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Abstract

We report analyses of genes encoding immunoglobulin heavy and light chains in the rabbit 6.51x
whole genome assembly. This OryCun2.0 assembly confirms previous mapping of the duplicated
IGK1 and /GKZloci to chromosome 2 and the /GL lambda light chain locus to chromosome 21.
The most frequently rearranged and expressed /GHVI that is closest to /G DH and /GHJgenes
encodes rabbit VVHa allotypes. The partially inbred Thorbecke strain rabbit used for whole-genome
sequencing was homozygous at the /GK but heterozygous with the /GHV1a1 allele in one of 79
IGHV-containing unplaced scaffolds and /GHV1a2, IGHM, IGHG and IGHE sequences in
another. Some /GKV, IGLVand /IGHA genes are also in other unplaced scaffolds. By
fluorescence /n situ hybridization, we assigned the previously unmapped /GH locus to the g-
telomeric region of rabbit chromosome 20. An approximately 3 Mb segment of human
chromosome 14 including /GH genes predicted to map to this telomeric region based on synteny
analysis could not be located on assembled chromosome 20. Unplaced scaffold chrUn0053
contains some of the genes that comparative mapping predicts to be missing. We identified
discrepancies between previous targeted studies and the OryCun2.0 assembly and some new BAC
clones with /GH sequences that can guide other studies to further sequence and improve the
OryCun2.0 assembly. Complete knowledge of gene sequences encoding variable regions of rabbit
heavy, kappa and lambda chains will lead to better understanding of how and why rabbits produce
antibodies of high specificity and affinity through gene conversion and somatic hypermutation.
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Introduction

The whole genome sequence of DNA from a single female rabbit of the partially inbred
Thorbecke rabbit strain was first made public on October 20, 2009 (OryCun2.0; Accession
AAGWO02000000). The annotated assembly with 6.51x coverage is now available at NCBI,
UCSC and Ensembl. The rabbit chosen by the Broad Institute for sequencing was obtained
from Covance in 2004, and was shown to have a low heterozygosity rate compared to non-
inbred NZW (New Zealand White) rabbits from the same source (Lindblad-Toh et al. 2011;
Hubisz et al. 2011). DNA of the same animal was used both for the ~7x coverage
sequencing project analyzed here, and for a previous low-coverage ~2x sequencing project
(Accession AAGW01000000). The assembly has 2.24 Gbp in 21 autosomes and X
chromosome and 489 Mbp in 3219 unplaced scaffolds including mitochondria. The methods
for obtaining the OryCun2.0 whole Genome Sequence were similar to those described in
2005 for the dog (Lindblad-Toh et al., 2005) except that BACs used for anchoring were not
from the same Thorbecke strain rabbit. Although the level of coverage indicated for the
complete set of sequence traces is 7.48x, only reads of quality Q20 or higher are included in
the assembly. Unfortunately, in January 2005, all rabbits of this strain were lost in a fire at
the facility of Covance Research Products, Inc. where they were housed. To improve
annotations, RNASeq data were recently obtained from NZW rabbits.

The work presented here aims to identify and improve annotation of regions of the
OryCun2.0 assembly containing genes encoding rabbit immunoglobulin (Ig) heavy and light
chains (reviewed in Mage et al. 2006). We evaluated the assembly of each immunoglobulin
gene locus by comparing with previously reported data from targeted analyses. Complete
knowledge of the gene sequences encoding variable regions of rabbit heavy chains (/GHV),
kappa light chains (/GKV), and lambda light chains (/GL V) and their map locations is
important for understanding the steps of gene conversion (Becker and Knight 1990;
Allegrucci et al. 1990) and somatic hypermutation that lead to the maturation and clonal
expansion of B-cells producing highly specific antibodies of high affinity that are a hallmark
of rabbits” immune responses (Sehgal et al. 1998; Schiaffella et al. 1999; Sehgal et al. 2000).

The /GH locus is not detected in any of the OryCun2.0 assembled chromosomes, and to
date, the rabbit /GH locus has not been mapped completely. It has been shown that
fluorescence in situ hybridization analyses (FISH) with BAC clones containing known genes
and whole-chromosome probes can be used to compare human and rabbit gene maps and to
construct the cytogenetic rabbit map (Korstanje et al. 1999; Hayes et al. 2002; Chantry-
Darmon et al. 2003 and 2005a,b). Based on FISH analyses, we report the localization of the
unmapped /GH locus to rabbit chromosome 20. In addition, for several genes that have not
been detected in the sequence assembly OryCun2.0, but which, based on synteny
comparisons, are predicted to belong to the region of rabbit chromosome 20 around the /GH
locus, we identified sequences either among the unplaced scaffolds or the whole-genome
shotgun (WGS) traces aided by alignment of representative transcripts from rabbit RNAseq
data.

We report allotyping data to clarify some of the expected immunoglobulin sequence content
of the OryCun2.0 rabbit sequence assembly, the chromosomal location of /GH by FISH,
sequence data for genes present in OryCun2.0 expected to be adjacent to /GH, and a series
of evaluations of the sequences in OryCun2.0 for the heavy (/GH), kappa (/GK), and lambda
(/GL) loci, in that order. We identify unplaced scaffolds (chrUn's) containing /GH, IGK, or
IGL segments that should eventually be placed on chromosomes. In some specific examples,
we compare the order or content of /GH, /GK; and /GL sequences to data from previously
sequenced and mapped rabbit genes.
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Methods

Serum testing for allotypes

In 1995, sera of 11 Thorbecke inbred rabbits that Dr. G.J. Thorbecke had sent to Dr. T.J.
Kindt, NIAID, NIH were obtained from Dr. Kindt and typed. Typing methods were as
described by Roux and Mage (1996). /GKC1 -encoded allotypes b4, b5, b6, b9, and /GHVI-
encoded allotypes al, a2 and a3 were typed by standard gel diffusion methods; allotypes
encoded by /GKCZ2basl, /GHG hinge region d11 and d12 and the /GHG CH2 regions el14
and e15 were typed by hemagglutination inhibition.

Bioinformatic analyses

We used BLAST (Altschul et al. 1997) and BLAT (Kent 2002) for identification and
analyses of available rabbit immunoglobulin gene sequences, and examined maps and
annotations in the OryCun2.0 sequence assembly at the websites of NCBI (http://
www.ncbi.nlm.nih.gov/genome?term=oryctolagus%?20cuniculus), UCSC (http://
genome.ucsc.edu/cgi-bin/hgGateway?org=Rabbit&db=o0ryCun2) and Ensembl (http://
ensembl.org/Oryctolagus_cuniculus/Info/Index). We also used the command-line version of
BLAST, including the BLASTN, TBLASTN (Gertz et al. 2006), and MegaBLAST (Zhang
et al. 2000) modules. We used IMGT/V-Quest (Brochet et al. 2008) to identify V-regions
within several rearranged heavy chain sequences. MacVector versions 11.2 and 12.6 were
used for some sequence comparisons and annotations. One set of alignments was performed
using Splign (Kapustin et al. 2008).

As direct alignment of human transcripts to the sequences of the OryCun2.0 assembly did
not identify some of the orthologous genes in the region of the assembled rabbit
chromosome 20 adjacent to the /GH locus, we adopted a two-stage approach, using
assembly of the rabbit RNASeq data, kindly provided by Dr. Jessica Alféldi (Broad
Institute), as a stepping stone. The RNASeq data were obtained from ten different tissues/
cell types of a non-inbred NZW rabbit plus testes and pooled ovaries from other NZW
rabbits. The genes on human chromosome 14 between coordinate 100 Mbp and the g-
telomere in NCBI build 37.3 were obtained using NCBI MapViewer (Sayers et al. 2012).
The list was filtered to retain only those genes that had a protein product in RefSeq (Pruitt et
al. 2012) and a “PROVISIONAL”, “REVIEWED” or “VALIDATED” RefSeq status. The
gene RD3L, a recent addition to RefSeq, was added to the list. To search for RNA that
corresponds to genes syntenic to the telomeric region of rabbit chromosome 20q, we aligned
67 genes encoding 128 proteins to rabbit RNASeq transcripts from 10 tissue types using
TBLASTN. For each of the 66 genes with an alignment of at least one protein product to
one RNASeq transcript with E-value 7x10713 or less, we took the highest-scoring match
from the database of RNASeq sequences as the representative transcript for that gene, and
aligned the transcript to the OryCun2.0 rabbit genome assembly using Splign. Whenever
Splign produced two alignments to the same region, we chose the alignment with the best
coverage (defined as the percentage of the query transcript that is aligned to an exon with at
least 95% sequence identity). In addition, alignments to the sequence assembly OryCun2.0
and the rabbit WGS traces in the NCBI Trace Archive (Sayers et al. 2012) were performed
using MegaBLAST to position transcripts that had not been placed by Splign.

To search for BACs derived from the /GH, IGK; or /GL regions among the BAC clones in
the BAC Library of the Children's Hospital Oakland Research Institute (CHORI) LBNL-1:
White Rabbit (Oryctolagus cuniculus) http://bacpac.chori.org/library.php?id=159; (Ros et al.
2004, 2005), we used MegaBLAST to search traces created by the Broad Institute by partial
sequencing of BACs from the CHORI library. The Broad Institute deposited these
O.cuniculus traces from the CHORI library in NCBI's Trace Archive with the
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“center_project” attribute set to G1348. The methods we used to search for BACs with
MegaBLAST are described in more detail as part of the Supplementary online resource in
which the BACs are listed.

Cytogenetic and fluorescence in situ hybridization analyses (FISH) on RBP-banded
chromosomes

Results

Ros et al. (2004) described the preparation of a BAC library and reported the sequence of a
BAC (Genbank AY386696) that encompasses genes encoding IgM, 1gG, IgE and four IgA
isotypes (Figure 1). Dr. Josef Platzer, Roche Diagnostics, Penzberg, Germany generously
provided a stab culture containing this BAC clone 27N5 (AY386696). The BAC DNA was
purified and labeled to carry out FISH on rabbit metaphase spreads as described (Hayes et
al. 2002). To obtain prometaphase and early metaphase R-banded chromosome spreads,
rabbit fibroblast cell cultures were synchronized with an excess of thymidine and treated
with 5-bromodeoxyuridine (BrdU) during the second half of S phase (Hayes et al., 1991).
RBP bands (R for R-banding, B for BrdU incorporation and P for Propidium iodide) were
revealed according to Lemieux et al. (1992). Chromosomes are numbered according to the
standardized reference rabbit karyotype (Hayes et al. 2002).

Immunoglobulin allotypes in the donor strain

Results of typing sera from 11 Thorbecke inbred rabbits obtained about 10 years before the
OryCun donor rabbit was selected for sequencing support the allotype sequences found in
the OryCun2.0 assembly (Table 1). Table 1A shows the serum typing results for /GHV1-
and /GHG-encoded allotypes. Two rabbits were homozygous for VHIal, d11, e15
(probably haplotype C) and four for VH1az2, d12, e15 (probably haplotype E, F, or M)
(Mage et al. 2006). Even though the animals had been inbred to accept allografts, five
rabbits were heterozygous for the /GHV1aalleles /IGHV1aland IGHV1aZ2, and for IGHG
hinge region alleles /GHG d11and d12. The alleles d71 ATG Met and d72 ACG Thr
distinguish the two haplotypes VH1al, d11, e15and VHI1aZ, d12, e15that were present in
the strain in 1995. Although the same Thorbecke strain of rabbit used for the OryCun2.0
assembly had undergone nine more years of inbreeding, it was still heterozygous at the /GH
locus with two /GHV1aalleles /IGHVI1aland /IGHV1aZ (detailed below). Table 1B shows
the typing results for /GKCI- and /GKCZ2-encoded allotypes in sera from the same 11
rabbits. Two of these 11 animals were heterozygous for the /GKC1 b4 and /GKC1 b5 types
and none had the /GKCZ2bas1 type. Although the b4 and b5 allotype-encoding alleles at the
IGKCI locus were not fixed in the strain in 1995, it appears that the rabbit used for the
OryCun2.0 assembly was homozygous for /GKC1 type b5. We identified the /GKCI gene
sequence encoding the b5 allotype and the /GKCZ2encoding bas2 on chromosome 2 of the
OryCun2.0 assembly (detailed below).

Placement of IGH on an unassembled region of chromosome 20 by FISH

The /GH locus could not be detected on any of the OryCun2.0 assembled chromosomes.
Based on synteny data of genes conserved in man, mouse, rat, and dog obtained by
accessing Homologene and MapViewer links via NCBI's Entrez Gene database (Maglott et
al. 2011), the rabbit /GH region was predicted to be localized at the telomeric region of
rabbit chromosome 20. FISH analyses were performed (Figure 2) using rabbit BAC 27N5
(AY386696; see Figure 1) to map the rabbit /GH locus. Figure 2 shows a rabbit metaphase
spread with R-banded chromosomes stained in red by propidium iodide and yellow-green
fluorescent hybridization signals on the telomeric regions of both chromosome 20
homologues, as predicted. Figure 2c shows a diagrammatic representation (Ideogram) of the
R bands on rabbit chromosome 20.
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Identification of parts of the IGH locus in unplaced scaffolds and BACs

We evaluated whether any of the difficulties in assembling the rabbit /GH locus extended to
a larger contiguous segment of chromosome 20, further from the telomere. In human,
mouse, rat and dog, CKB (creatine kinase, brain), which has been mapped to rabbit
chromosome 20 (Rogel-Gaillard et al. 2009), and /GH are localized near the same
chromosome telomere. Rabbit unplaced scaffold chrun0053 (NW_3159377.1) contains the
gene CKB. It was not possible to join chrUn0053 to the assembled rabbit chromosome 20,
or to extend chrUn0053 further to include the /GH locus. The most telomeric human gene
that could be placed on chrUn0053 is ASPG. A number of genes that lie between ASPG and
/GH on human chromosome 14 could not be placed anywhere in the OryCun2.0 assembly
(Table 2 and Supplementary Table S1), despite the presence of identifiable ortholog
transcripts in rabbit RNASeq data. Well-characterized genes such as S/VAZand AKT1are
missing, as is TMEM121, the non-/GH human protein-coding gene nearest to /GH. For
several of these unplaced genes, it was possible to align representative transcripts from the
rabbit RNASeq data to the OryCun2.0 WGS traces with high percent identities. Additional
sequencing of BACS is needed to anchor the /GH locus to the current rabbit genome
assembly. BACs with /GHV/genes in the libraries described by Ros et al. (2004), Rogel-
Gaillard et al. (2001), and in the CHORI LBNL-1 described below could contribute to this
effort.

We tried to identify parts of the /GH locus in OryCun2.0, including unplaced scaffolds.
Rabbit /GHV, IG DH, IGHJ, IGHM, IGHG, IGHE and IGHA genes encode
immunoglobulin heavy chains (reviewed in Mage et al. 2006). Rabbits have typical IgM, no
IgD, and only one isotype each of IgG and IgE, but 13 different IgA isotypes (Burnett et al.
1989; Volgina et al. 2005)

Variable (IGHV), Diversity (DH) and Joining (JH) region genes

The allelic /GHV1agenes IGHV1al, IGHV1a2or IGHV1a3that are closest to the DH and
JH gene clusters are the most frequently rearranged and expressed. The donor rabbit appears
to have been heterozygous for the IGHV1al and IGHV1a2 allotypes, consistent with the
serum typing of some members of the donor strain (Table 1A). The unplaced scaffold
chrUn0742 (NW_003160066.1) has an exact match to a published sequence encompassing
IGHV1a1(M93171.1), but the match is surrounded by other VH genes, rather than
occurring in the expected location nearest to OH and JH gene clusters (Becker et al. 1989;
Becker and Knight 1990; Ros et al. 2004). Scaffold chrUn0439 has a sequence that is 99%
identical to the previously reported promoter region of VAHIa2(U26530.1; Tunyaplin and
Knight, 1995) and an exact match to the published sequence encompassing VH1a2
(M93172.1). These are followed as expected by DHand JH gene clusters, and by constant-
region genes extending as far as those encoding Cy and Ce (Figure 1).

Most other /GHV genes that do rearrange are collectively referred to as a-negative because
their protein products do not react with the anti-VVH1a allotype sera used to define the allelic
IGHV1agene products. Generally 10-30% of immunoglobulins with sequences reflecting
their origin from rearranged a-negative genes are found in normal rabbits. Some selected
high affinity antibodies recovered by phage display have been found to have rearranged
expressed a-negative genes (R Mage unpublished). None of the 16 VH in unmapped BAC
AY386694 (Figure 1) have sequences for X, y, or z genes (Ros et al, 2004) so the genomic
context of these genes remains unknown. They are thought to have been conserved for
response to particular pathogens. By sequence analysis, we found 79 unplaced scaffolds
containing as few as one and as many as 65 IGHV genes (Online resource Supplementary
Table S2). Scaffold chrUn0439 contains /GVH1aZand a 322 bp fragment of the /GVHZa2
gene (M93175.1) that extends from position 177140-177730, 5 bps short of the end of the
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scaffold, leaving no room for other /GHV/ genes. VH3a2and VH4aZ are found on
chrun0493 (NW_003159817.1). BLAST searches with a y33 sequence (M77083.1 positions
274-560) yielded 4 hits with 96-99% identity on chrUn0195, two matches on chrUn0789
(NW_003160113.1) and single hits with 96- 99% identity on 11 other unplaced scaffolds;
x32 sequence L03900.1 is also was located on chrun0195 as well as two other chrUn (2408
and 0740), and a z sequence was on yet another scaffold (chrUn1072).

Chrun0439, the scaffold on which VHIaZis located, and chrUn0499 both have sequences
corresponding to the region of BAC 219D23 (AY386695) that contains genes encoding DH
regions (Figure 1). The differences between JH gene sequences in previously known
haplotypes are mixed in the assembly of the JH genes present in chrUn0439. However,
chrUn0499 is misassembled. A 22.3 kb gap in the chrUn0499 assembly includes part of the
region where DH genes would have been assembled. Moreover, at least eleven VH
sequences found in chrUn0499 do not correspond to the order expected from previously
ordered VA genes in cosmid or BAC clones from VVHal or VHa2 haplotypes (Becker et al.
1989; Becker and Knight, 1990; Ros et al. 2004).

Constant region (IGHC) genes

Table 3 summarizes comparisons of constant region exon sequences and positions of /GHM,
IGHG and IGHE in BAC 27N5 (AY386696) with those in chrUn0439.

IGHM—/GHM encoded constant domains 1- 4 are found between positions 72286 and
74083 on the reverse strand of chrUn0439. BAC 27N5 (AY386696; Fig.1; Ros et al. 2004),
sequenced from a strain of rabbit with a recombinant haplotype F-1 (Mage et al. 1971;
Newman et al. 1991), aligns well to chrUn0439, but there are some differences as
summarized in Table 3A. The most troubling of these differences introduces a premature
stop codon, and although it is likely to be a sequencing error, the trace archive contain three
traces encoding Ser and four encoding the stop codon TCA.

IGHG—/GHG exons encoding the CH1, hinge region, CH2 and CH3 are found between
positions 22868 and 24231 on the reverse strand of ChrUn0439. However, the /GHG hinge
region assembled in chrUn0439 encodes the d11 (ATG-Met) allotype predicted from the
typing results to be associated with the VH1al haplotype and not the d12 (ACG-Thr)
allotype associated with VH1a2 (Table 3B). Of three traces found corresponding to the
hinge region, codons for the ATG-Met were present in two and ACG-Thr was present in the
third. A silent change, from ACA to ACG, in the codon for Ala formed by the splicing of the
CH1 domain to the hinge region was also present in the sequences of all three traces (Table
3B). ACG has been found in more than 40 sequenced hinge regions from domestic breeds
and other leporid species (Esteves et al. 2006) but ACA is found in rabbits of the F-I
haplotype [BAC 27N5 (AY386696) and the cDNA sequence K00752.1 of Bernstein et al.
(1983)].

IGHE—The sequence in chrUn0439 that contains the four exons encoding rabbit IgE is 99%
similar to that of BAC clone 27N5 (AY386696). Table 3C shows the three silent and one
replacement change found in exons 1 and 4. These differences are all supported by
sequences in the trace archives.

IGHA, Negative Regulatory Elements and the 3’ enhancer region of the IGH locus

As shown in Figure 1, Ros et al. (2004) mapped the genes encoding Ca4, Ca5b, Cal, and
Ca2 within BAC clone 27N5 (AY386696) as closest to the gene encoding Ce. They found
the Cal3 gene, located at the 3’ end of the /GH locus, and the enhancer sequences (hs) for
the locus within a Fosmid15B (AY386698; Kingzette et al. 1998). Volgina et al. (2005) later
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described conserved 300 bp negative regulatory elements (NRE) associated with 8 of the 13
functional Ca. Although absent from chromosome 20, some /GHA constant regions and
NRE sequences were found in unplaced scaffolds. Supplementary Table S4 summarizes
locations of /GHA, NRE and hs1, 2 sequences found in the BAC clone 27N5 (AY386696),
Fosmid15B (Figure 1), and partial matches in unplaced scaffolds chrUn1855
(NW_003161178.1) with Cal3, NRE and hsl, 2; chrUn2352 (NW_003161675.1) with Ca9;
chrUn1490 (NW_003160813.1) with Call/Cal2; and chrUn2570 (NW_003161893.1) with
Ca7 NRE.

An IGHV orphon on chromosome 7

According to the definition in IMGT (International ImMunoGeneTics Information System;
Lefranc and Lefranc, 2001; http://www.imgt.org/IMGTindex/orphon.html), “orphons” are
genes similar to immunoglobulin genes found outside the /GH, /IGK or IGL loci. A single
IGHV orphon on chromosome 7 is non-functional, both because it has missing coding
sequence near the 3’ end and because its location lacks DH, JHand CH genes.

Immunoglobulin Light chain genes

IGK1 and IGK2 light chains—The /GK locus was predicted to be on rabbit chromosome
2, based on synteny with human chromosome 2 (Korstanje et al. 1999). The /GKC genes
(Figure 3A) are duplicated in the rabbit and the two adjacent regions are denoted /GKCI and
IGKCZ2 (reviewed in Mage et al. 2006). The /GKZ locus is normally poorly expressed
(McCartney-Francis et al. 1987). The differential expression is partly due to the fact that
(compared to /GK1I) the intronic enhancer of /GKZ2and surrounding matrix-associated
region has undergone deletions (Emorine and Max 1983b; Sperry et al. 1989). In
OryCun2.0, the /GKCI region is located at 98.92 Mb on the forward strand of chromosome
2. Part of the /GKVand /GKJregion associated with /GKCI was sequenced by Ros et al.
(2005) (Figure 3b). The /GKCZregion is also found on assembled chromosome 2, at 98.22
Mb, but in the opposite transcriptional orientation (negative strand). The ~0.8 Mb span of
the duplicated /GK genetic region on chromosome 2 shown may be less than the true size
because of inaccurate estimates for gaps in the assembly.

Table 4 shows locations of /GKC1, IGKCZ2, IGKJ (JK), enhancers, and the range over which
identified /GKV/ (VK) genes are found on chromosome 2. Supplementary Tables S5A and
S5B provide more detailed information about VK genes, pseudogenes and gene fragments
found on chromosome 2 and unplaced scaffolds. Despite the presence of the b4 constant
region allotype in some rabbits of the donor strain nine years earlier (Table 1B), we found
that the OryCun2.0 rabbit was homozygous at /GKC1 for the b5 allotype and the /IGKC2
sequence corresponds to the bas2 allotype as inferred from the typing of sera (Table 1B).
Supplementary Table S5B lists 21 VK genes or pseudogenes present in three unplaced
scaffolds.

In rabbits of b4, b5 and b6 types, there is an extra Cys at position 80 (IMGT position 96)
that forms an interdomain disulfide bond with Cys 171 of the /GKCI constant region. Such
an inter-domain bond in addition to the usual intradomain disulfide bond between Cys at
positions 23 and 88 (IMGT position 104) cannot form with the /GKCZ constant region and
is not found in orders other than Lagomorpha. VK lacking Cys 80 are found in rabbits of b9
allotype (McCartney-Francis et al. 1984; Popkov et al. 2003) but are rare in those of b5 type
(Sehgal et al. 1999). It was of interest to know where there were VK genes with and without
Cys at position 80 in OryCun2.0, since the donor rabbit was of the b5 allotype. The column
headed Cys 80 in Table 4 shows whether the particular Vk gene sequence or group of
sequences contains a codon for Cys 80. Most of the /GKV identified and mapped between
IGCK1 and /GCKZinclude the Cys 80. However, 14 VK genes or pseudogenes that
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surround /GKCZ and associated /GKJ1, IGKJ2-4and /GKJ3, encode either Ala or Pro at
position 80 and only two encode Cys. The 3’ enhancer, /GKCZ2and associated JKk are in the
opposite orientation from most of these Vk. Most VK are also encoded on the reverse strand
at higher genetic coordinates between the two /GKC. However, interspersed VK encoded on
the forward strand are present. The last column in Table 4 shows intervals where gaps in the
assembly of more than 200 bp are present in the region of interest on chromosome 2.
Assignment of individual numbers to Vk must be provisional because of these and
additional gaps in the three chrUn containing VK gene sequences.

Lambda light chains

Table 5 shows the positions of /GLC and /GLJgene sequences found on chromosome 21
(NC_013689.1) and several unplaced scaffolds (chrUn). New information about /GL genes
of rabbit, including four /GLJand 43 /GL V/ genes, was added to IMGT during 2012 (http://
imgt.org/IMGTrepertoire/index.php?
section=LocusGenes&repertoire=genetable&species=rabbit&group=IGLV). IMGT lists 7
subgroups of /GL V/genes in OryCun2.0 on chromosome 21. Positions shown for OryCun2.0
chromosome 21 by IMGT are numbered as found in genomic scaffold NW_003159316.1.
Because chromosome 21 starts with an arbitrary offset of 3 Mb to allow for an unmapped
telomeric segment, the chromosome 21interval 3000001-4922929 corresponds to 1-1922929
on scaffold NW_003159316.1. As of January 9, 2013, 21 of the 43 /GL Vare listed as
pseudogenes, 20 as functional, and two as ORFs, potentially functional open reading frames.
In addition to the initial 3 Mb gap, the scaffold containing the /GL genes consists of more
than 100 contigs with gaps between them. Rabbit lambda constant region genes, /GLC5
paired with /GLJ5and /GL C6 paired with /GLJ6 are known to be functional (Hayzer et al.
1990; Jaton et al. 1990).

Discussion

Rabbit immunogenetics is of real-world importance. The rabbit is the best or the only animal
model for syphilis, tularemia, tuberculosis, and other infectious and autoimmune diseases.
Rabbits are significant commercial sources of highly specific high affinity antibodies.
Therefore, it is important to analyze the sequences that contribute to the rabbit antibody
diversification process. Even if only a fraction of the immunoglobulin sequences can be
identified, these sequences can be added to the database underlying NCBI's IgBLAST (Ye et
al., in press) and hence be useful for studies of diversified rabbit antibodies. There is
considerable pre-genome-sequencing literature about allelic variants and isotypes of rabbit
immunoglobulins (Mage et al., 2006, Pinheiro et al. 2011)). In this study, we evaluated the
status of the assembly, chromosomal assignments, and annotations of the immunoglobulin
loci in OryCun2.0. To support our analysis, we report typing of sera from rabbits of the
same strain as the rabbit used for sequencing; the sera were typed in 1995. By FISH, we
definitively placed the heavy-chain locus (/GH) near the g-telomere of rabbit chromosome
20, as would be expected by synteny with human.

The heavy-chain genes are not placed on any rabbit chromosome in OryCun2.0, though we
report partially assembled pieces of the /GH locus found among the unplaced scaffolds.
Immunoglobulin genes are difficult to assemble, particularly the variable regions comprising
repeats of highly similar sequences. The constant region genes of the /GH locus, however,
are less repetitive, more highly conserved between animals, and are predicted, by synteny, to
be furthest from the telomere. One might hope to join the constant heavy-chain region to the
assembled chromosome 20 or to a large unplaced scaffold that might be identified as part of
chromosome 20. We therefore attempted to locate within OryCun2.0 the sequences of genes
that by synteny should be near the same telomere of chromosome 20. Some genes could be
located in the assembly on unplaced scaffolds, notably chrUn0053, but others, particularly
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those near the /GH locus are missing from the assembly (Table 2, Supplementary Table S1).
Despite the absence of these genes in OryCun2.0, the genes were readily identified as
present in RNASeq data from other rabbits.

We have therefore shown that the assembly of chromosome 20 in OryCun2.0 is incomplete.
Inadequate coverage of chromosome 20 may be due to a) idiosyncrasies of rabbit
chromosome 20; b) anomalies in the sequenced rabbit; or c) a larger than expected lower tail
in the coverage when the genome coverage by high-quality traces is 6.51x. Such a negative
result objectively justifies additional sequencing efforts. To aid these efforts, this study
collects sequences from within OryCun2.0 that should be compared when future rabbit
genome sequences are generated.

We identify at least 372 /GHV genes found scattered on at least 79 unplaced scaffolds, most
prominently ChrUn0195 (Supplementary Table S2). The total number of rabbit /GHV genes
per haploid genome is uncertain because the sequenced rabbit was heterozygous at the /GH
locus. These /GHV fragments may be useful in analyzing rabbit rearranged and diversified
heavy chain sequences. Unfortunately, the /GHV/ genes cannot be mapped; our sequence
analysis of scaffolds chrUn0195, 0493, 0499, 0742, each of which contains at least 11 /GHV
genes, shows their partial assemblies are not consistent with previous targeted sequencing
studies of the /GH locus.

The most complete portion of the /GH locus can be found in chrUn0439. It includes VHZ
(VH1a2 allotype) and extends through the /GHG, /IGHM, and /GHE genes (Figure 1 and
Table 3). There is reason to suspect some misassembly in chrUn0439. To support our
analysis of immunoglobulin genes, we report typing of sera from 11 Thorbecke rabbits in
1995. The /GHG hinge region assembled in chrUn0439 (NW_003159763.1) encodes the
d11 (ATG-Met) predicted from the serum typing results in Table 1 to be associated with the
VH1al haplotype and not VH1a2 (Mage et al. 2006). A haplotype with VH1a2 and d11 had
never been reported until a rare recombinant [R3K (F-C)] was generated during intensive
laboratory breeding (Kelus and Steinberg, 1991).

The /GHA locus and associated NREs are partially represented in ChrUn1490, 1855, 2352,
and 2570 (Supplementary Table S4), but various previously reported Ca genes (Volgina et
al. 2005) are missing in OryCun2.0. Thus, there is still no complete map of rabbit /GHA.
Ros et al. (2004) probed their BAC library (~ 4X coverage) and the CHORI BAC library
(~7X coverage) and failed to detect a BAC containing the /GHA region. Our search also did
not detect /GHA-containing BACs in the CHORI library.

Both copies of the duplicated /GK locus are found, as expected, on chromosome 2 of the
OryCun2.0 assembly. We identified 94 VVk on chromosome 2 (Tables 4, S5A) and an
additional 21 VK on three unplaced scaffolds (Table S5B). The 21Vk on unplaced scaffolds
may belong in the assembled chromosome 2, represent parts of the unassembled haplotype
of a heterozygous rabbit, or be orphons. Previous estimates of the total number of rabbit Vk
genes included: more than 50 (Heidmann and Rougeon, 1984; Lamoyi and Mage 1985), 39
to 135 (Sehgal et al. 1999), and more than 100 (Ros et al. 2005). Although 94 is comparable
to previous estimates of the total number of VK regions, it may be an underestimate, because
there are gaps in the chromosome 2 assembly.

With the relative positions and map of Vk regions present in OryCun2.0 tabulated in this
study, potential sources of gene conversion donor sequences in clonally diversified B cells
can now be located in more detail than when first attempted by Sehgal et al. (2000). During
human B-cell development, rearrangement of the distal VK to Jk genes occurs by inversion
and retains adjacent Vk (Weichhold et al. 1990). The rabbit /GK locus is more complex
because opposite transcriptional orientations of VK genes would result in most gene
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rearrangements occurring by inversion and retention of VK (Figure 3a and Table 4).
Identification of the rabbit Vk makes more feasible analyses of the rearranged kappa
IGKVJC gene sequences, similar to those for human kappa (Cox et al. 1994; Collins et al.
2008).

Rabbit mAbs produced by phage display can best be obtained as chimeric chains with rabbit
VK, and human Ck but this leads to an unpaired Cys80 (Rader et al. 2000). Popkov et al.
(2003) showed that b9 and Basilea rabbits, strains known to have VK that lack Cys80,
produced higher yields of selected chimeric rabbit-human Fab displayed on phage than
NZW rabbits of b4 allotype. Most likely, assembly of expressed protein occurred more
efficiently when the free thiol group from an unpaired Cys80 was not present. We carried
out multiple alignments and annotated the residue at position 80 in the VK genes (Tables 4
and S5 and Fig 3a). We found 14 VK genes that lack Cys80 surrounding the /GKCZregion.

The /GL loci are on chromosome 21 of OryCun2.0, as expected. We summarized
information on /GL genes in Table 5. With sequences of /GL V/genes available, it will be
possible to analyze the lambda light chain sequences recovered by phage display from
Basilea and b9 rabbits (Popkov et al. 2003), better identify the sources of VL genes used for
rearrangement, and evaluate whether gene conversion contributed to sequence
diversification.

Concluding Remarks

The Genome Reference Consortium (http://www.ncbi.nlm.nih.gov/projects/genome/
assembly/grc/), recently announced:

“...plans to update the human reference assembly to GRCh38 in the summer of
2013. This revision is aimed at addressing issues found with the current model for
representing genome assemblies, which uses a single, preferred tiling path to
produce a single consensus representation of the genome. Subsequent analysis has
shown that for most mammalian genomes a single tiling path is insufficient to
represent a genome in regions with complex allelic diversity. The GRC is working
to create assemblies that better represent this diversity and provide more robust
substrates for genome analysis.”

NCBI has established mechanisms for including alternate assemblies and patches of specific
loci. As of January 2013, there are some alternate locus assemblies, including for MHC on
chromosome 6, and patches available for the human genomes in MapViewer, but no
alternate assemblies for the immunoglobulin loci any other loci on human chromosomes 2,
14, or 22. It will be useful if future builds of mammalian genomes also use the framework of
patches in these immunoglobulin gene regions.

Rabbits of the Thorbecke OryCun2.0 strain were more susceptible to infection with several
strains of Mycobacterium tuberculosis than outbred rabbits from the same supplier
(Covance) (Dorman et al. 2004; Mendez et al. 2008). These authors noted that in addition to
likely immunological differences from outbred NZW, the physical appearance of the inbred
rabbits suggested that they had developmental defects. Our analyses of the OryCun2.0
genome assembly and annotations reveal a need to improve the current assembly and
annotations, not only to include allelic variation, but variation due to multiple copies of
genes encoding antibody /GH and /GK variable regions, variable and constant regions of
lambda light chains, and /GHA constant regions. Genome sequences of other rabbit strains
are also needed.
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Fig 1.

Diagram of part of the rabbit /GHVand /GHC region described by Ros et al. (2004) adapted
to annotate positions in OryCun 2.0. The donor rabbit was homozygous for the VH1a2
allotype. Arrows point to the VH1a2-encoding gene in overlapping clones 225P18
(AY386697) and 219D23 (AY386695) and the locations of /GHM, IGHG and /GHE on
OryCun2.0 unplaced scaffold chrun0439 (NW_003159763.1). Partial matches are found in
unplaced scaffold chrUn1855 (NW_003161178.1) with Cal3, hsl, 2 and hs4. Note that
BAC 38A2 (AY386694) with 16 VVH genes does not overlap 225P18. Reprinted from Gene,
Vol 330, Ros F, Puels J, Reichenberger N, van Schooten WCA, Buelow R, Platzer J,
Sequence analysis of 0.5Mb of the rabbit germline immunoglobulin heavy chain locus,
Pages No. 49-59, Copyright 2004, with permission from Elsevier.
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Fig 2.

Identification of rabbit /GH on chromosome 20. Arrows point to the hybridizing regions on

rabbit Chromosome 20 seen by (a) fluorescence in situ hybridization and (b) on RBP-

banded chromosomes (R-banding, with BrdU incorporation and Propidium iodide staining).
Panel (c) shows a diagrammatic representation (Ideogram) of R bands on chromosome 20.
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Chromosome 2 IGKV, IGKC2, IGKJ, IGKV, IGKJ, IGKC1
IGKC2 at ~98.22 Mb on the negative strand IGKC1 at ~88.92 Mb on forward strand

Gaps in bly make di apart, total bers and ! of Vx uncertain
Yo, Ga PR Y X, %
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Fig 3. Diagrams of rabbit IGKV and | GKC regions

(a) Positions of /GKC1 and /IGKCZrelative to /GKV/ genes. Arrows indicate transcriptional
orientations as summarized in Table 4. The dashed line indicates the region between
positions 98254316 and 98905144 (Table 4) where a few VK are present on the forward
strand (+) and most are present on the reverse strand (-).

(b) Diagram of part of the /GK'Vand /GKJregions associated with the /GKCI region
sequenced by Ros et al. (2005). GenBank Accession numbers are shown above the BAC
clones. A total of 36 Vk were identified. The rabbit donor of DNA used for generating
overlapping BAC clones 19602 (AY495828) and 215M22 (AY495826) was homozygous
for the /GKC1 gene encoding the b5 allotype, as was the OryCun2.0 donor rabbit. BAC
clone 179L1 (AY495827) from the LBLN-1 White Rabbit BAC library with /GKCI that
encoded the b4 allotype, includes DNA for two VK that overlapped BAC 215M22, and 5
additional Vk as well as the (/GKJZ) region having five distinct J segments and /GKC1 of
b4 allotype. Modified from Figure 1 in Ros F, Reichenberger N, Dragecic T, van Schooten
W, Buelow R, Platzer J. (2005) Sequence analysis of 0.4 megabases of the rabbit germline
immunoglobulin kappal light chain locus. Anim Genet 36:51-57, John Wiley & Sons Ltd
and reproduced with permission of the publisher.
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Typing results for allotypes in sera of Thorbecke rabbits in 1995

A.1GHV1- and IGHG-Encoded Allotypes
VHal VHa2 VHa3 dil1 di2

Rabbit
02
03
04
05
06
07
08
09
10
11
12

1
1
1

2

N N NN NN NN NN NN

11
11
11

11
11
11

11

12
12
12
12
12
12
12
12
12

el4

€15
15
15
15
15
15
15
15
15
15
15
15

B. IGKC1- and | GKC2-Encoded Allotypes

Rabbit
02
03
04
05
06
07
08
09
10
11
12

Cklb4 Cklb5 Cklb6 Ck1b9 Ck2basl

4
4

5

[S2 IS 2 BRNG 2 BNG 2 BENG  BENC L NG I N

5

A number shows the presence of the allotype; a dash indicates absence of the allotype.
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A sample of genes syntenic with telomeric human chromosome 14q located near the telomere of rabbit 20q

. L . a
Genesin Homo sapiensin genomic order

Human Chromosome 14

Rabbit chrUn0053 Present

ob
CKB - 103989170-103985996 Yes
TRMT61A + 103995509-104003410 Yes
BAG5 - 104029151-104022881 Yes
APOPT1 + 104029299-104057236 Yes
KLCI1 + 104095525-104167888 Yes
XRCC3 - 104163954-104181823 Yes
ZYFVEZ] + 104182081-104200005 Yes
PPP1R13B - 104200088-104313927 Yes
Cl4orf2 - 104378624-104387903 Yes
TDRD9 + 104394817-104519004 Yes
RDL3 - 104406761-104408645 Yes
ASPG + 104552023-104579046 Yes
KIFZ26A + 104605060-104647235 No
23 additional human genes that are not present on rabbit chromosome 20
TMEM121 + 105992953-105996539 No
IGHAZE, G,D,M,J,D7-27 - 106053244-106331887 NAC
IGHD2-2 - 106382685-106382715 NA
IGHD1 - 106385361-106385377 NA
IGHV6-1 - 106405609-106406056 NA
IGHVII-1-1 - 106410796-106411247 NA
IGHVI ...-... IGHV3-76 - 106452669-107236538 NA

aProtein—encoding genes in NCBI build 37.3. More details can be found in Supplementary Table S1.

O indicates transcriptional orientation in human chromosome 14

cNA-not applicable. However, no rabbit /GH genes were present.
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Comparisons of constant region exon sequences and positions of /GHM, IGHG and /GHE in BAC 27N5
(AY386696) with those in chrUn0439

A.IGHM in BAC 27N5 (AY 386696) constant region exon chrun0439 NW_003159763 positions | Number of confirming
positions traces (yes)
3302-5095 74083-72286
Exon Codon position Codon position yes no
1 3346-3348 Gly GGT Gly GGC 74038-74036 8 0
3412-3414 Val GTC Ser ATC 73975-73973 3 3
3511-3513 Ser TCG STOP TCA 73873-73871 3 4
3583-3585 Ser AGC Asp GAC 73801-73799 1 2
2 3860-3862 Leu CTG Leu CTA 73525-73523 2 5
3 4327-4330 lle ATC lle ATT 73057-73055 1 0
4408-4410 Ser AGC Ser AGT 72974-72972 1 0
4 4901-4903 Pro CCA Pro CCG 72483-72481 6 0
B. /IGHG in BAC 27N5 (AY386696) positions
55582-56945 24231-22868
Exon Codon position Codon position Yes no
Hinge 56073-56074 [AJCA? Thr [AICG Met 23742-23741 3 0
Hinge 56094-56096 ACGb ATGb 23719-23717 1 2
2 56434-56436 Thr ACGE Alacec® 23383-23381 4 0
C. /IGHE in BAC 27N5 (AY386696) positions
69248-70872 9172-10797
Exond Codon position Codon position (=) Yes no
1 69356-69358 Pro CCG Pro CCA 10689-10687 4 0
69377-69379 Ala GCC Ala GCT 10669-10667 4 0
4 70543-70545 Thr ACC AlaGCC 9500-9498 6 0
70676-70678 Ser AGT Ser AGC 9363-9361 5 0

aThis is a silent difference in an Ala codon formed by splicing [A] at position 56107 of exon 1 to the hinge region. The CA or CG are in the second
and third codon positions.

bThese codons define the d12 allotype of the BAC donor rabbits and d11 predicted from serum typing of Thorbecke rabbits to be heterozygous
d11/d12 with both codons present.

CThese codons define the e14 allotype of the BAC donor rabbits and e15 allotype predicted from serum typing to be encoded in Thorbecke rabbits

(Table 1).

dThe sequence of BAC 27N5 (AY386696) between 69248 and 70872 is 99% identical to the reverse strand of chrUn0439 between 9172 and 10797
with seven differences (one a gap). Two silent changes are in exon 1 (69248-69594), and two changes, one replacement and one silent are in exon 4
(70532-70872) of BAC 27N5 (AY386696). Three additional differences, one a gap, are in introns.
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IGKC1 and IGKC2 regions on rabbit chromosome 2 (NC_013670.1)

Table 4

Position on Chr 2 Cys80 | Gaps>200 bp in assembly

3’ enhancer 98933297-98934433 NA

IGKC1 98926095-98926409 NA

1GKJ5 98923099-98923136 NA

IGKJ4 98922804-98922839 NA

1GKJ3 98922514-98922550 NA

IGKJ2 98922229-98922267 NA

1GKJ1 98921851-98921886 NA
& GKCIHGKI1-5 98921714-98926540 NA
By (k-230, k-232) 98904850-98905144 yes
bVK st (k-166) 98889234-98889535 yes 98898348-98898616
>9 VK on reverse strand 98861572-98880208
VK 98807842-98808123 yes 98849776-98850195
>10 VK on reverse strand
VK 98739177-98739342
18 VK on reverse strand
Vk 98635279-98635578

98634352-98635071

CAJ874460 OCU-INRACCDDVO0118 Microsatellite (tg)12 98634812-98634836
VK 98630969-98631265
6 VK on reverse strand
VK 98607292-98607587
16 VK on reverse strand
VK 98504852-98505151 98519157-98521310
9 VK on reverse strand
VK 98461462-98461758 yes 98473025-98475614
VK 98456577-98456876 yes 98460230-98460797
VK 98453275-98453573 yes
VK fs 98395447-98395721 Pro
VK 98390619-98390897 Pro
VK 98343555-98343835 Pro
VK 98303780-98304058 Pro
VK 98298948-98299235 Pro
VK 98254031-98254315 Ala
VK 98246562-98246849 Ala
VK 98239440-98239724 yes
IGKJ3 98226217-98226255 NA 98235051-98235308
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Position on Chr 2 O | Cys80 | Gaps>200bp in assembly

IGKJ2-4 98225838-98225876 | — | NA
IGKJ1 98225536-98225572 | - | NA
IGKC2 98223558-98223737 | - | NA
d3, enhancer 98217226-98216069 | — | NA
e (Mp054) 98176612-98176896 | + | Ala 98200751-98201488
&k (mp057) 98171978-98172262 | + | Ala

fVK (anti-A33) 98168180-98168470 | + | Ala

&y (mpl09) 98156268-98156561 | + | Ala

Vk fs 98149319-98149599 | + | Pro

VK ps (409 bp insertion) 98144730-98144777 | + | Ala

98144100-98144319 | +

Sk (mp159) 98137161-08137448 | + | yes

98129843-98130127 | + | Ala 98133687-98134398

by (4110 vi-127)

Abbreviations: O transcriptional orientation; NA not applicable; st stop codon; fs frameshift; ps pseudogene
aEmorine and Max 1983a; 1983b; Esworthy and Max, 1986

bSimiIar to sequences in (Sehgal et al.1999)

CAJ874460 was previously unplaced (Chantry-Darmon et al. 2006)

dHoIe etal.1991

61similar to sequences in (Popkov et al. 2003)

f. . .
similar to sequences in (Rader et al. 2000)
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Locations of lambda light chain genes on OryCun2.0 chromosome 21 (NC_013689.1) and possible locations
on unplaced scaffolds

IMGT name® Accession Number (positions) Position if present on chromosome 212 Unplaced scaffolds
IGLC
IGLC1*01 b Not found chrUn0128 (NW_003159452.1)
M12388.17 (2-318) 66073-66385 (99% identity 0 gaps)
IGLC2 b Not found chrUn0253 (NW_003159577.1)
M12761.1" (2-318) 369309-369625 (99% identity O gaps)
IGLC3 M12762.1 (2-306 5820953-5821254 97% identity 3 gaps | chrUn0895 (NW_003160219.1
y 3 gap X
30223-30526 (98% identity 1 gap)
IGLC4*02 M12763.1 (2-318) 4880210-488052 9% identity 0 gaps
(6Les’ M23227.1 (7-323) 4870032-4870348 100% identity
(GLesE M23229.1 (7-323) 4875953-4876269 100% identity
IGLJ
IGLIL*01 4862766-4862803
IGLI3*01 4978042-4878979
(6LI5*01° M23226.1 (41-78) 4868770-4868807
IGLI6*01° M23228.1 (41-78) 4874683-4874720
1GLYV

43 IGL \/present

4540184-4837388

aNeW information about /GL genes of rabbit was added to IMGT during 2012. See: http://imgt.org/IMGTrepertoire/index.php?
section=LocusGenes&repertoire=genetable&species=rabbit&group=IGLC http://imgt.org/IMGTrepertoire/index.php?
section=LocusGenes&repertoire=genetable&species=rabbit&group=1GLJ http://imgt.org/IMGTrepertoire/index.php?
section=LocusGenes&repertoire=genetable&species=rabbit&group=IGLV IMGT lists position numbers for the contig NW_003159316.1. These

are 3 Mb lower than position numbers on chromosome 21.

bLower quality alignments to both of M12388.1 and M127621.1 /GLC1 and /GLCZrespectively, are also found on chrUn0351
(NW_003159675.1), chrUn0545 (NW_003159869.1) and chrUn0895 (NW_003160219).

cRabbit lambda constant region genes, /GLC5 paired with /GLJ5*01 and /GLC6 paired with /GLJ6%01 are known to be functional (Hayzer et al.
1990; Jaton et al. 1990).

dIMGT lists 21 /GL V/as pseudogenes, two as potentially functional open reading frames, and 20 as functional.
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