Developmental and Comparative Immunology 23 (1999) 231±240

Light chain variable region diversity in Atlantic cod (Gadus
morhua L.)
Helena Widholm a, Ann-So®e LundbaÈck a, Annika Daggfeldt a,
Bergljot Magnadottir b, Gregory W. Warr c, Lars PilstroÈm a,*
a

Department of Medical Immunology and Microbiology, Uppsala University, Box 582, 751 23 Uppsala, Sweden
b
Institute of Experimental Pathology, University of Iceland, Reykjavik, Iceland
c
Department of Biochemistry and Molecular Biology, Medical School of South Carolina, Charleston, SC, USA
Received 22 January 1998; received in revised form 16 November 1998; accepted 18 November 1998

Abstract
This study was undertaken to determine if a lack of VL domain variability could explain, in part, the failure of
Atlantic cod to respond to immunization with the production of speci®c antibodies. The variability of cod VL
regions was studied in 33 cDNA and two genomic clones. The variability of the CDRs was estimated by the
Shannon entropy method and compared with that in other species. It was found to be lowest in the little skate
(Raja erinacea ), higher in cod, and highest in Xenopus and mouse. While the variability of the CDRs is slightly
lower in cod than in Xenopus and mouse, it is spread over broader areas of the amino acid sequence. The length of
CDR1 and CDR3 in cod is equal to or exceeds that found in skate, Xenopus, chicken and mammals. Isoelectric
points and hydrophobicity vary substantially among the studied Ig light chain domains. Thus, neither the length,
nor the variability, nor the physicochemical properties (pI and hydrophobicity) of the L chain CDRs can explain
the absence of antibody response to immunization in cod. # 1999 Elsevier Science Ltd. All rights reserved.

1. Introduction
Immunization of bony ®sh generally gives
good antibody responses [1±3], but the Atlantic
cod (Gadus morhua L.) are an exception. Several
Abbreviations: CDR: complementarity determining region;
FR: framework region; H- & L-chain: immunoglobulin heavy
and light chain; V: variable.
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studies have shown that model antigens like
bovine serum albumin, hemocyanin from Limulus
polyphemus, SRBC (haptenated or unhaptenated)
and vaccines of killed bacteria are all unable to
induce antibody levels higher than those found in
non-immunized controls [4,5]. The serum immunoglobulin concentration is rather high in cod
([6], Magnadottir, unpublished data) so failure to
synthesize Ig cannot be an explanation of the
poor response. The immunoglobulins also seem
to be `sticky'; high levels of antigen binding have
been observed in non-immunized cod. However,
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when immunized cod are challenged with live
pathogenic bacteria, it is clear that immunity has
been acquired as a result of the immunization,
even in the absence of an obvious speci®c antibody response [5].
The gene organization and mechanisms for
generation of variability of the H-chain in teleost
®sh are basically the same as in mammals [7,8]
and there is no de®ciency in the number of VH
genes in the cod [9] that could explain its poor
antibody response. Studies of the variability of
the cod heavy chain indicate that there are at
least four dierent VH families, each with some
20±30 members, the variability of which should
provide the basis for an excellent speci®c antibody response ([9] and unpublished observations).
In those teleost species where the L-chain has
been studied, at least two isotypes have been
described. They are called F and G in channel
cat®sh [10,11], and L1 and L2 in rainbow trout
[12,13] respectively in Atlantic cod ([12],
Wermenstam, personal communication). The Lchain loci in teleosts are organized in multiple
repeated clusters of either (V±V±J±C) or (V±J±
C) [10±15]. This organization could restrict variability if recombination were to take place only
within a cluster. The V-segments of the teleost Lchain clusters, unlike those of elasmobranch ®sh
[16] are in opposite transcriptional orientation to
the J and C genes [10,15] which might facilitate
rearrangement between clusters and, thereby,
increase the potential L-chain variability.
Here, we report an analysis of the variability
of the light chain isotype L1 of Atlantic cod,
undertaken to determine whether low L-chain
variability might contribute to the poor antibody
response seen in this species.
2. Materials and methods
2.1. Animals and tissues
Atlantic cod (Gadus morhua L.) were raised
from eggs and cultivated at the Marine Research
Institute of Iceland. They were acclimatized at
98C for four weeks and then immunized. The in-

dividual described here was immunized with
0.3 mL Freund's complete adjuvant with phosphate buered saline (PBS). Fifteen weeks later,
the ®sh (male, body weight 306 g) was anesthesized in MS-222 (Sandoz, Basel, Switzerland) and
the spleen and head kidney were rapidly removed
and snap frozen in liquid nitrogen and stored at
ÿ708C until used.
2.2. Isolation of RNA and preparation of a cDNA
library
Total RNA was prepared from approximately
30 mg of tissue by the method of Chirgwin et al.
[17] and poly(A)+ve RNA was isolated by
chromatography on an oligo-dT column. cDNA
was prepared with a kit (Pharmacia LKB
Biotechnology, Uppsala, Sweden), and ligated
and packaged into the bacterophage l GEM-2.
A total of 2.8  106 pfu was obtained.
2.3. Screening
Approximately 240,000 pfu of the unampli®ed
library were plated on E. coli LE392 on LB agar
plates. Duplicate nitrocellulose ®lters were lifted
and hybridized with a 32P labeled V probe [18],
washed at high stringency and exposed to X-ray
®lm (Kodak BiomaxMR) for 72 h at ÿ208C. 64
positive clones were isolated and plaque puri®ed.
The PCR-generated V probe extended from the
leader region to the FR3 of a genomic clone
described by BengteÂn [15].
2.4. Sequencing
The inserts could not be released by enzyme
digestion from the lambda GEM2 and were
PCR-ampli®ed with primers speci®c for the CL
domain and for the phage arm, then subcloned
into pUC19. They were sequenced according to
the Sanger dideoxy nucleotide chain termination
method [19] with modi®ed T7 DNA polymerase.
Some clones were sequenced using an ABI377
automated sequencer in the MUSC Nucleic Acid
Analysis Facility. All clones were sequenced on
both strands and the sequences were analysed
2
programs. Sequences
with the DNAStar
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Fig. 1. Multiple alignment of the amino acid sequences of V domains from Atlantic cod. The borders between frameworks (FR)
and complementarity determining regions (CDR) correspond to those described by Kabat et al. [29]. The sequences are arranged
according to the size of the CDRs. The corresponding nucleotide sequences are available at EMBL/GenBank data base under the
accession nos. X76517, AJ225237±AJ225268, AF104898 and AF104899.
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Fig. 2. Variability plot of the amino acid sequences of V domains from Atlantic cod. The plot is based on the data from Fig. 1.
The calculations were performed with the formula for variability in [20].

reported in this paper can be found at EMBL/
GenBank database under the accession nos.
X76517 and AJ225237±AJ225268. Three unpublished VL and 5 JL segments from two genomic
clones were also included in the analysis (kindly
supplied by E. BengteÂn, acc. nos. AF104898 and
AF104899). Variability has usually been
expressed according to the method of Kabat and
Wu [20] but, recently, a method based on
Shannon entropy was introduced [21,22] which
has the advantage of being additive and allowing
statistical evaluation to be performed. Shannon

entropy (H ) was estimated by a computer programme generously supplied by S. Litwin,
Philadelphia, PA, USA. Both methods have been
used for analyses of the sequences. A total of 36
VL sequences of cod isotype L1 were included in
the ®nal analyses. They all belong to the same
family and no second family has been described.
In comparisons with other species, 40 VL
sequences of Raja erinacea were obtained from
[23,24]. Three of these sequences seem to belong
to a separate family. Fifty-three VL sequences of
Xenopus laevis were obtained from [25±27] and
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Fig. 3. Variability of CDR of Raja erinacea, Gadus morhua, Xenopus laevis and Mus musculus estimated by the Shannon entropy
2
method [21,22]. The bars indicate mean2S.E.M. The statistical analysis was performed by ANOVA in StatView with a signi®cance limit of p < 0.05. The following dierences are statistically signi®cant: For CDR1: Raja vs. the three other species; CDR2:
Raja vs. Xenopus and Mus; CDR3: Raja and Gadus vs. Xenopus and Mus. Data were collected as described in Materials and
methods.

comprise the three known isotypes, belonging to
several families. In total, 2674 V segments (incl.
the six families) of Mus musculus kappa chain
were obtained from [20,22].

3. Results
Sixty-four clones from a spleen cDNA library
of a single Atlantic cod were isolated with a
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Fig. 4. Frequency distribution of the size of CDR1 and CDR3 of selected species. The data for Raja are derived from [23,24], for
Xenopus from [25±27] and for the mammalian and avian species from Kabat et al. [29]. Data compiled from 40 Vs from Raja, 39
Vs from Atlantic cod, 48 from Xenopus, 53 from chicken, 707 and 62 from k and l in mouse and 98 and 83 from k and l in
human.

probe speci®c for the Ig L-chain. Of the clones
sequenced, 31 contained the full length V-domain
with dierent nucleotide sequences. Two cDNA
clones from two other individual ®sh were added
to the ®nal analysis, as well as three V-segments
from two genomic clones (Fig. 1). The inferred V
region amino acid sequences were easily aligned
and the variability was, as expected, mostly con-

®ned to the CDR regions. The overall amino
acid identity between clones ranged from 72±
99%; they all belong to a single family. In order
to examine the degree of variability in the cod V
sequences, a plot of the variability according to
Kabat et al. [20] was constructed (Fig. 2). The
highest variability was found in the CDRs but a
substantial variability could also be found in the
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amino acids in FR2 upstream of the CDR2.
Thus, the variability is spread over a broader
area in cod than in other animals like Xenopus or
mouse. In order to compare the variability of VL
of cod, the Shannon entropy (H ) was calculated
from the VL of cod and three other speciesÐ
Raja erinacia, Xenopus laevis and Mus musculusÐand the mean values of H in the CDRs
were compared. Variability in Raja VL is consistently the lowest of the 4 species and variability in
the cod VL is always less than that seen in
Xenopus and mouse (Fig. 3).
The length of the CDRs is considered important for the variability and capacity to bind antigen [28], so a comparison of the CDR1 and
CDR3 for 8 light chains from dierent species
was performed (Fig. 4). CDR2 was omitted from
the study since all L-chain CDR2s are considered
to have the same number of amino acids [29].
The results show that the frequency of VLs with
16 and 17 amino acids in CDR1 are the highest
in cod, while CDRs with 12 amino acids are
most common in Xenopus. In Raja, as in mouse
l, all CDR1s contain 13 amino acids. Cod has
longer CDR1 and CDR3 than the three homeotherm species. The highest length of CDR3 (12
amino acids) is found in cod and this length is
only found in low frequency in chicken, while all
the other studied species have 8±11 amino acids
as the most common CDR3 length. Interestingly,
all kappa related sequences, including those of
cod and Xenopus L1 (see [26]) have a bimodal
distribution of the size of CDR1 length. The data
of Figs. 3 and 4 should be interpreted with some
caution as the data from Xenopus are based on
three dierent L-chain isotypes and on only a
single isotype in the other species. The L-chain of
cod presented here (L1) seems (like the murine
kappa) to be the main expressed isotype [30].
As the overall variability of the IgL CDRs in
cod is generally a little lower than in Xenopus
(Fig. 3) but spread over broader regions of the
domain, it might be that the antigen binding sites
are either markedly hydrophilic or hydrophobic
and, thereby, limited in their ability to contribute
to functional variability. Hydrophobicity plots of
the V sequences show that the degree of hydrophobicity/hydrophilicity diers between the
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domains, being most pronounced in CDR3 (data
not shown). Clearly, there should be a capacity
for the cod VLs to bind to antigen epitopes by
both hydrophobic or charge interactions. In
examining the charged residues, an analysis of
the pI of the CDRs (data not shown) shows that
the median pI in CDR1 is a little less than 9 but
that there are several sequences with lower pI
values. CDR2 has a limited range of pI and most
of the values are 5.5. As the variability associated
with CDR2 extends into FR2, an estimation of
pI was also performed using CDR2 and the closest ®ve amino acids of FR2. This led to an
increase of pI to around 9 but it also increases
the variation of pI in this area. In CDR3, the
median pI is 7.15, with variations between 3.2 to
10.4.
The clustered type of organisation of the Lchain locus of cod with one J-segment, together
with each V-segment [15], suggests that the J-segments may contribute to the variability of the Vdomain. In order to ®nd out whether, and to
what extent, such a contribution occurs, the Jsegments were aligned (not shown). The 39 J-segments encode 7 dierent amino acids at the
NH2-end of CDR3. Tyrosine/phenylalaine are
represented in half the sequences at a site whose
overall character is hydrophobic. All the other
nucleotide exchanges induced a change in
encoded amino acids (cf. Fig. 1), except the two
T to C exchanges at the 3 ' end of clone 08-02.
4. Discussion
The capacity of an animal to generate speci®c
antibodies is limited by the combination of diversity-generating mechanisms that are available to
it. These mechanisms have been summarized in
several reviews e.g. [7,8]. As cod do not respond
to immunization by production of speci®c antibodies [4,5], we can ask, ®rst, if there are defects
in the number of germ-line encoded elements (V,
(D), J) in their rearrangement, and in the mechanisms that introduce additional diversity during
and after rearrangement. It was ®rst thought that
the poor antibody response of cod might be
caused by the lack of some of the mechanism(s)
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for generating variability. For this reason, the Ig
heavy chain locus was studied but no evidence
was found that any of the known mechanisms
were absent ([9] and unpublished results). Studies
of the light chain locus revealed that it has an organization very similar to that seen in elasmobranch ®sh with V±J±C segments clustered in the
genome [9,12,16,31]. Such clusters might restrict
diversity and give the antibodies their nonspeci®c `sticky' properties. However, closer analysis of the V clusters of teleost ®sh showed that
the V-segments have an opposite transcriptional
orientation in relation to the J- and C-segments.
This might allow rearrangement between clusters
to take place by means of inversion, as is known
to occur in mouse [32]. The results presented
here show that the variability of the Ig light
chain of cod is nearly as great as in Xenopus
(Fig. 3) and perhaps even comparable to that in
mice. This is true concerning the size of the
CDRs, which is at least equal to but also often
exceeds that found in mammals (Fig. 4). An explanation of the `stickiness' of the cod immunoglobulin as an eect of the paratopes being either
predominantly hydrophilic or hydrophobic [33]
can also be ruled out as dierent degrees of
hydrophobicity/hydrophilicity are found in the
CDRs. The pI values of the CDRs also vary to
such an extent that they can hardly explain the
lower or non-existing speci®city of cod antibodies. These results, together with those for the
heavy chain, give no reasonable genetic or biochemical explanation of the absence of a good
antibody response in Atlantic cod. Thus, likely
explanations relate to the physiology of the
immune response in this species.
In channel cat®sh, there is a report of a second, IgD-like immunoglobulin, which appears in
low amounts and the importance of which for
antibody defence is still unknown [34]. There is
certainly no evidence that IgD is a major antibody in cod; to date, only IgM has been reported
in blood. However, in normal mice, the concentration and the repertoire of serum IgM is independent of external antigenic contact [35] and the
authors suggest that IgM production is driven by
autoreactivity. Mouthon et al. [36] observed a
similar autoreactive IgM repertoire in humans.

In both these investigations, the reactivities to
external antigens were considered to be crossreactivities. If a similar situation occurs in cod,
there might not be a need for speci®c reactivity
because the level of cross-reacting antibodies is
already so high that they will bind to and eliminate any antigen entering the body.
In conclusion, the variability of the immunoglobulin light chain of cod does not explain why
cod do not respond with an increased antibody
titer to immunization. A more extensive study of
the variability of the Ig heavy chain, combined
with knowledge about the physiological regulation of B cell development and activation, will
perhaps give a more detailed picture of the functional antibody repertoire in this species.
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