JA, Macdonald JA,
Lambert DM (1996) Mitochondrial phylogeny of tremato-
mid fishes (Nototheniidae, Perciformes) and the evolution
of Antarctic fish. Mol Phyl Evol 5(2):383-390

Sanchez S, Dettai A, Bonillo C, Ozouf-Costaz C, Detrich HW
III, Lecointre G (2006) Molecular and morphological phy-
logenies of the Nototheniidae, with taxonomic focus on the
Trematominae. Polar Biol (in press)

Savan R, Amam A, Nakao M, Watanuki H, Masahiro S (2005)
Discovery of a novel immunoglobulin heavy chain gene
chimera from common carp (Cyprinus carpio L.). Immu-
nogenetics 57:458-463

Solem ST, Stenvik J (2006) Antibody repertoire development in
teleosts — a review with emphasis on salmonids and Gadus
morhua L. Dev Comp Immunol 30:57-76

Volff JN (2005) Genome evolution and biodiversity in teleost
fish. Heredity 94:280-294

Warr GW (1995) The immunoglobulin genes of fish. Dev Comp
Immunol 19(1):1-12

Wilson M, Bengten E, Miller NW, Clem LW, Du Pasquier L,
Warr GW (1997) A novel chimeric Ig heavy chain from a
teleost fish shares similarities to IgD. Proc Natl Acad Sci
USA 94(9):4593-4597

Zhang Q, Cooper RK, Tiersch TR (1997) Detection of a single-
locus gene on channel catfish chromosomes by in-situ
polymerase chain reaction. Comp Biochem Physiol B
118:793-797

@ Springer




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


