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Abstract

The gene segments encoding antibodies have been studied in many capacities and represent some

of the best-characterized gene families in traditional animal disease models (mice and humans).

To date, multiple immunoglobulin light chain (IgL) isotypes have been found in vertebrates and it

is unclear as to which isotypes might be more primordial in nature. Sequence data emerging from

an array of fish genome projects is a valuable resource for discerning complex multigene

assemblages in this critical branch point of vertebrate phylogeny. Herein, we have analyzed the

genomic organization of medaka (Oryzias latipes) IgL gene segments based on recently released

genome data. The medaka IgL locus located on chromosome 11 contains at least three clusters of

IgL gene segments comprised of multiple gene assemblages of the kappa light chain isotype.

These data suggest that medaka IgL gene segments may undergo both intra- and inter-cluster

rearrangements as a means to generate additional diversity. Alignments of expressed sequence

tags to concordant gene segments which revealed each of the three IgL clusters are expressed.

Collectively, these data provide a genomic framework for IgL genes in medaka and indicate that

Ig diversity in this species is achieved from at least three distinct chromosomal regions.
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Introduction

Gene segments encoding antibodies have been identified in a range of animals including

sharks, teleosts, amphibians, reptiles, birds, monotremes, marsupials, and mammals (Litman

et al. 1999; Belov et al. 2002; Flajnik 2002; Marchalonis et al. 2002). Despite extensive

efforts to identify orthologous genes in more primitive vertebrates (hagfish and lamprey)

and invertebrates (sea urchins, crustaceans, worms, and insects), none have been found

(Klein 1989; Marchalonis and Schluter 1990; Smith and Davidson 1992; Rast et al. 2006).

These findings suggest that Ig segments emerged early during the evolutionary history of

vertebrates, conceivably during the transition between jawless fishes (Agnatha) and jawed

animals (Gnathostomata), as such teleosts are a critical branch point in vertebrate phylogeny

to investigate the genomic repertoire of Ig gene segments.

To date, in all studied vertebrate species, with the exception of birds, bats, and snakes, more

than one immunoglobulin light chain isotype can be found (Lundqvist et al. 2006; Das et al.

2010; Gambón-Deza et al. 2012). The conventional classification of IgL into kappa and

lambda isotypes was initially designated as a means to classify mammalian IgL (Edelman

and Gally 1962). Over the years, additional isotypes have been described which deviate

from the traditional kappa and lambda model in a variety other vertebrate groups (Pilström

2002). The emerging classification system currently differentiates between four ancestral

clans: kappa (κ/elasmobranch type III/NS4/Teleost L1, L3, F, G/Xenopus r), lambda (λ/

elasmobranch type II), sigma (σ/teleost L2/elasmobranch type IV), and sigma cart (σ-cart).

Criscitiello and Flajnik (2007) have proposed an IgL classification system based on criteria

of sequence homology, and the spacing of heptamer and nonamers of recombination signal

sequences (RSS). In addition, the genomic configuration of IgL gene segments and the

length of the complementary determining regions (CDR) of corresponding VL gene

segments support a syntenic approach to IgL classification. Several studies have also used

molecular sequence markers to distinguish immunoglobulin light isotypes (Das et al. 2008;

Edholm et al. 2009, 2011).

The isotypes of IgL found in teleosts can currently be classified as being either κ, λ, and σ

(Edholm et al. 2009, 2011; Ghaffari and Lobb 1993, 1997; Bao et al. 2010). To date, the κ,

λ, and σ isotypes found in teleosts have been found to exist on different chromosomes in a

cluster assemblage (Daggfeldt et al. 1993; Bao et al. 2010; Edholm et al. 2009, 2011;

Zimmerman et al. 2008, 2011). The immunoglobulin heavy chain (IgH) loci of rainbow

trout (Oncorhynchus mykiss) (Hansen et al. 2005), zebrafish (Danio rerio) (Danilova et al.

2005), stickleback (Gasterosteus aculeatus) (Bao et al. 2010; Gambón-Deza et al. 2010),

and medaka (Magadán-Mompó et al. 2011) are of (V-(D)-J-C) translocon type configuration

typified in mice and human. The IgL gene segments of humans are also in a translocon type

of arrangement where a number of V segments lie upstream of several J and finally one or

more constant (C) region genes.

A departure from a single cluster can be found in the lambda IgL isotype of mice as the

lambda IgL are situated in a two-cluster (V2-(J-C)2-V-(J-C)2) configuration (Gerdes and

Wabl 2002). Extrapolating from the two λ clusters in mice, it has been conventional to
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broadly define a single Ig “cluster” as any number of V regions upstream of one or more

(D), J, and C segments. To date, the most extensive number of IgH and IgL clusters has been

found in cartilaginous fishes (sharks and rays) where upwards of several hundred (V-(D)-J-

C) clusters are predicted to exist. The presence of multiple kappa clusters on one or more

chromosomes (Daggfeldt et al. 1993; Bao et al. 2010; Edholm et al. 2009, 2011;

Zimmerman et al. 2008; 2011) indicates that cluster duplication and expansions likely

played a major role in the generation of antibody diversity in teleost fishes. In this study, we

have combined a suite of bioinformatics-based approaches coupled with expressed sequence

tag (EST) data to annotate and fit VJ-C transcripts to concordant genomic regions.

Collectively, these analyses reveal three distinct IgL cluster assemblages in the medaka

genome, all of which can be classified as being of the kappa isotype. This annotation should

prove useful for future efforts to understand how relative gene orders and Ig cluster

configurations contribute to the functional regulation and diversification of antibody gene

expression in an emerging teleost model for comparative immunology.

Material and methods

Identification of the IGL locus

Genome builds of Oryzias latipes (assembly HdrR, October 2005; version 56.1i) available

from NCBI (www.ncbi.nlm.nih.gov) (Wheeler et al. 2001) and Ensembl databases (http://

www.ensembl.org/index.htlm) (Stabenau et al. 2004) were examined to locate antibody light

chain genes. Previously published sequences from IgL of other teleost fishes (Haire et al.

2000; Edholm et al. 2009, 2011; Bao et al. 2010) were used as queries in BLAST alignments

to identify genomic scaffolds and chromosomes containing immunoglobulin genes. These

sequences (Scaffolds 379, 157, 1550, 92, 355, chromosome 11) were downloaded and

annotated using the Vector-NTI (Invitrogen, available in www.invitrogen.com) (Lu and

Moriyama 2004).

Identification of exons coding for CL domains were discerned by aligning genomic

sequences with previously published immunoglobulin mRNAs (Edholm et al. 2009;

Zimmerman et al. 2008; Bao et al. 2010). Boundaries of exons were deduced using the

software packages FGENESH (www.softberry.com) (Solovyev et al. 2006) and Augustus

(http://augustus.gobics.de/submission) (Stanke et al. 2004).VL and JL segments of medaka

were identified by several criteria including the presence of canonical (allowing one or two

nucleotide mismatches) RSS, by the presence of AG/GT splice sides flanking open reading

frames, and pattern searches for RSS with 23 or 12 bp spacers flanking the 3′ or 5′ends of

gene segments. Exon boundaries were further deduced by using alignments of O. latipes

EST sequences (retrieved from NCBI and http://www.shigen.nig.ac.jp/medaka) (Sasado et

al. 2010) to the resultant annotated scaffolds.

IGL loci functionality

Identified immunoglobulin constant (CL) exons from medaka and other fishes were used in

iterative alignments for homologous sequences in the medaka ESTs database (http://

www.shigen.nig.ac.jp/medaka) (Sasado et al. 2010). A total of 11 cDNA libraries generated

from different tissues of the HdrR inbred medaka strain were scanned for putative IgL

Magadán-Mompó et al. Page 3

Immunogenetics. Author manuscript; available in PMC 2014 July 22.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

http://www.ncbi.nlm.nih.gov
http://www.ensembl.org/index.htlm
http://www.ensembl.org/index.htlm
http://www.invitrogen.com
http://www.softberry.com
http://augustus.gobics.de/submission
http://www.shigen.nig.ac.jp/medaka
http://www.shigen.nig.ac.jp/medaka
http://www.shigen.nig.ac.jp/medaka


transcripts (Supplementary File 1). In order to delineate concordant IGL loci to each EST,

alignments were performed using the Lastz program (http://main.g2.bx.psu.edu/) (Goecks et

al. 2010). Resultant sequence alignment hits were further characterized using the Tablet—

Next Generation Sequence Assembly Visualization software (http://bioinf.scri.ac.uk/tablet/)

(Milne et al. 2010). EST clones were assigned to concordant CL if a threshold nucleotide

sequence identity above 99 % was met.

Junctional diversity and somatic hypermutation analyses

Junctional diversity and tests for somatic hypermutation were carried out for ESTs whose

constant regions were of 100 % identity with germline CL. This stringent fitting criterion

was employed due to the potential existence of additional CL present within possible

genomic gaps. ESTs with productive open reading frames were aligned to germline IgL

using ClustalW to identify regions of gene expression. Alignments of medaka EST

sequences were further refined using the IMGT/V-QUEST tool (Giudicelli et al. 2004)

available in the IMGT database (the international ImMuno-GeneTics information system®)

(http://imgt.cines.fr) (Lefranc 2011).

Numbers and positions of base pair differences between genomic sequences and concordant

ESTs were determined for each VL segment, including the FR1, FR2, FR3, CDR1, and

CDR2 regions. The CDR3 was not included in hypermutation analyses due to unknown

variability introduced during VL and JL joining. To assess if antigen selection pressure might

be acting on medaka IgL, the multinomial distribution model proposed by Lossos et al.

(2000; available at http://stat.stanford.edu/immunoglobulin) was used to discern the

probability that the number of replacement mutations were not due to chance. The level of

significance for probable selection was set at a threshold of P≤0.05.

Phylogenetic studies

Comparative phylogenetic studies were carried out with using the program MEGA5 (Kumar

et al. 2008). ClustalW and MUSCLE alignments were used in the neighbor-joining and

minimum evolution models to plot the phylogenetic trees (pairwise deletion, Jones–Taylor–

Thornton matrix) and enter range activated sites (gamma number 2.5). The veracity of these

trees was evaluated using the above-mentioned method and by executing 1,000 replicate

bootstrapping events.

Results

Medaka IGL genomic organization

A total of 137 IgL gene segments were found to be localized to a single medaka

chromosome (chromosome 11). IgL were confined to five different genomic scaffolds

(designated 379, 157, 1550, 92, and 355). Within these clusters, three distinct IgL regions

were localized named IGL1, IGL2, and IGL3 (Fig. 1 and Supplementary File 2). In each of

the three IgL, regions clusters of VL, JL, and CL segments are found (Fig. 2 and

Supplementary File 2). Collectively, 63 VL, 42 JL, and 32 CL medaka gene segments were

identified.
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Medaka IgL are of the kappa (κ) isotype

Sequence comparisons of identified medaka IgL segments with those of other teleosts

revealed medaka IgL to be most similar to the kappa (κ) isotype (Fig. 3 and Supplementary

File 3). Similar to other teleosts (Daggfeldt et al. 1993; Ghaffari and Lobb 1993, 1997; Bao

et al. 2010; Edholm et al. 2009, 2011; Hikima et al. 2011; Zimmerman et al. 2008, 2011),

the medaka VL segments are positioned in opposite transcriptional polarity to JL and CL

segments (Fig. 2 and Supplementary File 2). In addition, the RSS flanking each medaka VL

present a 12-bp spacer consistent with classification as the κ isotype.

The medaka CL sequences branch into three groups that correspond to each of the three

IGL1, IGL2, and IGL3 genomic regions (Fig. 4). Although medaka CL segments belong to

the κ isotype, their sequences harbor distinct differences from one another. For example, CL

members of the IGL1 can be differentiated by the lack of Trp at position 51, while IGL2 CL

segments harbor specific triplets, Leu-Asp-Ser at 85–86–87 positions and Gly-Ser-Gln at

94–95–96 positions (Fig. 4). The degree of amino acid similarity between the CL segments

from the three genomic regions was also determined. We found that the CL segments

belonging to IGL1 and IGL3 are the most similar (79–89 % identity), whereas, IGL2

members share 67– 73 % and 62–69 % amino acid identity with IGL1 and IGL3 members,

respectively.

Comparisons of the medaka VL revealed four distinct families of VL gene segments (Fig. 5).

The medaka VL family 1 comprises the highest number of VL and includes all VL from the

IGL1 region and the majority of VL segments in the genomic IGL3 region. Families 2 and 3

are IGL2 locus specific, and finally, four VL segments belonging to the IGL3 locus are

clustered into the fourth family designation. These findings support the idea that the three

IgL regions were generated by duplication and each evolved independently.

IGL loci functionality

In total, 227 medaka EST sequences were identified from the NBRP medaka database

(www.shigen.nig.ac.jp/medaka) (Sasado et al. 2010). Alignment of in-frame ESTs to

concordant germ line sequences revealed that all IGL1, IGL2, and IGL3 gene regions in

medaka are expressed. In total, 15 ESTs were found to be concordant to IGL1, 72 to IGL2,

and 43 to IGL3. More than 60 % of these ESTs were found to lack a VL segment while

leader sequences and VLJLCL segments were present in 29 of the ESTs (Supplementary

Files 4 and 5). The identity of the EST sequences with germline VL and CL segments is 94–

100 % for the IGL2 regions and 100 % for the IGL3 regions suggesting that assignment of

EST sequences to concordant germline is an appropriate method by which to ascertain that

all three of the IGL regions in medaka are expressed.

Junctional diversity and somatic hypermutation

Alignments of medaka ESTs to concordant germline segments revealed no apparent N or P

nucleotide addition, however, in all ESTs deletions of several bases from the ends of the VL

and or JL could be detected (Supplementary File 6). Although it is not clear if such deletions

are due to imprecision in rag-mediated double strand breakage or possible exonuclease

activity prior to joining, these deletions suggest that nucleotide elimination contributes to
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genetic diversity in the medaka immunoglobulin repertoire. Alignments of ESTs to

concordant germline sequences revealed several mutations concentrated on VL segments

(Fig. 5). Overall, the mutational frequency was found to be highest in CDR1 and CDR2

gene regions when compared to those corresponding to framework (FR) regions (Fig. 6).

Theoretical probabilities of an excess or scarcity of mutations occurring in CDR or FR

regions occurring by chance (Table 1) revealed higher numbers of replacement mutations in

CDR regions. The presence of a greater number of replacements over substitution mutations

would appear to indicate antigen selection of variants with improved binding properties

(Sablitzky et al. 1985).

Discussion

The medaka (O. latipes) represents an important model vertebrate organism in many fields

of biology including developmental biology, genetics, evolution, toxicology, and

immunology (Takeda 2008; Takeda and Shimada 2010; Pham et al. 2011). In the present

study, we identified three IgL kappa regions which are localized to a single medaka

chromosome (chromosome 11). In addition, through alignments of ESTs to concordant

germline sequences, we have shown each of the three identified IgL regions to be

functionally expressed. The genomic configuration of medaka IgL was also found to be in

contrast to that of other teleosts (Partula et al. 1996; Haire et al. 2000; Bengtén et al. 2006;

Edholm et al. 2011) in which multiple IgL isotypes have been found to be partitioned over

multiple chromosomes.

The IgL kappa regions in medaka are arranged in a compact multi-cluster similar to that

found in cartilaginous and teleost fishes (Edholm et al. 2011). Phylogenetic similarities

indicate the medaka IgL may have been generated by cluster duplications with each resultant

IgL region evolving rather independently. The presence of VL segments from two different

IgL regions in a same family however suggests a plausible situation of convergent evolution

wherein retained IgL might be explained by a complex model of birth-and-death evolution

(Nei and Rooney 2005). It is possible that the four medaka VL families were represented

early in evolutionary history and once the duplication of ancestral locus occurred, some of

the VL families disappeared from the duplicated loci. It seems that a mechanism for genetic

material exchange between IgL regions is unlikely as the constant regions of individual IGL

clusters grouped by IgL region. It seems improbable that genetic exchange between IGL

regions would include only the VL segments while excluding the CL exons.

The genomic organization of medaka IgL was found to harbor clusters of VL segments in

opposite transcriptional polarity to JL and CL segments. This configuration implies that

primary gene rearrangements would be generated by inversion. An inversional

rearrangement preserves any intervening VL and JL gene segments that are between the VL

and JL segments to be joined. Configurations of VL and JL in opposite transcriptional

orientations are thought to maximize secondary rearrangements at IgL loci and serve as an

important mechanism for receptor editing (continued gene rearrangement to replace self-

reactive B cells during B cell development) (Hsu and Criscitiello 2006).
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The presence of multiple VL-JL-CL clusters in medaka also suggests that rearrangements

may involve VL joining from one cluster to another cluster similar to the rearrangement

patterns described in zebrafish IgL (Zimmerman et al. 2008). Mechanisms to generate IgL

appear to have undergone major transitions during the evolutionary history of vertebrates.

Differences in genomic configuration facilitate several different strategies that affect to the

size of the genomic repertoire and the expression process (Danilova and Amemiya 2009).

The presence of multiple VL, JL, and CL segments allows for increased combinatorial

diversity which can be enhanced through nucleotide deletion and/or nucleotide addition at

the junctions at which IgL segments are joined (Benedict et al. 2000; Market and

Papavasiliou 2003). Our analyses of ESTs revealed that junctional diversity can originate by

nucleotide deletions in medaka. This is reminiscent of the homology-directed V(D)J

recombination process observed in newborn mice and humans, which occurs at sites of short

sequence homology wherein no N nucleotides have been also been observed (Feeney 1992;

Bauer et al. 2007). The ESTs encoding medaka VLJLCL regions were also found to lack N

or P nucleotides. It remains to be seen however if N and P addition can also play a factor in

contributing to IgL diversity in this species.

The analysis of cDNA libraries revealed that all loci are functional; however, many of the

ESTs lacked a corresponding VL segment. This phenomenon has also been described in

zebrafish (Haire et al. 2000) and Atlantic cod (Daggfeldt et al. 1993; Hsu and Criscitiello

2006) and it may be related to a low efficiency in mechanisms which eliminate aberrant

immunoglobulin light chain transcripts (Chemin et al. 2010). Nevertheless, the medaka JCκ

transcripts may be translated using the alternative translational initiation codon CUG

(Gerashchenko et al. 2010) and could originate a functional surrogate JCκ protein. A

surrogate JCκ protein might play a role in B cell development during the expression of a

pre-B cell receptor (pre-BCR) at the pre-B cell stage (Zhang et al. 2004). This pre-BCR

consists of a homodimer of μ heavy chains associated with surrogate light chains and the

transmembrane signal molecules (Igλ and Igβ). In human and mouse, the surrogate light

chain is composed of VpreB (homologous to V λ) and lambda 5 (λ5, homologous to Jλ-Cλ

genes) (Mårtensson et al. 2007). Different VpreB gene lineages (VpreB1, VpreB2, and

VpreB3) have been identified (Mårtensson et al. 2007; Wang et al. 2012); however, only

VpreB3 counterparts appear to be conserved during the evolution of non-mammalian

vertebrates (Rosnet et al. 2004). To date, homologues of the VpreB1, VpreB2, and λ5 genes

have only been found in eutherian mammals suggesting that other evolutionary lineages may

use an alternative pre-BCR form that lacks this VpreB/λ5 surrogate light chain. In humans,

germline Vκ and JCκ transcripts encoding proteins that functionally substitute for VpreB

and λ5 components have been described (Francés et al. 1994; Rangel et al. 2005). Therefore,

it seems plausible that the JCκ transcripts found in medaka may play an important role in the

development and maturation of B cells.

Following B cell development and antigen stimulation, it is well established that rearranged

immunoglobulin genes can be further modified by somatic hypermutation (SHM). Somatic

hypermutation can facilitate an increased affinity of antibodies to antigen during the

progression of adaptive immune responses (Teng and Papavasiliou 2007). Although teleosts

appear to lack the typical germinal centers for B cell selection and expansion found in

mammalian models, emerging experimental evidence suggests that AID-induced
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mutagenesis and antigenic selection is active in teleosts (Yang et al. 2006; Barreto and

Magor 2011; Marianes and Zimmerman 2011). The presence of three distinct expressed IGL

regions each exhibiting evidence of SHM positions the medaka as a valuable research model

for understanding antibody diversification in an organism with considerable importance in

the fields of developmental biology, toxicology, immunology, and comparative evolution.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Chromosomal localization of medaka IgL loci. The figure depicts location of scaffolds

encoding immunoglobulin light chain genes on chromosome 11. Three loci (IGL1, IGL2,

and IGL3) can be deduced in which VL-JL-CL clusters were identified. Contigs are

represented in blue whereas white segments show gaps in the genomic sequence
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Fig. 2.
Detailed representation of VLJLCL clusters in the medaka IGL1 locus. Leader, VL, and JL

segments and constant (C) exons are depicted as rectangles. Delineation of exons was

discerned using the computer software (FGNESH and Augustus) and alignment with

available ESTs. Arrows indicate transcriptional polarity of VL segments, JL segments, and

CL exons

Magadán-Mompó et al. Page 13

Immunogenetics. Author manuscript; available in PMC 2014 July 22.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig. 3.
Phylogenetic analysis of medaka CL genes. The unrooted tree was constructed using two

representative amino acid CL sequences from each medaka IGL locus and other identified

fish CL sequences. The phylogenetic tree was constructed using the pairwise deletion

algorithm, JTT matrix and differences by sites activated with gamma parameter 2.5.

Sequences from other teleosts include GenBank accession numbers: kappa/Ll (G. aculeatus

AY278356, T. bernacchii DQ842627, A. minor AF137397 and AF137398, S. salar

AF406958, T. nigroviridis AJ575806, G morhua X68514, I. punctatus L25533, C. carpio
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AB015905 and X65260, O. mykiss AB035729), kappa/L3 (C. carpio AB035730, D. rerio

AF246193, T. bernacchii DQ842626, T. nigroviridis U25705), lambda (I. furcatus

CK403484; I. punctatus EU872022, G. morhua AJ293807), sigma (C. carpio AB091118, D.

rerio AF246162, I. punctatus EU872021, T. nigroviridis AJ575637; T. bernacchii

EF114785), sigma-cart (G. cirratum AAV34681 and AAV34682; N. Shark NS5; H.

francisci XI5315 and B33937; L. erinacea L25568; E erinacea AAA87170)
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Fig. 4.
Comparisons of medaka CL exons. a An unrooted tree of CL amino acid sequences revealing

CL exons clustered into groups that correspond to each locus (IGL1, IGL2, and IGL3). The

phylogenetic tree was constructed using the pairwise deletion algorithm, JTT matrix, and

differences by sites activated with gamma parameter 2.5. b Different medaka CL segments

harbor regions of homology which could be utilized as molecular markers. Arrows indicate

regions conserved in members from different CL groups. Among polymorphisms (Ser at

position 14; Gln or Glu at 17; a gap at position 20; Phe at 32; Pro at position 34; Asp, Glu,
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Lys or Arg at position 60; Thr at 65; His at 91 and Phe at 102 position) that have also been

utilized to identify the tetrapod C kappa chains (Das et al. 2008), only the Phe at position 32

appears conserved in medaka sequences
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Fig. 5.
Comparisons of medaka genomic VL segments. The upper por-tion of this diagram depicts

an unrooted phylogenetic tree based on amino acid sequences. Both the phylogenetic tree

and corresponding alignment (lower portion of diagram agree with a classification of

medaka VL into four different families). Alignments were performed and scored based on

recommendations of the IMGT (http://imgt.cines.fr)
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Fig. 6.
Somatic mutation in medaka VL- The percentage of mutations in framework (FR) and

complementary determining regions (CDR) from 13 representative ESTs are shown. The

CDR3 was excluded from the analysis
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