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a b s t r a c t

In mammals, the DM molecules are encoded by the major histocompatibility complex (MHC) and execute
key functions in the class II antigen presentation pathway. Here, we characterised three DM genes in
the MHC B region of the chicken (Gallus gallus): B-DMA, B-DMB1 and B-DMB2. They encode one class II
DM � chain and two � chains, exhibiting motifs of chicken class II molecules as well as specificities of
mammal DM proteins. We also studied the expression pattern of those three chicken B-DM genes; they
are expressed in immune related tissues. Thus we provide the comprehensive description of the genomic
sequence of a class II � gene in the chicken and a valuable description of DM genes in a non-mammalian
vertebrate, reinforcing the hypothesis of the existence of DM genes in the primordial MHC, as suggested
by previous studies in mammals. We were also able to reconstruct 124 haplotypes corresponding to the
8.8 kb B-DM region, in accordance with the 212 SNPs identified in 146 individuals representing a wide
range of experimental, commercial, and local breeds from Europe, Asia and Africa, and three wild species
of fowl. We also discovered a repeat inside the B-DMA second intron, making possible the design and the
typing of a new marker for the chicken MHC, linked to the class II region. Therefore this study not only
describes three DM genes in the chicken, it also provides an overview of MHC diversity in the chicken.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

The DM loci, first described by Cho et al. (1991) in the mouse
genome, and Kelly et al. (1991) in the human genome, are non-
classical MHC class II genes. In the chicken, the MHC is located
on microchromosome 16, and is organised in two genetically
independent gene complexes, B and Y. A number of B serotypes,
distinguished by classical serological methods (Briles and Briles,
1987) or recently by molecular genotyping techniques (Fulton
et al., 2006), are associated with strong differences in resistance
or susceptibility to infectious diseases such as Marek’s disease. The
classical class II molecules of the chicken (BL) are, as for mammals,
composed of two chains, � and �, generally expressed by B cells
and macrophages. They present peptides, principally derived from
exogenous molecules, to CD4+ T lymphocytes. In the chicken, three
classical class II genes have been described so far, two encoding �
chains and one encoding an � chain in the B region, along with at
least one non-classical class II gene (B-LBIII) in the Y region. The
cDNA encoding the � chain has been described but not located in
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the genomic sequence of chromosome 16, which is not completely
characterised (Salomonsen et al., 2003).

In mammals, the DM molecules are involved in the formation
of classical class II/peptide complexes, before their expression at
the surface of the cell. It has been shown that without DM, these
complexes are unstable, disrupting antigen presentation (Morris
et al., 1994). In fact, classical class II molecules are assembled in
the endoplasmic reticulum and stabilised by a third protein, the
invariant chain. In endosomes, the invariant chain is cleaved by
proteases, and a peptide from the invariant chain, CLIP, remains
attached to the binding site of the classical class II molecule. In the
presence of DM, CLIP is cleaved and replaced by antigenic peptides,
which are derived from proteolysis of exogenous antigens (Sloan
et al., 1995). DM also acts as a chaperone protein for classical class II
molecules by protecting them from denaturation in acidic compart-
ments. Finally, the DM molecule controls the loading of antigenic
peptides by inducing the dissociation of the classical class II/peptide
complex of low stability. Thus, only complexes of high stability can
be presented on the surface of presenting cells (Kropshofer et al.,
1999).

The assembly of the chicken genome, the first map of the B
region of the chicken MHC (Kaufman et al., 1999) and the extended
recent map (Shiina et al., 2007), show, in the B class II region, a
segment for which in silico gene prediction and comparisons with
mammals indicates the probable presence of two or three genes
orthologous to genes characterised as DM in mammals. Ever since,
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it has been assumed that the MHC B region of the chicken encoded
non-classical class II genes, with only a preliminary promising study
by Atkinson et al. (2001) whereas the intracellular localisation
and oligomerisation of the invariant chain with classical class II
molecules has been recently demonstrated in the chicken (Ye et al.,
2009).

This study was initiated as a step towards improving the
knowledge of the gene content of the B region, in order to deter-
mine the individual contribution of genes to disease incidence.
In this context, we characterised in detail the molecular organi-
sation, structure, and pattern of expression of the predicted DM
non-classical class II genes of the chicken. As shown below, we
demonstrate that three DM genes do exist in the B region of the
MHC of the chicken. And, in order to assess genetic diversity of
these key immune system genes, we also characterised for these
genes, a large number of SNPs, and a new marker, from a wide
range of experimental, commercial, local breeds and wild related
species.

2. Material and methods

2.1. The cDNA library and screening

A set of B-DM cDNA were isolated from a serotype B13 spleen
cDNA library in the pCDM8 vector (Bernot and Auffray, 1991). A
clone (C.4.5.6), with high similarities to the mouse and human
DMB gene, had been previously identified by systematic sequencing
of chicken MHC genomic libraries (constructed by subcloning the
MHC cosmid clone C.4.5 in the pUC19 plasmid vector). The C.4.5.6
fragment was amplified using the GeneAmp PCR (PerkinElmer)
kit, in a total volume of 20 �L with 200 ng of DNA from the cos-
mid subclone C.4.5.6 and 2 �L of 10× PCR buffer (10 mM Tris HCl
pH 8.3, 50 mM KCl, 1.5 mM MgCl2), 2 �L each of 10 mM dNTP,
0.5 �M of each primer (M13 universal) and 1 U of Taq polymerase).
The cycling conditions were an initial denaturation step at 94 ◦C
for 2 min, followed by 30 cycles at 94 ◦C for 1 min, 60 ◦C for 30 s
and 72 ◦C for 1 min followed by a final extension step at 72 ◦C for
7 min. The fragment obtained, encompassing C.4.5.6, was then 32P-
labelled using the Multiprime DNA labelling system (Amersham
Biosciences), and used as a probe to screen approximately 200,000
clones from the cDNA library. Six clones gave positive hybridisa-
tion signals, their nucleotide sequence was determined for both
strands by sequencing, and submitted to GenBank under the acces-
sion numbers HM545127 to HM545132.

2.2. Total RNA isolation

Total RNA was prepared from tissues of White Leghorn chicks
(serotype B12). The tissues were the following: brain, bursa, heart,
lung, and spleen. Thirty milligrams of each tissue were disrupted
for 4 min at 10–14,000 rpm with an IKA yellowline Dl 18 dispenser.
Total RNA was isolated using the RNeasy mini kit from Qiagen. A
purification step was added after disruption by pipetting the clear
supernatant into a Qiashredder column (Qiagen) and centrifuging
at 14,000 rpm for 5 min. Then, the filtrate was used following the
RNeasy protocol, including the optional on-column digestion with
DNAse (Qiagen RNase-Free DNase). The RNA concentration was
measured by UV spectrophotometry.

2.3. Genomic DNA origin and extraction

In the study for genetic polymorphism investigation, 129 ani-
mals were used from 47 different populations or lines of domestic
chickens (Gallus gallus), including 29 populations of various ori-
gins and selection history from the European AVIANDIV project

(Supplementary Table 1). Detailed information on these popula-
tions was reported elsewhere (Hillel et al., 2003). Thirty-four wild
Gallus sp. were also studied: 25 red Junglefowl (G. gallus), 5 grey
Junglefowl (Gallus sonneratii) and 4 Sri Lanka Junglefowl (Gallus
lafayetii). Nineteen out of the 25 red Junglefowl were also from the
AVIANDIV project.

For the B12, B13, and B19 inbred lines from INRA (Nouzilly, France,
Miller et al., 2004), the Silkie chickens from the Livestock Research
Institute (Sinhua, Taiwan), and the other wild Gallus sp. from a zoo-
logical park in Clères, France, high molecular weight genomic DNA
were obtained from blood samples, as described by Chang et al.,
2006.

For four additional lines from INRA, the immune response lines
(I.R. lines kept in Nouzilly, France, serotypes B12, B15, B19, B21, B34,
Minozzi et al., 2007), and six Taiwanese chicken populations (from
NCHU, Taichung, Taiwan), crude DNA extractions were prepared
from blood by mixing 2 �L of whole blood with 250 �L of lysis buffer
(1 M pH 8 Tris 1%, 1 M MgCl2 0.1%, 3 M NaCl 5%, 1% Sigma IGEPAL)
before precipitation by centrifugation and incubation with 250 �L
of NaOH (0.2 M) at 65 ◦C for at least 2 h followed by neutralisation
with 250 �L of Tris (0.1 M)–HCl (0.2 M).

For Benin, Cameroon, Côte d’Ivoire and Ghana samples, DNA
were obtained from blood using the DNeasy Blood & Tissue Kit from
Qiagen at the Department of Animal Science, University of Ghana
(Legon, Ghana).

2.4. Molecular MHC characterisation of the samples

Each animal has been genotyped at the MHC level by PCR
amplification with the LEI0258 marker (McConnell et al., 1999;
Fulton et al., 2006), and with a new marker also located in the
chicken MHC, called GAB0001. Primers for the LEI0258 marker were
LEI0258-F: CACGCAGCAGAACTTGGTAAGG forward and LEI0258-
R: AGCTGTGCTCAGTCCTCAGTGC reverse. Primers for the GAB0001
marker were designed with the Primer3 software (Rozen and
Skaletsky, 2000), using the sequence information obtained dur-
ing this study: GAB0001-F: CATTCCCCATTAACGCACTC forward
and GAB0001-R: AGAGTGTTGGGGTAGCCGAG reverse. Duplexed
amplifications were done in 10 �L with 100 ng of DNA, 1× of QIA-
GEN Multiplex PCR Kit and primer concentrations of 0.1 �M and the
following PCR cycle setup: 94 ◦C for 15 min, then 35 cycles at 94 ◦C
for 45 s, 60 ◦C for 1 min 30 s, 72 ◦C for 1 min, with a final extension at
72 ◦C for 15 min. After a 1:10 dilution, the PCR products were loaded
on an Applied 3730XL automated sequencer for electrophoresis and
the results were analysed using Genemapper v3.7.

In order to get the real size of the marker LEI0258 amplified
fragment, more than half (64%) of the alleles were sequenced,
directly for homozygotes or after separation of the two alleles on
a 4% agarose gel, band cutting and purification with a QIAquick
PCR Purification Kit from Qiagen. Sequencing was carried out by
Eurofins MWG Operon, using their standard protocol for purified
PCR products.

2.5. 2.5. RT-PCR

Seven oligonucleotides were used in order to study the expres-
sion of the genes of the region (Supplementary Table 2, Fig. 1). They
were designed using the chicken MHC genomic sequence reported
by Shiina et al. (2007) (GenBank accession number AB268588) and
verified by the program Primer3 (Rozen and Skaletsky, 2000).

The RT-PCR was carried out in two steps, following the Applera
protocol for the GeneAmp RT-PCR kit. Approximately 1 �g of total
RNA was used with 4 �L of 25 mM MgCl2, 2 �L 10× PCR buffer,
0.2 mM of each dNTP, 2.5 �M of oligodT (16), 20 U of RNase inhibitor
and 50 U of MulV reverse transcriptase in a final volume of 20 �L.
The amplification step was carried out by adding 2 �L of 25 mM
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MgCl2, 4 �L of 10× PCR buffer, 32.75 �L of H2O, 100 ng of each
oligonucleotide and 1.25 U of AmpliTaq DNA polymerase to 10 �L
of the cDNA products of step 1 in order to obtain a final volume of
50 �L. The following programmes were run on a thermal Mastercy-
cler Gradient (Eppendorf) or a GeneAmp PCR System 2700 (Applied
Biosystems): for the reverse transcription, 15 min at 42 ◦C, 5 min
at 99 ◦C, and 5 min at 5 ◦C, and for the PCR amplification, 1 min
45 s at 95 ◦C, then 35 cycles with 15 s at 95 ◦C, 30 s at 60 ◦C, and
a final step of 7 min at 72 ◦C. The RT-PCR products were always
checked on agarose gel containing ethidium bromide (BET). The
gel was exposed to UV light to reveal the presence or absence
of amplified fragments and in order to confirm their expected
size.

2.6. PCR and sequencing

In order to resequence seven parts of the region, includ-
ing the putative coding sequences, 14 primers were designed
(Supplementary Table 2, Fig. 1) using Primer 3 (Rozen and
Skaletsky, 2000). First, for 95 domestic chickens, amplifications of
PCR fragment numbers 2–7, and their sequencing, were carried
out at the “Centre National de Séquençage” (CNS, Evry, France)
following their standard protocol, at an annealing temperature of
60 ◦C. Fragments were sequenced in the forward and reverse direc-
tions. Then, for the same 6 PCR fragments, failed samples were
reamplified and resequenced in our laboratory. This was done for
approximately 16% of the domestic chickens. At the same time, we
amplified and sequenced the same 6 fragments for 34 additional
wild Gallus sp. An additional PCR was also performed (numbered
1) on all 129 samples. All those PCR were conducted in 40 �L
total volumes with 200 ng of DNA, 1× of Qiagen Master Mix and
primer concentrations of 0.1 �M. Cycling parameters were 94 ◦C for
15 min, then 35 cycles of 94 ◦C for 45 s, 60 ◦C for 1 min 30 s, 72 ◦C for
1 min, with a final extension of 72 ◦C for 15 min. When amplification
was not working, which happened especially for Asian domestic
breeds, annealing temperature was decreased to 58 ◦C. PCR prod-
ucts were always checked on an agarose gel containing ethidium
bromide. The gel was exposed to UV light in order to check the
specificity and quality of the fragment obtained. Sequencing was
carried out by Eurofins MWG Operon, using their standard protocol
for purified PCR products.

2.7. Identification of EST and repeats

The ESTs (expressed sequence tags) corresponding to the stud-
ied region and already reported were searched by BLAST (Altschul
et al., 1990) in the dbEST section of GenBank database from NCBI,
using the genomic sequence of the chicken MHC reported by Shiina
et al. (2007) as query sequence (AB268588). Sequences were then
aligned against the chicken genome v2.1 assembly of May 2006
with the software EST2GENOME from the EMBOSS package (Rice
et al., 2000). Another EMBOSS program, ETANDEM, was used with
a threshold score of 20 and for repeat sizes ranging from 2 to 50 to
identify tandem repeats in the same genomic sequence.

2.8. Sequence and data analysis

Sequence quality and variation analyses were carried out for the
129 individuals with NovoSNP (Weckx et al., 2005), and Pregap4
v1.5 and Gap4 v4.10 components of the Staden package (Staden
et al., 2000). With NovoSNP, reports were obtained for SNPs char-
acteristics and individual genotypes using the default parameters.
Only the SNPs with high probability of being accurate were kept for
further analyses (the NovoSNP score above or equal to 12). Then
SNPs were manually confirmed and sample genotypes were man-
ually edited by looking back at the chromatogram, using NovoSNP

and the Staden contig editor, especially to check the consistency of
heterozygote genotypes.

Individual genotypes were thus obtained for the 129 individ-
uals and were completed using the 16 corresponding sequences
available in GenBank (accession numbers AL023516 from Kaufman
et al. (1999), AB268588 from Shiina et al. (2007) and AB426141 to
AB426154 from Hosomichi et al. (2008)), and the matching genome
sequence. These genotypes were then formatted as an input file
for PHASE (Stephens et al., 2001) and it was run under the MR4
model with R being the recombination rate set at 0, in order to
infer haplotypes. Those parameters seemed the more relevant for
this small region (8.8 kb). Then a NeighborNet network was con-
structed (Bryant and Moulton, 2004), in order to represent the
haplotypes, using Splitstree version 4.10 (Huson and Bryant, 2006)
with default parameters. This method combines the principle of the
neighbor-joining and split decomposition techniques.

2.9. Diversity and phylogenetic analysis

The online tool SeqPHASE (Flot, 2010) was used to convert
PHASE output files back into the FASTA format. The nucleotide
sequences were aligned and translated, and non-synonymous to
synonymous substitution ratios (dN/dS) were calculated by the Nei
and Gojobori method (Nei and Gojobori, 1986) with the P-distance
parameter, using MEGA 4 (Tamura et al., 2007). The standard errors
were estimated by the bootstrap method (500 replicates). Max-
imum parsimony phylogeny was constructed from the protein
alignments, also with MEGA 4, with default parameters and 1000
bootstrap replications. Consensus trees were obtained with a 65%
cut-off value.

3. Results

3.1. Genomic organisation of B-DMA, B-DMB1 and B-DMB2

3.1.1. B-DMA
The alignment of the putative genomic sequence for the B-

DMA gene, the sequence of two cDNA clones we isolated from a
B13 spleen cDNA library (GenBank accession numbers HM545127
and HM545128), and the different ESTs identified in the GenBank
database, showed that this gene consist of four exons, respectively
127, 267, 282 and 239 bp long, with an alternative first exon, 65 bp
long (Fig. 1). The size of the second and third exons was conserved
between human and chicken. On average, introns were shorter,
which is usual for genes within the MHC of the chicken but sur-
prisingly the second intron was larger in the chicken. This was due
to the presence of 5–7 repeats of a 12 (YYCCACTGATGT) or a 14
(YCCCACYRAYGYRT) nucleotide motif. This is the repeat we used
as a genetic marker and following the nomenclature, we named it
GAB0001 (Fig. 1).

The nucleotide sequence, thus defined for B-DMA, encoded a
peptide of 263 amino acids, encompassing a MHC-II �1 domain and
an IgC1 �2 domain. Five cysteines, whose positions are conserved in
all reported mammalian protein DM�, made two disulfide bridges
possible, one in the �1 domain and one in the �2 domain. The only
potential site of N-glycosylation identified in the chicken, however,
did not correspond to those of mammals (Fig. 2).

3.1.2. B-DMB1 and B-DMB2
The alignment of the putative genomic sequence for the B-DMB2

gene, the sequence of the four isolated cDNA (GenBank acces-
sion numbers HM545129 to HM545132), and the different ESTs
identified in the GenBank database defined six exons for B-DMB2,
respectively, 48, 282, 285, 120, 36 and 99 bp long. There seemed
to be an alternative splicing of exons 3 and 4 for these genes as
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Fig. 1. B-DMA, B-DMB1, and B-DMB2, aligned with our six cDNA and 38 ESTs from the GenBank database, and the reversed corresponding 10 kb region of the chicken genome
v2.1 assembly, of May 2006. Locations of the repeats are defined by grey boxes with the repeat used for the marker GAB0001 as a yellow box. Oligonucleotides used for PCR
and RT-PCR are positioned respectively as linked arrows or boxes with pointers. A region of cDNA4 of lower sequence quality is indicated by shading.

observed for two cDNA and two ESTs (Fig. 1). This alternative splic-
ing, however, induced a 2 bp frame shift in the translated protein,
leading to a premature stop codon.

Only part of two cDNA (GenBank accession numbers HM545128
and HM545129) and four ESTs in Genbank corresponded to the
putative genomic sequence for B-DMB1, none corresponding to a
whole coding sequence. But they defined five exons being respec-
tively 103, 282, 276, 114 and 344 bp long (Fig. 1).

The coding sequences, thus defined for B-DMB1 and B-DMB2,
encoded for peptides of respectively 310 and 258 amino acids, com-
prising a MHC-II �1 domain and an IgC1 �2 domain. Six cysteines,
whose positions are conserved in the majority of mammalian DM�
proteins, made three disulphide bridges possible, two in domain
�1 and one in domain �2. Respectively two and three potential N-
glycosylation sites were found in B-DM�1 and B-DM�2. Within
the protein B-DM�2 cytoplasmic tail, the mammal DM� protein
endosomal targeting signal YXXL was identified. This signal was
not found in B-DM�1 (Fig. 3).

3.2. Genomic sequence features

Putative promoters were found upstream of the first exons iden-
tified for B-DMA and B-DMB2: X and Y elements, typical of the class
II promoter region (van den Elsen et al., 2004). These sites were
similar to the promoters described for the HLA-DMA and HLA-DMB
genes (Kelly et al., 1991; Westerheide et al., 1997), human class II A
and B genes, and chicken class II B gene. The patterns and distances
between them were conserved for the chicken B-DMA and B-DMB2
genes. No putative promoter could be found upstream of the B-DMA
alternative first exon. Finally, at the 3′ end of the three genes, we

identified a TGA stop codon and an ATTAAA polyadenylation signal
sequence (Supplementary Fig. 1A–C).

The repeats identified in the region (Fig. 1) correspond mostly
to intergenic or intronic sections, except for B-DMA alternative first
exon (numbered 1a), and B-DMB1 fifth exon (numbered 5). This
reinforces the pseudo-exon status of the B-DMA exon and adds
to the discussion of the B-DMB1 gene organisation. One of the
repeats identified within the B-DMA gene, within intron 2 (Fig. 1),
was defined as the GAB0001 marker and was used to type the
95 domestic chickens of the study. Genotypes were obtained for
94 individuals (Supplementary Table 1). Five alleles were found:
144 bp, 159 bp, 161 bp, 174 bp, and 187 bp. Duplex analyses of this
marker and the LEI0258 marker was developed and led to the
discrimination of animals sharing a common LEI0258 allele size,
such as 261 bp (serology B2/B15) or 357 bp (serology B21/B23)
(Supplementary Table 1).

3.3. Expression of B-DMA, B-DMB1 and B-DMB2

RT-PCR results indicated that mRNA of B-DMA, B-DMB1, and B-
DMB2, are present in spleen tissues, even if no amplification was
obtained for the primer corresponding to the alternative first exon
of B-DMA. mRNA of B-DMA could also be amplified from brain
and bursa tissues, and mRNA of B-DMB2, from the brain, bursa
and lung tissues. No amplification was obtained from heart tis-
sues. The corresponding ESTs identified from the GenBank database
provided additional information about the gene expression. ESTs
corresponding to B-DMA and B-DMB2 were identified in various
tissues or cells (ovary, lymphocytes, liver, kidney, small intes-
tine, macrophages, brain, lymphoid organs, testis, eye, and T cells),
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Fig. 2. Alignment of the chicken Gga-B-DM� protein sequence with putative quail and turkey DM� sequence (Cja-DM�, BAC82512, Mga-DM�, ACA64775), sequences of
mammalian proteins DM� (HLA-DM�, H2-DM�, BOLA-DM�, Modo-DM�, respectively: NP 006111, NP 034516, NP 001012692, and XP 001377359), putative frog DM�
sequence (Xla-DM�, NP 001083579), and sequences of Mhc class II � (chicken Gga-B-L�, mammals’ HLA-DR�, HLA-DQ�1, H2-A�, H2-E�, BOLA-DQ�, Modo-DQ�, respec-
tively: AAY40299, NP 061984, NP 002113, NP 034508, NP 034511, NP 001013619, XP 001376932, and frog Xla-DR�, NP 001090247). Gaps are indicated by dots. Similar
amino acids at the same position are shaded in grey, with a 70% threshold. Identical amino acids for the seven DM� proteins are in bold, excluding the sequence of the frog.
Potential disulfide bridges are indicated by lines connecting two cysteines. Potential sites of N-glycosylation are underlined. Asterisks indicate variable positions in B-DM�.
Sequences are numbered according to the B-DM� protein.

unlike the four ESTs corresponding to B-DMB1, identified from only
two tissues (small intestine and brain) (Fig. 1).

3.4. Phylogeny analysis of the B-DM molecules

We studied the relationship between the �1, �2 or �1, �2 pro-
tein domains of the three B-DM of the chicken, the three putative
DM of the quail and the turkey, the two HLA-DM from humans,
the three H2-DM from the mouse, the two BOLA-DM of the cow,
the two Modo-DM of the opossum, the two putative DM of the
frog, along with the classical class II proteins of the chicken and the
above-mentioned animals. We found similar results whatever the
domain analysed (data not shown). We always observed two clus-
ters: a cluster grouping DM proteins and a cluster grouping class
II proteins, as shown in the consensus parsimonious tree obtained
for �2 domains (Fig. 4).

3.5. Genetic polymorphism of the B-DM molecules

The analysis of the 7 PCR fragments obtained for 129 animals
for B-DMA, B-DMB1, and B-DMB2, allowed the identification of 212
SNPs, from which 166 SNPs were polymorphic in domestic chick-
ens (Supplementary Table 3). We identified 119 SNPs for B-DMA,
49 SNPs for B-DMB1, and 44 SNPs for B-DMB2. Concerning the cod-
ing regions, the distribution was the following: 32 SNPs in B-DMA,
31 SNPs in B-DMB1, and 30 SNPs in B-DMB2. In the alternative first
exon of B-DMA, we found 3 SNPs in the 65 bp coding region, all
non-synonymous. Due to a high rate of PCR failure for this 7th PCR
fragment, comprising the alternative first exon of B-DMA, we did
not use the genotypes of this fragment for the haplotype recon-
struction.

The haplotype reconstruction, based on genotypes of the 146
individuals (129 domestic and wild animals plus 16 sequences
available in GenBank and the genome sequence), at 158 SNPs, has
led to the definition of 124 different haplotypes for the whole

8.8 kb B-DM region. Detailed individual genotypes and haplotypes
sequences are available upon request. The haplotypes were also
inferred gene by gene, leading to the definition of 88 haplotypes
for B-DMA, 69 haplotypes for B-DMB1, and 71 haplotypes for B-
DMB2. The complete haplotypes were combinations of the partial
haplotypes, which is consistent with the hypothesis of a null recom-
bination rate for the region. The removal of the wild Gallus sp.
animals and their separate analysis for haplotype reconstruction
did change the results neither for domestic nor for the wild chick-
ens.

The NeighborNet network illustrates the relationships between
the 124 haplotypes, representing 146 individuals (Fig. 5). We were
able to group those haplotypes into 22 clusters, with two clusters,
clusters 8 and 9 only represented by two haplotypes, which were
not linked to any other cluster, even with different representation
methods (data not shown). Even though some of the clusters, such
as cluster 2, are very compact, some clusters were subdivided into
2–4 groups, such as cluster 3 with 3a, 3b or cluster 14 with 14a,
14b, 14c, 14d (Supplementary Table 1). Only a few clusters could
be linked to some characteristic of their corresponding samples.
They are cluster 1, grouping haplotypes of African samples, clus-
ter 2, grouping red Junglefowl haplotypes and cluster 21 grouping
grey Junglefowl haplotypes. But the pattern drawn by the network
indicated a stratification mostly based on MHC, not a stratification
related to the breeds. So, interestingly, red Junglefowl haplotypes
were scattered in the network.

There were 17 different serotypes represented in the study, by
43 homozygous animals. Their position in the network is indi-
cated; they are linked to 12 clusters. Some serotypes were grouped
together: B12, B124 and B19, grouped in cluster 6, B4 and B13, grouped
in cluster 15, and B5, B8, and B11, grouped in cluster 16. Addition-
ally, the haplotypes we obtained for animals defined by serology
as B12, B13, B15, B19, and B21, matched the haplotypes reported
by Hosomichi et al. (2008) for animals of the respective serotypes
(Supplementary Table 1).
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Fig. 3. Alignment of chicken protein sequences Gga-B-DM�1 and Gga-B-DM�2 with putative quail and turkey DM� sequence (Cja-DM�1, Cja-DM�2, Mga-DM�1, Mga-
DM�2, respectively: BAC82513, BAC82514, ACA64776, ACA64777), with sequences of mammal DM� proteins (HLA-DM�, H2-DM�1, H2-DM�2, BOLA-DM�, Modo-DM�,
respectively: NP 002109, NP 034517, NP 034518, NP 001035571, and XP 001377337), putative frog DM� sequence (Xla-DM�, ABB85336), and sequences of Mhc class II �
(bird Gga-B-L�1, Gga-B-L�2, Cja-L�, Mga-L�, respectively: NP 001038159, NP 001038144, BAC82504, ACA64772, and mammal HLA-DR�1, HLA-DQ�1, H2-A�1, H2-E�1,
BOLA-DQ�, Modo-DA�, respectively: NP 002115, NP 002114, NP 996988, NP 034512, NP 001029840, NP 001028163, and frog Xla-DA�, BAA08759). Gaps are indicated by
dots. Similar amino acids in the same position are shaded in grey, with a 70% threshold. Identical amino acids for the eleven DM� proteins are in bold, excluding the sequence of
the frog. Potential disulfide bridges are indicated by lines connecting two cysteines, potential sites of N-glycosylation are underlined. Potential endosomal addressing signals
are framed. Gga-B-DM�1 is truncated in 3′ . Asterisks indicate variable positions in Gga-B-DM�1 or in Gga-B-DM�2. Sequences are numbered according to the Gga-B-DM�1
protein.

Table 1
dN/dS analysis of B-DMA, B-DMB1, and B-DMB2.

Data (n) nb S dS S.E. nb NS dN S.E. dN/dS

B-DMA (61) 23 0.02003 0.00500 9 0.00168 0.00065 0.08387
B-DMA exon 2 13 0.04406 0.01425 3 0.00150 0.00094 0.03404
B-DMA exon 3 5 0.00847 0.00490 4 0.00188 0.00125 0.22196

B-DMB1 (58) 18 0.02498 0.00666 13 0.00377 0.00128 0.15092
B-DMB1 exon 2 7 0.01773 0.00808 5 0.00306 0.00178 0.17259
B-DMB1 exon 3 9 0.03504 0.01511 4 0.00148 0.00078 0.04224

B-DMB2 (62) 24 0.02631 0.00595 6 0.00125 0.00062 0.04751
B-DMB2 exon 2 7 0.01210 0.00527 4 0.00195 0.00121 0.16116
B-DMB2 exon 3 12 0.04432 0.01453 1 0.00075 0.00070 0.01692

Values for the total sequence are in bold. n, Number of sequences analysed; nb S, number of synonymous SNPs; S.E., standard error; nb NS, number of non-synonymous SNPs.

Finally, we were also able to compare heterozygosity at the
B-DM level with heterozygosity at the LEI0258 marker level
(Supplementary Table 1). Six animals were homozygotes for the
LEI0258 marker but heterozygotes concerning B-DM haplotypes
but in each case, the two B-DM haplotypes were grouped in the
same cluster and sub-group. There were also two animals, homozy-
gote for B-DM haplotypes but heterozygote for the LEI0258 marker,
so in total, the heterozygosity matched between the B-DM region
and LEI0258 for 139 of the 147 cases (95%).

Using the same 124 reconstructed haplotypes, we were also
able to predict the consequences on the B-DM proteins of the 28

non-synonymous SNPs. The non-synonymous SNPs in B-DMA led to
nine amino-acid variations (genome residue–position–alternative
residue): G–16–W, S–27–L, A–77–T, A–90–T, P–116–L, V–157–I,
V–161–I, T–167–I, and R–246–Q (Fig. 2). The non-synonymous
SNPs in B-DMB1 led to 13 amino-acid variations: G–49–S, V–54–M,
D–75–N, I–82–V, I–89–V, A–154–T, D–170–E, A–189–V, T–196–A,
A–221–V, V–224–M, A–232–V, and R–250–W (Fig. 3). The non-
synonymous SNPs in B-DMB2 led to six amino-acid variations:
N–23–S, P–26–S, D–53–N, V–68–M, H–147–R, and A–246–T (Fig. 3).
Predicting the consequences of amino-acid variations for those
chicken proteins was difficult, in relation with a lack of the suited
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Fig. 4. Bootstrap consensus tree for the DM and classical class II �2 domains, derived
from the alignment Fig. 3. The percentages indicated are based on the 1000 bootstrap
replicates.

predictive tools. Only a few substitutions seemed to affect a con-
served residue and they were conservative.

Those amino-acid variations defined 12 non-synonymous alle-
les for B-DMA, 22 for B-DMB1, and 8 for B-DMB2. The dN/dS analysis
(Table 1) confirmed that B-DMB1 is more polymorphic than B-
DMA and B-DMB2. The two B-DMB genes, however, showed both a
higher diversification of the second exon, encoding the �1 domain,
whereas the B-DMA gene showed a higher diversification of the
third exon, encoding the �2 domain.

4. Discussion

4.1. Genomic organisation of B-DMA, B-DMB1 and B-DMB2

Structurally, the B-DM genes have the features of MHC class
II genes, plus potential additional disulfide bridges in their �1 or
�1 domains. It is noteworthy that the amino-acid sequence of the
B-DMB1 gene lacks a putative endosomal targeting signal, so its
function could be different from the mammal DM classic function.
Interestingly, putative DMB1 genes found in the quail and turkey
also lack this signal. We also found a higher rate of non-synonymous
SNP in B-DMB1, a more restricted expression, and we were unable
to find a cDNA or an EST corresponding to the whole gene. Get-
ting reliable cDNA sequence for this gene has been difficult due to
the presence of potential recombinant sequences, a phenomenon
reported previously for MHC gene families, where an amplified
gene fragment can act as a PCR primer for another gene, leading
to chimeric sequences. For example, cDNA 3 could be a recom-
binant sequence corresponding to both B-DMB genes. This would
reflect the close similarities already highlighted between B-DMB1
and B-DMB2, and would concern especially the lowest transcrip-
tional level gene, which seems to be B-DMB1. Further studies on
functions of the B-DMB1 protein would be of interest because its
features do not seem to fully match those of any MHC gene reported

in mammals. But the dN/dS values obtained for this gene could
indicate pseudo-exons and/or ongoing pseudogeneization. Pseudo-
genes arising from a copy of a functional gene are quite common,
in this case, it would be B-DMB2.

Anyway, the three B-DM genes are expressed in immune related
tissues, these observations are consistent with the ESTs reported in
the databases, and phylogenetic analysis established the clustering
of the B-DM and the DM genes, confirming the orthology of B-DM
genes with DM genes.

Additionally, the phylogenetic analysis suggests that the DM
genes did separate from classical class II genes at an early stage,
at least prior to the divergence of evolutionary lineages leading to
mammals and birds, some 300 million years ago. This has been sug-
gested before, in mammals (O’hUigin et al., 1998) and needed to be
confirmed by the analysis of a non-mammalian vertebrate, such as
the chicken.

It is also relevant to mention that whereas the two DMB genes of
the mouse are very similar, the chicken and the two bird species, the
quail and turkey, for which we could find putative DM sequences
in databases, seemed to present two DMB genes less similar, indi-
cating a more ancient duplication.

4.2. Genetic polymorphism of the B-DM molecules

We resequenced the B-DM genes in 95 domestic chickens of dif-
ferent origins and in 25 red Junglefowl, five grey Junglefowl, and
four Sri Lanka Junglefowl, then we added 17 sequences from the
databases to our analysis. Even though polymorphisms are frequent
in B-DM genes, they are not as numerous as those found in classi-
cal class II genes, as reported for mammals (Carrington et al., 1993;
Hermel et al., 1995). But the chicken B-DMA gene polymorphism
differs from what has been described in humans for HLA-DMA,
where only few polymorphisms have been described (Sanderson
et al., 1994), with just 4 non-synonymous alleles reported in the
IMGT/HLA database (Robinson et al., 2003). In comparison, 7 non-
synonymous alleles are reported in this database for HLA-DMB.
Interestingly, all three non-synonymous SNPs reported for HLA-
DMA are in the third exon, and HLA-DMB have 4 non-synonymous
SNPs in the second exon compared to only 2 in the third exon, which
is similar to the distribution observed in chicken. Those observa-
tions concerning the distribution of the variations within the three
B-DM, along with the results obtained in the dN/dS analysis, show
that the pattern of polymorphism observed for the genes are more
likely to be the results of direct selective pressures, by opposition to
an hitchhiking effect following the selection of other closely linked
genes, such as the class I B-F genes, proposed previously (Shiina et
al., 2007).

The high sequence diversity in the MHC is linked to its impor-
tant role in the host immune response and evidence of positive
selection has been demonstrated recently in the chicken at those
loci (Hosomichi et al., 2008). A preliminary analysis by Atkinson
et al. (2001) concluded in the conservation of the putative impli-
cated lateral faces of the B-DM molecules, implicating that, if those
sites are conserved, then a classical class II molecule from any hap-
lotype will bind a B-DM molecule of any other haplotype. This
hypothesis is consistent with our results, showing an overall low
level of polymorphism of the B-DM molecules and the conservation
of specific domains. Therefore several amino acid residue varia-
tions reported in this study could result in functional differences
for the encoded B-DM molecules, predicted to be key proteins of
the exogenous antigen presentation pathway. Since, in chickens,
the MHC B region is strongly associated with resistance to some
infectious diseases, any protein difference between serotypes is of
importance.

Furthermore, the identification of a high number of haplotypes
(124) especially under a non-recombinant model gives for the first
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Fig. 5. NeighborNet network for the 124 B-DM haplotypes defined by 158 SNPs. The scale for branch lengths is indicated in the legend. The clusters are numbered and the
presence of a haplotype corresponding to a serotype, previously defined by serology, is indicated by a white arrow.

time an overview of the worldwide MHC diversity for domestic
chickens. Commercial breeds and especially local breeds showed
a very high diversity. This leads to some loss of correspondence
between the LEI0258 and GAB0001 allele sizes and the B-DM hap-
lotypes, in contrast with reference white Leghorn lines.

Besides, in the network we reconstructed for the B-DM hap-
lotypes, red Junglefowl haplotypes and to a lesser extent, grey
Junglefowl and Sri-Lanka junglefowl haplotypes, can be found in
19 clusters (Supplementary Table 1). This observation could be
related to the history of chicken domestication, which is char-
acterised by multiple events of domestication in Asia, mainly
from red Junglefowl (ICGSC, 2004) but also from other wild jun-
glefowls (Eriksson et al., 2008). Therefore, the polymorphisms
described between the different breeds and MHC B haplotypes
studied, are very valuable for taking a step towards understand-
ing the evolutive dynamics of the B region, in its class II part but
also regarding the LEI0258 marker, located approximately 50 kb
away, close to the class I region. Additionally, we were able to
define 22 clusters grouping the reconstructed haplotypes, this can
be taken as an indication of the existence of at least 22 rela-
tively different MHC class II regions. If we consider that the most
common serotypes were included in this study, and that only
12 of the 22 clusters could be associated with known serotypes,
a large part of MHC diversity is lacking in serologically defined
lines.

5. Conclusion

This study demonstrates the existence of three DM genes in the
chicken: B-DMA, B-DMB1, and B-DMB2. They are non-classical class
II genes, homologous to the mammal DM genes and are expressed
in various immune related tissues. Their existence in the chicken is
consistent with the hypothesis of their presence in the primordial
MHC. The polymorphisms described between the different breeds
and serotypes studied indicate a great diversity of the MHC in
chicken breeds, in particular in local breeds, only partially repre-
sented by experimental lines.
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