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Abstract 

Background:  The major histocompatibility complex (MHC) is present within the genomes of all jawed vertebrates. 
MHC genes are especially important in regulating immune responses, but even after over 80 years of research on the 
MHC, much remains to be learned about how it influences adaptive and innate immune responses. In most spe-
cies, the MHC is highly polymorphic and polygenic. Strong and highly reproducible associations are established for 
chicken MHC-B haplotypes in a number of infectious diseases. Here, we report (1) the development of a high-density 
SNP (single nucleotide polymorphism) panel for MHC-B typing that encompasses a 209,296 bp region in which 45 
MHC-B genes are located, (2) how this panel was used to define chicken MHC-B haplotypes within a large number of 
lines/breeds and (3) the detection of recombinants which contributes to the observed diversity.

Methods:  A SNP panel was developed for the MHC-B region between the BG2 and CD1A1 genes. To construct this 
panel, each SNP was tested in end-point read assays on more than 7500 DNA samples obtained from inbred and 
commercially used egg-layer lines that carry known and novel MHC-B haplotypes. One hundred and one SNPs were 
selected for the panel. Additional breeds and experimentally-derived lines, including lines that carry MHC-B recombi-
nant haplotypes, were then genotyped.

Results:  MHC-B haplotypes based on SNP genotyping were consistent with the MHC-B haplotypes that were 
assigned previously in experimental lines that carry B2, B5, B12, B13, B15, B19, B21, and B24 haplotypes. SNP genotyp-
ing resulted in the identification of 122 MHC-B haplotypes including a number of recombinant haplotypes, which 
indicate that crossing-over events at multiple locations within the region lead to the production of new MHC-B haplo-
types. Furthermore, evidence of gene duplication and deletion was found.

Conclusions:  The chicken MHC-B region is highly polymorphic across the surveyed 209-kb region that contains 45 
genes. Our results expand the number of identified haplotypes and provide insights into the contribution of recom-
bination events to MHC-B diversity including the identification of recombination hotspots and an estimation of 
recombination frequency.
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Background
The major histocompatibility complex (MHC) is a poly-
morphic gene region that is conserved in all jawed ver-
tebrates. The MHC is characterized by the presence 
of a number of conserved genes that have remained 
together during evolution. In chickens, MHC genes are 
divided into two large gene clusters, MHC-B and MHC-
Y, which are located in separate haplotypes but on the 
same chromosome [1]. Many of these genes contribute 
to immune responses with specific alleles at some loci 
that potentially play a major role in the genetic mecha-
nisms of resistance to infectious diseases. The chicken B 
blood-group system [2], now referred to as the MHC-B 
region, is an important component for disease resist-
ance in chickens. Links between particular MHC-B hap-
lotypes and resistance to infectious diseases in chickens 
led to early and extensive investigations into the diversity 
of chicken MHC-B haplotypes. Although many genes 
within MHC-B are polymorphic and polygenic, to date, 
most associations between MHC-B and resistance to 
diseases are defined only at the level of the haplotype 
and the roles of only a very few individual loci are docu-
mented. For example, the classical MHC class I BF2 locus 
was shown to be involved in the resistance to Rous sar-
coma virus challenge (defined as tumor regression over a 
time-course during which an adaptive immune response 
is likely to occur). It was demonstrated that immuniza-
tion of chickens with a single v-src peptide that was pre-
dicted to bind to the MHC class I BF2*12 binding groove 
was sufficient to induce specific tumor regression [3]. 
Another study that showed that the BG1 locus had a 
highly significant influence on the occurrence of Marek’s 
disease [4] provided evidence that genes other than those 
involved in classical peptide antigen presentation also 
contribute to MHC-B-linked disease resistance. To what 
extent genes in the MHC-Y cluster, which was more 
recently discovered, contribute to disease resistance, is 
less well defined and is currently under investigation [5]. 
To understand the genetic basis of disease resistance, 
more powerful methods are needed to investigate the 
genetic variability of the highly polymorphic genes within 
the chicken MHC.

The genetic contributions of chicken MHC-B haplo-
types to disease resistance are especially important for 
several agriculturally significant avian diseases that are 
caused by viruses, bacteria and eukaryotic parasites [4, 
6–17] and for the efficacy of vaccination [18–22]. Sev-
eral inbred MHC-B lines, including congenic lines, were 
developed mostly within the White Leghorn breed to 
investigate the link between MHC-B haplotypes and 
resistance to infectious diseases [23–28]. MHC-B hap-
lotypes were originally identified by using alloanti-
sera in hemagglutination assays and thus, haplotypes 

that include the BG and BF loci could be followed and 
selected for in fully pedigreed families [29, 30]. In 1982, 
an international exchange of alloantisera and blood sam-
ples led to the standardization of 27 serologically-defined 
MHC-B haplotypes [29]. Many of these haplotypes form 
the basis for experimental investigations on the func-
tion and structure of the MHC-B region. In 2004, limited 
sequence data for the chicken MHC supported the defini-
tion of these 27 standard haplotypes [31]. More recently, 
additional and more extensive sequencing of a 59-kb 
region of the MHC-B confirmed the differences between 
14 standard haplotypes across this region and provided 
evidence that mutation, recombination and gene conver-
sion events have contributed to the diversity of MHC-B 
haplotypes [32].

The extent of the diversity of MHC-B haplotypes across 
chicken breeds and strains is unknown largely because 
of the lack of readily-applied methods. Early work was 
limited by the fact that B alloantisera are rarely haplo-
type-specific and unpredictable cross-reactivity made it 
difficult to identify MHC-B haplotypes across breeds and 
lines. The poorly defined basis of alloimmune responses 
restricted the application of serological typing to defined 
lines and breeds that contained only a few haplotypes [29, 
30]. Many of the MHC-B haplotypes of non-domesti-
cated chickens and other breeds, including those used for 
the production of brown shell eggs and for meat (broiler), 
remained poorly defined.

More recently, several DNA-based MHC-B typing 
assays have been developed to detect and study differ-
ences within chicken MHC haplotypes between experi-
mental and commercial lines. For example, methods 
based on Southern hybridization for several members 
of the same gene family, single strand conformation 
polymorphism (SSCP) methods to define alleles at indi-
vidual loci, typing methods based on the complex vari-
able number tandem repeat (VNTR) LEI0258, and single 
nucleotide polymorphism (SNP) assays across limited 
regions have been effective in identifying MHC varia-
tion in experimental, commercial and numerous indig-
enous breeds [33–49]. Among these, the typing method 
based on the VNTR LEI0258 considerably simplified and 
enhanced the capacity to assign MHC-B haplotypes [21, 
46, 50].

Currently, typing based on the VNTR LEI0258 [52] 
is the most used method to obtain genetic informa-
tion on the MHC-B region. An analysis of 35 previously 
serologically-defined MHC-B haplotypes showed that 
LEI0258 alleles associate well with MHC-B haplotypes 
[46]. LEI0258 alleles vary in length because they include 
variable numbers of unusual 13- and 12-bp long tandem 
repeats and also SNPs and small indels within the flank-
ing sequences [46]. Since length variations of the LEI0258 
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alleles are large and often discrete, many alleles can be 
distinguished by agarose gel electrophoresis. LEI0258 
typing has been applied to detect MHC-B differences in 
multiple populations in which the MHC-B was not previ-
ously defined [14, 17, 53–59] and such studies on indige-
nous strains of chickens have linked helminth or bacterial 
infections with the MHC-B, thus establishing that MHC-
B is involved in the resistance to pathogens of non-labo-
ratory selected lines [15, 17, 60].

Although highly valuable, it is clear that LEI0258 typ-
ing alone is not sufficient to fully define the variability 
of the MHC-B region. Indeed, MHC-B haplotypes, such 
as the B2 and B15 haplotypes that differ based on serol-
ogy data and genomic sequence, have the same LEI0258 
allele size [46]. In addition, since LEI0258 typing defines 
only a single location, it is not useful for the identification 
of recombinant haplotypes, which are inherent to the 
MHC-B region [26, 32, 61–68].

The strong relationship between MHC-B variability and 
resistance to disease and the deficiencies of the detection 
methods that are currently used warrant the develop-
ment of a reliable MHC-B detection method. With the 
goal of developing a means for high-resolution MHC-B 
typing across multiple breeds and populations, we have 
identified and tested 101 SNPs across the 209,296-bp 
MHC-B reference region (GenBank accession number: 
AB268588) that was reported by Shiina et  al. [69] and 
that contains 45 genes, which are nearly all involved in 
innate and adaptive immunity. We tested the method 
with thousands of samples and detected structural simi-
larities and differences among haplotypes, identified new 
recombinant haplotypes, and developed a reliable and 
rapid means for MHC-B typing.

Methods
Genetic material
Genotyped DNA samples included a subset of the sam-
ples that had previously been typed using the VNTR 
LEI0258 [46]. These samples were mostly from research 
and commercial lines for which MHC-B haplotypes are 
serologically defined [46] and included samples from 
homozygous individuals of inbred or selected lines that 
represented well-identified MHC-B types [provided by 
ME Delany (University of California Davis lines), WE 
Briles (Northern Illinois University pedigreed families), 
RL Taylor Jr. (University of New Hampshire congenic 
lines), HD Hunt (USDA/ADOL lines) and SJ Lamont 
(Iowa State University lines)]. Each haplotype from each 
source was represented by at least two different individu-
als. In addition, extensive typing was carried out on mul-
tiple samples from many elite layer lines that are used in 
commercial production of both white shell and brown 
shell eggs. In addition, all the males of one generation of 

each elite population were genotyped as well as several 
males from other generations that carry rare and novel 
LEI0258 variants. Complete genotyping and LEI0258 
typing information was obtained for over 5000 samples. 
An additional 1351 samples were obtained from 17 herit-
age chicken lines that are maintained at various universi-
ties in Canada and the USA [70]. DNA from the same RJF 
Line 256 individual used as the reference for the chicken 
genome sequence project (provided by H. Cheng, USDA) 
was also tested with this SNP panel.

In addition to the defined standard and recombinant 
lines, a population of 1189 fully pedigreed commercial 
(i.e., multiple line hybrids) egg laying birds produced 
from the mating of 15 males with 142 females was geno-
typed. Sires, dams and progeny were genotyped with a 
sub-set of SNPs that are known to define the haplotypes 
expected in the population. The birds whose haplotypes 
failed to conform to the expected parental haplotypes 
were subsequently genotyped with the full set of 101 
SNPs.

LEI0258 typing
Representative samples of each defined haplotype were 
typed for LEI0258 using the Beckman CEQ 8800 instru-
ment (Beckman-Coulter, Fullerton, CA, USA), accord-
ing to the protocol in [46]. Since the size of the observed 
allele can vary slightly depending on the detection plat-
form used, all allele sizes were converted to their equiva-
lent when using the ABI 377 (Applied Biosystems, Foster 
City, CA, USA) platform as reported in [46].

SNP panels
The SNP panel was created in several steps starting with 
a set of 96 SNPs that was developed for the Illumina 
Golden Gate assay for MHC-B [71]. To improve accuracy 
and reduce the costs associated with the original Illumina 
Golden Gate assay [51], SNP detection was modified to 
a more scalable PCR-based (KASP™ genotyping) assay 
[72]. This method identifies alleles by using one fluores-
cent label for each allele i.e., VIC™ and FAM. Genotype 
information is obtained based on the relative amount of 
each fluorescent dye detected, with intermediate levels of 
both labels detected for the heterozygotes. We used the 
genotyping software Kraken (LGC, Middlesex, UK) to 
determine genotypes and analyze the data. Several of the 
96 SNPs from the original GoldenGate genotyping assay 
did not perform well, i.e. either they failed to provide 
any genotype information or they indicated heterozygo-
sity for samples from individuals that were known to be 
homozygous for the MHC; in these cases, the SNPs were 
replaced with adjacent SNPs. SNPs were considered as 
reliable and thus included on the final panel only if both 
alleles were consistently detected and genotyping results 
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were uniform in tests with well-defined samples. Sam-
ples from individuals that were known to be homozygous 
for the MHC had to be consistently homozygous for the 
same allele, while those from pedigreed individuals that 
were known to be heterozygous had to have alleles that 
were consistent with those present within the parental 
haplotypes. The initial panel of SNPs covered the region 
between 30,189 and 240,933  bp (GenBank accession 
number: AB268588), i.e. between the BZFP3 and CD1A1 
genes.

Later, an additional 18 SNPs were included to extend 
the SNP coverage of the MHC-B region and to improve 
SNP density within the first quarter of this region. These 
“MHCNew SNP” included SNPs that were present in 
the first 30,000 bp of the MHC-B sequence that contains 
the BG2, KIFC1, and BLEC3 genes (GenBank acces-
sion number: AB268588), and an additional SNP in the 
BZFP3 gene (see Additional file  1: Table S1). The addi-
tional SNPs that were localized upstream of the region 
used for the original SNP panel are indicated by red lines 
in Fig.  1. SNPs for this region were identified by align-
ing the overlapping regions between the two following 
sequences GenBank accession numbers AB268588 and 
KC955130 (that contain the BG2, KIFC1 and BLEC genes 
in haplotype B12). SNPs that were within introns were 
selected in an attempt to bias the selection towards gene-
specific SNPs. Only SNPs with flanking sequences show-
ing single matches by BLAST search against the sequence 
GenBank accession number: AB268588 were included, 
which resulted in the identification of seven SNPs for the 
region between 9551 and 13,992 bp. Eleven SNPs within 
the region between 17,607 and 62,274 bp in the sequence 
GenBank accession number: AB268588 were added to 
provide supplementary genotype information to better 
define recombinant MHC-B haplotypes. These SNP vari-
ants were identified from resequencing data of Hy-Line 
elite lines [73]. The flanking sequences for these 11 SNPs 

were BLAST-searched against the RJF reference genome 
(galGal4.0), which revealed that SNP MHCNew14 was 
present at two locations with two reference SNP (rs) 
numbers. SNPs MHCNew18 and MHCNew19 were each 
present in both the galGal4.0 sequence that was assigned 
to chromosome 16 and in the chromosome Unassigned 
sequence.

One hundred and one SNPs were included in the final 
panel (see Additional file  1: Table S1). Additional file  1: 
Table S1 provides detailed information on each SNP 
(name, bp and gene locations in the sequence GenBank 
accession number: AB268588, and the NCBI rs num-
bers when available), the sequence of both the common 
and allele specific primers and, the Red Jungle fowl SNP 
followed by the expected SNP variant. Optimal primer 
design used either the forward or reverse strand and this 
is also indicated (see Additional file 1: Table S1).

Haplotype identification
The MHC SNP panel contains 101 SNPs, but only the 
90 SNPs that encompass the region between 30,189 and 
240,933  bp (i.e. between SNPs MHCJ06 and MHC178) 
were used to define the haplotypes due to the com-
plex results seen with the first 11 SNPs (see Additional 
file  2: Table S2). Haplotypes were identified in a three-
step analysis. First, DNA samples from birds that were 
homozygous for MHC-B were used to define individual 
SNP-based patterns (haplotypes). Second, the SNP pat-
terns from MHC-B heterozygous birds were visually 
compared to the SNP patterns provided by homozygous 
birds in the first step. The SNP patterns for defined hap-
lotypes were subtracted and the remaining SNP patterns 
were used to define the other SNP haplotypes present 
in the heterozygous birds. This analysis was performed 
independently within each line in which MHC-B was seg-
regating. Finally, independently-defined haplotypes were 
compared across lines to identify common haplotypes.

 100,000  200,000  1  241,833 000,051000,05

LE
I0

25
8 

M
H

C
N

00
3  

M
H

C
17

8 

M
H

C
N

01
9  

M
H

C
N

02
5 

M
H

C
03

1 

M
H

C
06

0 

M
H

C
07

2 

M
H

C
08

9 

M
H

C
10

6 

M
H

C
13

4 

M
H

C
15

6 

Fig. 1  Gene map of the MHC-B region based on [GenBank: AB268588]. Positions of SNPs in the high-density panel and of the LEI0258 marker 
(above the SNPs) are shown. Only those SNPs indicated in black were used for the definition of the MHC-B haplotype. SNPs indicated in red fre-
quently provided evidence of gene duplication or deletion. The scale unit is bp
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Identification of clusters of SNP haplotypes
Independently-defined SNP haplotypes were compared 
across lines to determine the degree of genetic similar-
ity, and haplotypes were clustered using computational 
phylogenetic methods. First, the R software package APE 
[74] was used to compute the pair-wise uncorrected frac-
tional dissimilarity among all SNP haplotypes. Second, 
neighbor-joining (NJ) topology [75] was constructed 
using the computed genetic distances to depict clusters 
of SNP haplotypes. Third, statistical support for each 
topological branch was derived from a majority-rule 
consensus [76] of 1000 bootstrap replicates of the origi-
nal haplotype data [77]. Each bootstrap value indicates, 
as a percentage, the occurrence of a branch found in a 
majority (>50 %) of the randomized haplotype data. Hap-
lotypes were grouped into clusters using the method of 
Prosperi et  al. [78]. In our analysis, this model groups 
haplotypes into clusters if the median pair-wise patristic 
distance (MPPD) between each node of a putative cluster 
of haplotypes is below a threshold. Two implementations 
of this model were used. Using the NJ topology, we first 
computed the MPPD of all nodes (internal and terminal) 
in the topology. Next, we computed a quantile distribu-
tion of these distances to determine a suitable similarity 
threshold. Specifically, a cluster is defined if the distribu-
tion of its MPPD is below a percentile of the MPPD of the 
entire topology. We set this percentile to 10 %. In other 
words, cluster membership was restricted to the group-
ing of haplotypes that were more closely related to each 
other than those from the randomly selected 90 % hap-
lotypes. We also evaluated each cluster in terms of boot-
strap reliability. With this complementary constraint, 
only haplotypes that met the 10  % percentile MPPD 
threshold and exhibited a bootstrap reliability greater 
or equal to 70 % were considered to form a cluster. The 
resulting clusters that comprised two or more haplotypes 
and nine examples of distinct single haplotypes were sub-
sequently assigned an alphabet letter name.

Naming of SNP haplotypes
SNP haplotypes that were defined from the set of 90 
SNPs that lie between SNPs MHC0J6 and MHC178 
were named “BSNP” followed by a letter that defined 
to which cluster the haplotype belonged and then by a 
two digit number to distinguish the BSNP from other 
members of the same cluster. If the size of the LEI0258 
allele was known, it was indicated within parentheses. 
For example, the first haplotype (see Additional file  2: 
Table S2) is BSNP-A01(345). If the serological B haplo-
type was known, it was given following the LE0258 allele 
size, as exemplified in the second and third members 
of the “A” cluster, BSNP-A02 (357;B75) and BSNP-A03 
(369;B21.1). If a BSNP haplotype had multiple LEI0258 

alleles, the additional LEI0258 alleles were also included, 
i.e., BSNP-A09A (357,369;BQ). If the same BSNP pat-
tern was found for lines that were previously defined as 
serologically different, this serological information was 
included i.e., BSNP-B03 (249;B15.2,B22) and BSNP-J04 
(539,552;B19,B19.1). In the four cases for which the same 
BSNP was associated with a polymorphism in the first 
30,000 bp, an additional letter was added to the name (see 
Additional file 2: Table S2), i.e. BSNP-A09A (357,369;BQ) 
and BSNP-A09B (357). The BSNP haplotype of the indi-
vidual that was sequenced for the chicken genome pro-
ject was also determined and the letters “RJF” were then 
added, i.e. BSNP-A07RJF*(369).

Naming of recombinant SNP haplotypes
The recombinant SNP haplotypes were named using a 
numerical designation that followed the order in which 
they were identified (i.e., BSNP-Rec01, BSNP-Rec02, 
etc.), (see Additional file  3: Table S3). Additional infor-
mation, such as the size of LEI0258 alleles, and previ-
ously accepted recombinant names were included when 
available (see [31]), for example, BSNP-Rec01 (309; B2R1, 
B2R3). Novel recombinant haplotypes were scored as 
recombinant only if both parental haplotypes were also 
identified within the line that carried the recombinant 
haplotype.

Quantitative PCR
We performed quantitative PCR to examine genome 
copy number for the region surrounding the MHC-
New10 SNP. We used the following primers: MHC-
New10F, TGCAAGTTAAATGCTGCAAATC and 
MHCNew10R, AAATGCTTGGTGAGAAGCG with 
LNA probe CT+G+TA+CA+CA+GAA+GG (IDT, 
Iowa City IA, USA). The DNA of each sample was ampli-
fied in six replicates using a common master mix (Quan-
tifast Probe PCR+, Qiagen, Germantown, MD, USA). 
DNA was diluted to 20  ng/µL and 3 µL were used for 
each reaction. An assay for a single copy number gene 
RNAseP was included in each well as an internal con-
trol. Additional controls included DNA from individuals 
known to be trisomic or tetrasomic for the MHC (MHC-
B15) [79]. Results were normalized against the internal 
control and then against a disomic MHC-B15 to obtain 
relative genome equivalents.

Results and discussion
Analysis of SNP haplotypes
The typing panel consisted of 101 SNPs that yielded relia-
ble SNP genotype information across the MHC-B region 
for multiple MHC haplotypes. The 231,382-bp DNA 
segment (GenBank accession number: AB268588) that 
ranged from 9551 to 240,933  bp encompassed a region 
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between genes BG2 and CD1A1. As illustrated in Fig. 1, 
where each 11th SNP is indicated, SNPs were not evenly 
distributed across the MHC-B region with some parts 
sparsely and others more densely covered. This is due in 
part to the difficulty in obtaining consistent information 
for multiple haplotypes with some of the primer pairs 
used (which were excluded from the SNP panel). Many of 
the sparsely covered regions reflect the presence of pol-
ymorphic or repeated sequences to which SNP primers 
fail to hybridize uniformly.

Because the SNP data for the first  ~30,000  bp of 
the MHC-B sequence (GenBank accession number: 
AB268588) led to complex results for several haplo-
types (see Additional file  2: Table S2), genotype infor-
mation for the first 11 SNPs was not used to define the 
haplotypes. The remaining 90 SNPs that covered the 
majority of the MHC-B sequence (GenBank accession 
number: AB268588) between SNPs MHC0J6 (30,189 bp) 
and MHC178 (240,933  bp) are indicated by black bars 
in Fig. 1 and the first 11 SNPs that are located between 
MHCNew003 (9551 bp) and MHCNew0019 (27,791 bp) 
are indicated by red bars. Genotype information is pro-
vided for all 101 SNPs for the MHC-B haplotypes that 
were identified for the serologically-defined lines, com-
mercial elite layer stocks and heritage breeds (see Addi-
tional file  2: Table S2). Seventy-eight SNP haplotypes 
were defined from over 7500 samples.

Analysis of the data showed that this SNP panel was 
sufficient to identify previously defined haplotypes, dif-
ferentiate new haplotypes, detect known and new recom-
binant haplotypes that were the result of multiple points 
of crossover, and to reveal special genetic features of the 
5′ BG region. The strict conditions that were applied for 
inclusion of each SNP in the panel strengthen the valid-
ity of this panel for the detection of MHC polymorphism 
when applied in additional populations. It is likely that 
many additional MHC-B haplotypes will be identified 
when the panel is used to analyze other chicken popu-
lations, i.e. other defined breeds, wild populations and 
indigenous chicken varieties. In a separate study using 
this SNP panel, we identified 310 new MHC-B haplo-
types among 199 birds from four wild red jungle fowl 
populations [80]. While this panel was very useful to 
reveal the diversity of MHC-B sequences, it is likely that 
additional sequence diversity may exist within the region 
covered by the panel. Just as for serologically-defined 
MHC-B haplotypes [81], it continues to be true that the 
identities defined by this SNP panel were presumed and 
further analyses (including sequencing) may disclose dif-
ferences that are not found with this method.

The SNP patterns for 78 haplotypes are summarized 
in Additional file  2: Table S2 which also includes infor-
mation on the breed(s) within which each haplotype 

was found. Each haplotype is named as described above 
with a common alphabetic designation (A to V) for the 
family (cluster) within which individual haplotypes are 
more similar than 90  % of the haplotypes of the entire 
population as defined by MPPD in the NJ topology. In a 
few cases where a SNP allele was missing, the allele was 
scored as F for fail.

SNP analysis of samples from lines that carry the stand-
ard serologically-defined MHC-B haplotypes, many of 
which were maintained at different laboratory locations, 
and from commercial breeding populations, provided 
SNP patterns that were consistent with the serological 
assignments and with the LEI0258 types defined previ-
ously [46]. For example, the SNP haplotype BSNP-K03 
(261; B2, B29) was found in the B2 standard maintained 
at ADOL, UCD, Hy-Line and NIU. Similarly, SNP haplo-
types were also consistent for other serologically-defined 
haplotypes that were identified in genetic stocks from 
multiple sources including B12, B13, B15, B19, B21 and 
B24. Overall, the SNP patterns were consistent with hap-
lotypes that were previously assigned. These consisten-
cies validate the application of this SNP panel for MHC-B 
genotyping.

Among other BSNP haplotypes, some were nearly 
identical except for differences at one or the other end 
of the 230,000  bp region, which suggests that they 
might result from recombination events. For exam-
ple, haplotypes BSNP-O02 (309; B24) and BSNP-O03 
(309; B10, B26, B76) differed by only two SNPs near the 
3′-end of the MHC-B sequence (GenBank accession 
number: AB268588) (MHC157 and MHC169). Simi-
larly, haplotypes BSNP-A09A (357, 369; BQ) and BSNP-
A09B (357) differed for seven of the eight SNPs that are 
located near the 5′-end of the MHC-B sequence (Gen-
Bank accession number: AB268588) between positions 
12,062–21,784 bp.

In some cases, the SNP data clarified the relationship 
between serologically-defined haplotypes. For exam-
ple, the two serologically-defined haplotypes B2 and 
B29 (both from WL) were identical with both SNP and 
LEI0258 typing [BSNP-K03 (261;B2,B29)]. Similarly, the 
serologically-defined haplotypes B10 from WL, B26 from 
NH, and B76 from WPR shared the same BSNP type 
[BSNP-O03 (309; B10, B26, B76)]. The limited availability 
of full comparative serological reagent panels and control 
blood samples used in past studies may have resulted in 
the unnecessary naming of new haplotypes during inde-
pendent investigations. Indeed, B29 and B26 haplotypes 
may be identical to their respective counterparts B2 and 
B10. Alternatively, the serological assignments made in 
earlier studies could reflect genetic differences that were 
detectable by using serological reagents but not by the 
SNP panel.
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The data obtained with the SNP panel are in agreement 
with genome sequences described by Hosomichi et al. for 
14 standard MHC-B haplotypes [32]. The SNPs patterns 
in BSNP-U01 (295; B5) and BSNP-V06 (405; B8) differed 
significantly between the 5′-end and BRD2 but much less 
between BRD2 and the 3′-end of the region analyzed. 
Similar results were found for B12 and B19 SNPs. The 
sequences of B12 and B19 are nearly identical between 
BG1 and TAP1 [32]. SNP genotypes are identical across 
the region between SNPs MHC087 (124,920  bp) and 
MHC144 (177,699  bp) as reported by Hosomichi et  al. 
[32]. However, the sequences of these two haplotypes 
diverge in the upstream region with MHC056 (97,054 bp) 
being the first SNP to differ [see BSNP-J06 (461, 474, 487; 
B12, B12.3, B71) and BSNP-J04 (539, 552; B19, B19.1)].

Genetic distance among MHC‑B haplotypes
To gain insights into the similarities among MHC-B hap-
lotypes and to provide a logical basis for naming groups 
of BSNP haplotypes, we adopted methods that are typi-
cally applied to gene sequences in phylogenetic studies. 
The topological network in Fig. 2 illustrates the extensive 
diversity present in the MHC-B region. Based on the first 
constraint that haplotypes with 90 % or more MPPD sim-
ilarity are part of a common group or family, the 78 SNP 
haplotypes were grouped into 22 families (BSNP families 
A through V). Most families contain multiple haplotypes. 
However, nine families are currently represented by a 
single haplotype (e.g., BSNP-S01) and in Fig.  2 they are 
indicated with stippled lines. To gain insight into the sta-
bility of the relationships between SNP haplotypes, we 
applied an additional constraint i.e. bootstrap reliability 
should be greater than 70 %. Three clusters (K, O, and R; 
branches with dashed lines) did not meet these combined 
criteria, which suggested enhanced differentiation among 
haplotypes in these clusters. Although it is likely that 
reticulate events in the MHC-B region affect all clusters 
of haplotypes to some degree, the prevalence of recom-
bination or gene duplication and loss may be increased 
for these three clusters. We also modeled numerous hap-
lotype networks using data in which BSNP haplotypes 
were variously included and excluded (jackknife resa-
mpling; data not shown). Even when analyzed with dif-
ferent topology reconstruction methods like maximum 
parsimony and maximum likelihood, the network in 
Fig. 2 remained strongly supported, which suggests that 
a majority of the SNP haplotypes that will be identified in 
the future will cluster within the families defined with the 
BSNP in this study.

In addition to defining 22 BSNP clusters, the network 
revealed greater separation (genetic distance) between 
cluster A and other clusters (Fig.  2). Multiple haplo-
types within this cluster are known to confer resistance 

to disease including BSNP-A04(B21), BSNP-A03 (B21.1) 
which is serologically similar to BSNP-A04 (B21), BSNP-
A05 (B5.1) which is present in the highly disease-resist-
ant Fayoumi breed, and BSNP-A09 (BQ) that is derived 
from red jungle fowl. This cluster also includes haplotype 
BSNP-A07RJF*, which was identified in the individual 
that was sequenced for the chicken genome project. 
Those SNPs that separate the BSNP-A cluster from the 
other BSNP clusters are distributed across the haplotype 
that ranges from MHC031 to MHC178 and cover a large 
number of genes within the region. Haplotype BSNP-
A01 separates more clearly from the rest of this cluster, 
as shown in Fig.  2. However, the similarities within the 
remaining BSNP-A members suggest that they could be 
recently derived.

Agglomerative clustering can capture the degree of 
relatedness among individual haplotypes by grouping 
those that are more closely related to each other. How-
ever, defining a meaningful method to create broader-
scale clusters remains challenging and continues to be 
an open area of study. We chose an objective approach 
that uses a topological network combined with genetic 
distance and bootstrap reliability between individual 
haplotypes to define clusters. We show that this method 
is flexible and statistically robust and that it will be able 
to accommodate the addition of new haplotypes to the 
already large number of this current collection.

MHC‑B recombinant haplotypes
In addition to testing the SNP panel for its capacity to 
reveal standard and new MHC-B haplotypes, we assessed 
its ability to define recombinant MHC-B haplotypes and 
to localize crossover breakpoints. DNA available for 11 
of the previously characterized recombinant haplotypes 
was genotyped using this SNP panel (see Additional file 3: 
Table S3). The parental haplotypes from which these 
recombinants were presumed to derive were confirmed 
with expected SNP allele matches and the crossover 
breakpoints were localized. As is often the case, the cross-
over breakpoints occurred within regions of sequence 
identical between the two parental haplotypes, thus pre-
cise breakpoints were rarely identified. For example, SNP 
typing for the recombinant haplotype B2R4, named fol-
lowing the conventions adopted in 2004 [31], identified 
BSNP-Rec03 (261; B2R4) as being composed of segments 
of the haplotypes BSNP-I01 (357; B23) and BSNP-K03 
(261; B2, B29). Consistent with the published serologi-
cal assignment of G23-L2-F2, SNP typing mapped the 
recombination breakpoint in a region upstream of the 
MHC-B class II genes between TRIM7.1 and TRIM27.2 
as identified by SNPs MHC018 (64,656 bp) and MHC033 
(85,359 bp). Only one pair of known recombinant haplo-
types (B2R1 and B2R3 that were initially detected by using 
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a fully pedigreed family across several generations and 
were considered to probably have different recombination 
breakpoints) failed to be distinguished by the SNP panel. 
These two recombinant haplotypes were identical and 
defined as BSNP-Rec01 (309; B2R1, B2R3). This contrasts 
with evidence from sequencing data that showed that 
B2R1 (aka BR2) and B2R3 (aka BR4) differed by the pres-
ence of a 225-bp indel in B2R3 [4]. The identical SNPs that 
are present in B2R1 and B2R3 provide an example of how 

genetic differences may be missed with the current SNP 
panel. However, with the availability of sequence data, an 
additional KASP-based detection assay could be devel-
oped to distinguish these two recombinants and reveal 
the additional variability within this crossover region.

Close examination of the populations of heritage and 
commercial breeds in which MHC haplotypes were 
segregating revealed BSNP patterns that were consist-
ent with recombination [70]. We found evidence for an 
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additional 33 novel recombinant haplotypes, BSNP-
Rec12 to BSNP-Rec44 (see Additional file  3: Table S3). 
For candidate recombinant haplotypes to be included, it 
was necessary that both parental haplotypes be present 
within the same population in which the recombinants 
haplotypes were found. The BSNP haplotype for each 
recombinant haplotype is listed along with the paren-
tal haplotypes from which they probably arose. BSNP-
Rec20 has an apparent mismatch for SNP MHCNew28, 
since the allele seen for the recombinant is not found in 
either parental haplotype. BSNP-Rec41 and its parental 
haplotype BSNP-T04 (443) both failed for SNP MHC065. 
These two discrepancies suggest mutation and deletion 
events, respectively, which confirms that both mecha-
nisms influence the evolution of the MHC as reported by 
Hosomichi et al. [32].

It should also be noted that there were numerous exam-
ples of apparent recombination. These were observed for 
individuals for which a segment of their SNP genotype 
was homozygous, followed by a segment that was het-
erozygous. One haplotype could be identified, but the 
second haplotype did not match any existing haplotype 
within the population, thus both parental alleles were not 
available. This precluded the accurate identification of 
the recombination region and did not fit the criteria used 
here to define recombinants, which included the pres-
ence of both parental alleles in the population.

Recombination rates and recombination hotspots 
within MHC‑B
To estimate rates of recombination within MHC-B, we 
used the haplotype data from a multiple line cross popu-
lation. As above, candidate recombinant haplotypes were 
included only if the haplotypes from which they could be 
derived were present in the population. We found evi-
dence for seven novel recombinant haplotypes among 
1189 birds that were subsequently named BSNP-Rec25 to 
BSNP-Rec31. Each one was derived from different paren-
tal haplotype combinations and/or possessed different 
recombination breakpoints. The detection of seven cross-
overs among 1189 birds suggests a recombination rate 
of 0.6 per 100. This contrasts with previously reported 
estimates that were much lower and derived from experi-
mental crosses typed with serological reagents suggesting 
0.05 recombinant events per 100 [65, 67].

The SNP panel data also allowed crossover breakpoints 
to be localized. The information on recombinant haplo-
types (see Additional file  3: Table S3) includes the SNPs 
that flank the apparent recombination region (i.e. the 
region for which both parental haplotypes were identi-
cal). The number of times a particular 1000-bp region is 
encompassed by a recombination event was summed 
on the Y axis of Fig.  3. When breakpoints are mapped 

across the region, it is apparent that they occur at many 
points along the MHC. However, these crossover events 
are more frequent within some regions than within oth-
ers. Crossovers occurred four or more times at six points 
along the sequence, which provides evidence for recombi-
nation “hotspots” (identified as A to F in Fig. 3). Recom-
bination at hotspot C (between TRIM7.1 and TRIM39.1) 
is especially frequent within the broader region between 
35 and 100 kb where crossovers are frequent. Region F is 
another distinct hotspot, which is associated with BG1. 
Consistent with earlier findings [67], recombination 
seems to be less frequent in the MHC class I (BF1 and 
BF2) and MHC class II (BLB1 and BLB2) regions. How-
ever these data suggest that recombination does occur 
among the loci for antigen presentation and thus provides 
new combinations of alleles. This was also reported in a 
recent study on wild Red Jungle Fowl by Nguyen-Phuc 
et al. [80] who found the same hotspots A, E and F and 
one additional hotspot between BLB2 and BF1 using a dif-
ferent methodology to identify recombinant events.

SNP genotyping in the first 30,000 bp region
In contrast to the highly consistent SNP typing for the 
3′-region of the MHC-B region, SNPs within the first 
30,000  bp frequently led to unexpected results. Two 
interesting phenomena were observed. First, for some 
haplotypes, SNP primers that were generally reliable con-
sistently failed to provide a genotype (indicated by “-“) 
(see Additional file  2: Table S2, Additional file  3: Table 
S3). Second, for other haplotypes, the same primer pairs 
gave results that indicated the presence of both alleles. 
This occurred with a number of samples from well-char-
acterized MHC-B homozygous and inbred animals. The 
IUPAC codes K, M, R and Y are used in the tables (see 
Additional file  2: Table S2, Additional file  3: Table S3) 
to report these results. These aberrant results were con-
sistently found for individuals of the same serologically-
defined haplotype from multiple sources and from inbred 
birds of different genetic backgrounds. In particular, the 
six SNPs MHCNew07 to MHCNew12 either consistently 
failed [for 15 haplotypes, e.g., BSNP-A01 (345)], or con-
sistently provided scores for both alleles usually for four 
or five of the six SNPs. For example, haplotype BSNP-
A04 (357; B21) consistently showed both alleles for SNPs 
MHCNew08, 10, 11 and 12.

SNP MHCNew10 was selected to further investigate 
this region since it repeatedly showed unusual results 
with the KASP-SNP detection chemistry. Genotype 
results based on relative fluorescent values of the two 
allele-specific dyes can be visualized on a two-dimen-
sional graph. The genotyping results for SNP MHC-
New10 are shown on the two-dimensional cluster 
diagram in Fig. 4. Allele A was labeled with VIC™ and is 
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plotted on the Y axis. Allele C was labeled with FAM and 
is plotted on the X axis. Normally, the two alleles would 
be expected to provide three well-separated SNP geno-
type clusters: cluster A (red in Fig.  4) with all individu-
als homozygous for the A allele; cluster B (blue in Fig. 4) 
with all individuals homozygous for the C allele; and clus-
ter C (green in Fig. 4) with all A/C heterozygous individ-
uals. The negative controls (i.e. no template) would be in 
cluster F at the origin (black in Fig. 4). Reactions that fail 
are expected to be rare and these clustered with the “no 
template” control (shown by pink circles). A few aberrant 
products are in magenta in Fig. 4. In a typical SNP assay 
in which the SNP is segregating normally, only clusters 
A, B, C and F and possibly a few failed and aberrant reac-
tions would be seen.

The SNP MHCNew10 pattern in Fig.  4 is more com-
plex. There are two additional well-separated clusters 
(clusters D and E in Fig.  4). The large number of failed 
reactions (pink) near the origin in Fig.  3 provides fur-
ther evidence for the aberrant behavior of SNP MHC-
New10. This “negative” result was consistently observed 
with specific haplotypes and included all individuals 
that were homozygous for those haplotypes indicated as 
“-” for this SNP (see Additional file 2: Table S2). In addi-
tion, all BSNP-A04 (357; B21) homozygous samples fell 
within cluster C, which indicates that the SNP prim-
ers detected both A and C alleles at equal levels for all 
BSNP-A04 (357; B21) homozygotes. Samples that were 
heterozygous for BSNP-A04 (357; B21) and a haplotype 
which had the MHCNew10 allele A fell within cluster D 
and similarly, samples that were heterozygous for [BSNP-
A04 (357; B21)] and a haplotype with the MHCNew10 
allele C fell within cluster E. This would be expected if the 
heterozygous individuals carried two alleles A and one 

allele C (for cluster D) or two alleles C and one allele A 
(for cluster E). These unexpected SNP results suggest that 
the region between SNPs MHCNew07 and MHCNew12 
was absent from some haplotypes (no amplification) 
and was variously duplicated in other haplotypes so that 
extra copies of both alleles were present in some samples, 
and extra copies of alleles A or C were present in other 
samples.
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These putative genome copy number variants were 
further investigated by qPCR and the results are summa-
rized in Fig. 5. Data are presented as genome equivalents 
after normalization to an internal single copy number 
gene (RNAseP) and normalization to one of the disomic 
samples [BSNP-L01 (261; B15)]. All tested samples had 
known MHC-B haplotypes as indicated on the graph. 
The disomic, trisomic and tetrasomic samples are from 
individuals known to have two, three or four copies of 
the MHC, respectively, and all were homozygous for B15 
[1]. The graph shows a clear step-wise progression from 
1 to 1.5 and then 2-genome equivalents as expected for 
aneuploid samples. The next samples are examples of 
nine different haplotypes. These show 1-genome equiva-
lent for the six haplotypes [BSNP-K03 (261; B2, B29), 
BSNP-U01 (295; B5), BSNP-J06 (461, 474, 487; B71, 
B12, B12.3), BSNP-D04 (205; B13) BSNP-J04 (539, 552; 
B19, B19.1), and BSNP-M01 (295, 307, 319; B72, B78)], 
2-genome equivalents for haplotype BSNP-A04(357; 
B21) and no amplification for haplotype BSNP-O02 (309; 
B24). These results are consistent with the interpretation 
of the results in Fig. 4, i.e., BSNP-A04 (357; B21) haplo-
type has 2-genome equivalents and haplotype BSNP-O02 
(309; B24) has no genome equivalent for this region. The 
two individuals that were heterozygous for BSNP-L01 
(261; B15)/BSNP-A04 (357; B21), both show 1.5-genome 

equivalents as predicted for an individual heterozygous 
for 1-genome and 2-genome equivalent haplotypes. The 
individual heterozygous for BSNP-O02 (309; B24)/BSNP-
M01 (295, 307, 319; B72, B78), shows a 0.5-genome 
equivalent as predicted for this haplotype heterozygous 
combination (i.e. a no copy and single copy combination). 
The RJF reference sample is considered to be homozy-
gous for the MHC and consistently gave an unexpected 
result, which indicates that less than half a genome 
equivalent is found in repeated assays. The amplifica-
tion efficiency of the qPCR was lower for the RJF refer-
ence DNA than for any other sample, which suggests that 
sequence variation at PCR binding sites may contribute 
to this aberrant result.

The six SNPs (MHCNew07 to MHCNew12) are 
located between positions 12,062 and 13,992  bp and 
are all within the BG2 gene. The unusual SNP genotype 
results observed for this group of SNPs is consistent with 
either deletion or duplication events in this particular 
gene, depending on the haplotype.

Additional apparent gene duplications (as indicated 
by apparent SNP heterozygosity in some samples that 
are homozygous for the rest of the haplotype) were also 
observed for other SNPs in this region. MHCNew17 (in 
exon of KIFC1, 21,784 bp) appeared to be heterozygous 
for samples that were homozygous for 11 haplotypes 
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and MHCNew19 (in exon of LOC425771, 27,791  bp) 
appeared to be heterozygous for samples that were 
homozygous for five haplotypes, which suggests that 
other genes or parts of gene in this region are duplicated 
in some haplotypes. No evidence of deletion of either 
of these two genes was found. DNA from the RJF refer-
ence genome [BSNP-B06 (369) RJF*] contained both 
SNP alleles (and thus potentially contained a duplicated 
priming site for SNPs MHCNew17, MHCNew19, MHC-
New20 and MHCNew21).

Overall, the SNPs that encompassed positions 9000 to 
27,000  bp revealed interesting characteristics. For this 
region, the end-point read results of the KASP assay sug-
gested the occurrence of gene duplication and deletion 
events in the different haplotypes for the BG2 gene. The 
qPCR results for SNP MHCNew10 confirmed the dupli-
cation in one haplotype (BSNP-A04 (357; B21) and dele-
tion in another (BSNP-O02 (309; B24).

This endpoint read PCR method provided rapid pre-
liminary evidence of gene duplication and deletion. The 
results highlighted other haplotypes that should be inves-
tigated more thoroughly in future studies. The qPCR 
results of the RJF reference DNA are intriguing i.e. PCR 
efficiency of the reference sample was lower than that of 
all tested samples, which suggested the presence of addi-
tional unknown variation within the region that is unique 
to the reference genome haplotype. The sequence of the 
RJF reference DNA showed the presence of other SNPs 
with apparent duplications which suggests that additional 
variation may occur in other genes within this sequence. 
Multiple sections of highly similar sequences may well 
explain some of the difficulties that were encountered 
with sequence alignment of the MHC reference. Further 
efforts are needed to better understand and catalog the 
duplication and deletion of genes in this region for mul-
tiple haplotypes. From these observations, we conclude 
that the genes within the first 27,000 bp of the GenBank: 
AB268588 region are subject to gene duplications and 
deletions. These findings are consistent with the obser-
vation of Salomonsen et  al. that recombination and/or 
deletion events are likely major evolutionary forces that 
shaped this portion of MHC-B [82].

LEI0258 variation and mutations
To complete the picture of the variability in the MHC-
B region, we included LEI0258 in the BSNP haplotypes 
(see Additional file 2: Table S2). Close examination of the 
SNP-defined haplotypes revealed distinct haplotypes that 
shared the same LEI0258 allele. For example, the serolog-
ically distinct well-defined haplotypes of B2 [BSNP-K03 
(261; B2, B29)] and B15 [BSNP-L01 (261; B15)] share the 
same 261-bp LEI0258 allele, yet they differ at 31 SNPs 

across the entire region. Similarly, other SNP-defined 
(and serologically-defined) haplotypes that are different 
can share LEI0258 alleles. These include B13 [BSNP-D04 
(205; B13)] and B17 [BSNP-N01 (205; B17)], which share 
a 205-bp LEI0258 allele but differ by 41 SNPs, and B21 
[BSNP-A04 (357; B21)] and B23 [BSNP-I01 (357; B23)] 
that share a 357-bp LEI0258 allele but differ by 43 SNPs. 
In this study, we found that the 357-bp LEI0258 allele was 
shared by nine SNP haplotypes.

Conversely, some identical SNP-defined haplotypes dif-
fered at LEI0258. For example, haplotype BSNP-J06 (461, 
474, 487; B71, B12, B12.3) had three different LEI0258 
alleles (461, 474 or 487  bp). Similarly, BSNP-M01 (295, 
307, 319; B72, B78) had three LEI0258 alleles. In other 
cases, two different LEI0258 alleles were found for hap-
lotypes BSNP-A09A (357, 369; BQ), BSNP-A08 (357, 369; 
B77), BSNP-J04(539, 552; B19, B19.1), and BSNP-V07 
(393, 405; B1, B1.2). Each of the LEI0258 alleles found 
with the same BSNP haplotype differ by either 12 or 
13 bp, suggesting that they are due to mutation of one of 
the LEI0258 repeats.

For the samples tested herein, 29 different LEI0258 
alleles were identified and ranged from 182 to 552  bp 
in length (LEI0258 alleles generally differ by multiples 
of 12 or 13  bp). Typing of three commercial lines for 
which pedigree information was available revealed three 
LEI0258 allele size mutations (all corresponding to 12-bp 
increases from the parental allele) among 2667 birds. 
This is equivalent to a LEI0258 mutation rate of 1.1/1000 
which is lower than the 6/1000 MHC-B crossover rate 
observed in this study.

Conclusions
A relatively simple and scalable SNP-typing method 
was developed that allows new MHC-B haplotypes to 
be detected regardless of whether they were previously 
serologically-defined haplotypes that existed in the 
populations, haplotypes with no serological informa-
tion or new haplotypes that originated from recombina-
tion, which can occur at many points within the MHC-B 
region. We observed recombination rates that are 10-fold 
higher than previously reported using serological detec-
tion, which is likely due to improved detection efficiency 
using the SNP panel. While the number of genes in the 
3′-portion of the region is relatively stable, genes at the 
5′-end are apparently subject to copy number variation. 
MHC-B haplotype diversity is often under-represented 
by the linked VNTR LEI0258. Furthermore, the mutation 
rate of LEI0258 is a source of error in estimating MHC 
variation with this marker only. It should be noted that 
this SNP panel defined haplotypes based only on vari-
ation at the reported SNPs. Additional variation may 
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occur at other sites in the intervening sequences that are 
not interrogated by the reported SNPs. Reliable detection 
of SNPs within highly variable genes such as BF and BLB 
can be problematic since multiple SNPs that lie in close 
proximity (i.e., within the length of the oligonucleotide 
primer) can inhibit primer binding. Identification of this 
additional variation would require additional SNPs and 
perhaps in-depth sequencing. Considering the strong 
association between MHC-B and disease resistance and 
the increasing concern of emerging avian diseases world-
wide, a reliable and consistent method to identify MHC-
B variability in chicken populations, including the wild 
Jungle fowl ancestors is necessary. Furthermore, exami-
nation of MHC-B haplotypes in ancestral populations 
should help to better understand the evolution of the 
MHC within the context of domestication.
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