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ABSTRACT Adaptive genetic variations have direct
influences on the fitness traits of the animal. The major
histocompatibility complex B (MHC-B) region is
responsible for adaptive and innate immune responses in
chickens. In native Korean chicken breeds, no information
on serologically defined B haplotypes is available. We
investigated the MHC-B diversity in 5 restored lines of
Korean native chicken and Ogye chicken breeds using a
recently described MHC-B single-nucleotide poly-
morphism (SNP) panel and the MHC-linked LEI0258
variable number of tandem repeat marker. High SNP
haplotype diversity was observed in Korean native
chicken breeds with an average of 9.7 MHC-B SNP hap-
lotypes per line. The total number of haplotypes ranged
from 6 to 12 per line, and population-specific haplotypes
ranged from 3 to 4. A total of 41 BSNP haplotypes,
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including 26 novel population-specific haplotypes and 15
common haplotypes, were reported over all populations.
The 15 common haplotypes included 7 novel and 8 pre-
viously reported standard haplotypes. Selection and
breeding evidence supports the observation of common
haplotypes between the Korean native chicken and exotic
breeds. Similarly, the LEI0258 marker showed allele
variation, between 193 bp and 474 bp having 5 to 8 alleles
per population. Some of these alleles (193, 249, 309, and
443 bp) were shared and more frequently observed.
Comparison between SNP haplotypes and LEI0258 allele
sizes for the same samples showed that some LEI0258
allele sizes correspond to more than one BSNP haplotype.
The use of the MHC-B SNP panel greatly enhances the
identification of MHC diversity compared with the sole
use of the LEI0258 marker in native chicken populations.
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INTRODUCTION

Local chicken breeds are considered to be hardy and
more disease resistant than the high-producing strains
because of local adaptation and natural selection response
to extreme environmental conditions (Zhang et al., 2014;
Walugembe et al., 2019). Adequate adaptive variations
are required for any species to survive dynamic environ-
ment changes (Gebremedhin et al., 2009). Like other spe-
cies, livestock are no exception as they can respond and
thrive under dynamic environmental changes if they have
beenmaintainedwithadequate adaptive geneticvariations
(Eckert et al., 2008; Jump and Penuelas, 2005, 2009).

This study focuses on important local chicken popula-
tions in Korea. Most of the native Korean chicken breeds
were lost duringWorldWar II and the KoreanWar. The
few remaining backyard Korean native chickens (KNC)
were collected and reared to increase the population size
by several researchers and private farmers who were
interested in these breeds. To improve these remaining
KNC and to supply the rising demand for quality native
chicken meat, a nationwide native chicken breed restora-
tion and establishment project was developed from 1992
to 2007, mainly by the National Institute of Animal Sci-
ence (NIAS) in South Korea. Fifteen years later, 5
distinct KNC lines with distinctive feather color (white
[KNCW], black [KNCL], gray–brown [KNCG], red–
brown [KNCR], and yellow–brown [KNCY]) were estab-
lished (Kwak et al., 2014; Seo et al., 2018). Previous
genetic analyses using microsatellite markers have
shown that these lines are genetically distinct
(Suh et al., 2014). Since the 1960s, the backyard poultry
production system has rapidly converted to commercial-
scale production as a consequence of the rapid increase in
per capita meat and egg consumption in Korea (Kim,
1994). Several improved European or US-developed
breeds, such as Rhode Island Red (RIR), white and
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brown Leghorn, White Plymouth Rock, Cornish, and
New Hampshire, were imported during the 1960s and
used in local production systems to enhance the Korean
broiler and layer industry (Sang et al., 1979; Kim, 1994;
Kang et al., 1997a,b). Currently, these breeds have been
maintained as separate stocks by the NIAS and a private
breeding company. More detailed descriptions of these
breeds can be found in the study by Seo et al. (2018).
Kang et al. (1997a,b) reported growth and layer
performance of a series of crossbred populations
produced by crossing RIR with one of the KNC lines
(brown or black). Another study describes a Korean
commercial hybrid produced from a three-way cross of
a Cornish male line with hybrid female line (produced
by a single cross of RIR with one KNC line) by the
NIAS (Kang et al., 1998a,b). As the demand for native
chicken meat has increased owing to its unique taste
and meat quality, the original KNC breeds and commer-
cial breeds have been widely used for diverse cross-
breeding since 2000 (Park et al., 2010, 2011; Kang
et al., 2010; Lee et al., 2013, 2014). As a result, one of
the famous hybrids called “Woorimatdag” produced by
the NIAS and “Hanhyup-3-ho” of Hanhyup private com-
pany are available on the current market (Choo and
Chung, 2014; Seo et al., 2017).
The Korean Ogol fowl (KO), also known as Ogye,

is another important native chicken breed for the
Korean poultry industry. It is a hypermelanistic
breed, with black feathers, skin, beak, comb, shank,
and bone. Currently, several farmers are rearing this
Ogye chicken, which is bred not for quantity but for
its unique characteristics (Sohn et al., 2018). Most
farmers believe that this breed has high disease resis-
tance and dynamic environmental adaptation. Hence,
understanding the local adaptability and disease resis-
tance in KNC has been important for the conserva-
tion and development of these local breeds for
sustainable production.
The major histocompatibility complex B (MHC-B)

region of the chicken is an important cluster of genes
in which the diversity is maintained by balancing selec-
tion (Kaufman et al., 1999a,b; Miller and Taylor, 2016;
Minias et al., 2018). Genes in this region are functionally
linked with host immunity along with other biological
and production traits (Lund�en et al., 1993; Shiina
et al., 2004; Molee et al., 2016). It is well known that
MHC-B variation has an impact on specific disease resis-
tance to several, highly pathogenic viral and bacterial
diseases in poultry (Shiina et al., 2007; Jin et al., 2010;
Miller and Taylor, 2016) as well as internal and external
parasites (Owen et al., 2008; Schou et al., 2010). There-
fore, identifying MHC-B haplotypes in indigenous
chicken and developed breeds is valuable for manage-
ment and productivity of the poultry industry.
Identification of MHC-B haplotypes in chickens has

changed from the initial serology detection method to
DNA-based variant detection (Briles and Briles, 1982;
Zheng et al., 1999; Iglesias et al., 2003; Fulton et al.,
2016 a; b). Generally, MHC-B haplotypes were defined
based on the serological information obtained from
hemagglutination assays using specifically prepared
alloantisera within a given line (Briles, 1962; Fulton
et al., 1996, 2001; Miller et al., 2001). However, the iden-
tification of serologically defined haplotypes for breeds or
crossbreeds in local production systems has not been
carried out. The molecular marker–based tools provide
a more expedient way to identify the haplotypes in any
chicken population, particularly for local breeds, which
do not have serological information. DNA-based tools
also allow for comparison of MHC haplotypes between
multiple breeds and populations (Miller et al., 1988;
Landesman et al., 1993; Goto et al., 2002; Maccari
et al., 2017).

The variable number of tandem repeat (VNTR) marker
LEI0258 is locatedwithin theMHC-Bregion, andvariation
within this marker has been shown for multiple chicken
breeds from multiple sources (Fulton et al., 2006;
Chazara et al., 2013; Han et al., 2013; Nikbakht et al.,
2013; Kannaki et al., 2017; Mwambene et al., 2019). It is
a good indicator of MHC-B variation in chickens owing
to its high allele range and allele richness. In addition, it
has been shown that LEI0258 alleles are significantly corre-
lated with certain serological B haplotypes (Fulton et al.,
2006; Chazara et al., 2008). However, not all alleles are
unique to specific MHC-B serological haplotypes as the
same allele size has been reported for different serological
MHC-B haplotypes (Fulton et al., 2006). Furthermore,
the high mutation rate of the VNTR can result in multiple
LEI0258 allele sizes being observed for the same serological
haplotype (Fulton et al., 2006). In addition, it is difficult to
identify novel recombinant haplotypes using a single
MHC-B–linked marker.

An alternative approach to overcome these limitations
is to examine variation in specific combinations of molec-
ular markers. The use of single-nucleotide polymorphism
(SNP) in the MHC- B region for haplotype identification
has gained recent attention. A set of SNP in the MHC-B
region was selected by the group of researchers to create
a SNP panel (Chazara et al., 2010). Later, the SNP panel
was modified to a single SNP detection system (KASP),
and additional SNP were included to create a new panel
with 101 SNP (Fulton et al., 2016a). The KASP chemis-
try version of the SNP panel was successfully used in
different chicken populations to investigate the haplo-
type diversity, recombination rate, recombination hot
spots, and novel haplotypes in the MHC-B region
(Fulton et al., 2016a,b, 2017; Nguyen-Phuc et al.,
2017; Iglesias et al., 2019). Unique haplotypes in experi-
mental lines, broiler and layer breeds, and serologically
MHC-defined lines were identified using the SNP panel
and subsequently compared among the breeds to iden-
tify similarity relationship and develop a relevant
nomenclature system for the SNP-based haplotype anal-
ysis. Single-nucleotide polymorphism haplotypes identi-
fied in serologically MHC-defined lines were considered
standard haplotypes that are comparable and consistent
among the different breeds. The objective of this study is
to identify the MHC-B haplotypes and diversity using
the MHC-B SNP panel in 6 KNC populations. Informa-
tion for the VNTR marker LEI0258 was obtained from



Table 1. The MHC-B SNP haplotype results for Korean native chicken lines.

Population1 N2 Total haplotype3 Common haplotype4 Unique haplotype5 No. recombinant No. hom No. het

KNCG 68 12 8 4 1 10 58
KNCL 63 7 3 4 15 48
KNCR 64 11 4 7 2 13 51
KNCW 67 10 7 3 1 21 46
KNCY 69 12 8 4 2 8 61
KO 48 6 2 4 16 32
Total6 379 41 15 26 6

Abbreviations: No. het, number of heterozygous birds for BSNP haplotype; No. hom, number of homozygous birds for BSNP hap-
lotypes; No. recombinant, number of recombinants; KNC, Korean native chicken; MHC-B, major histocompatibility complex B; SNP,
single-nucleotide polymorphism.

1Population used in this study: KNCG5 gray–brown, KNCL5 black, KNCR5 red–brown; KNCW5white, KNCY5 yellow–brown,
and KO 5 Korean Ogye chicken.

2The number of samples per population used for haplotype analysis.
3Number of haplotypes identified in each population.
4The number of common haplotypes per population.
5Unique haplotypes observed in each population.
6Total number of haplotypes and total common haplotypes without redundancy.
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the same samples to investigate the correlations between
MHC-B SNP haplotypes and LEI0258 alleles.
MATERIALS AND METHODS

Sample Collection and Genomic DNA
Preparation

A total of 379 samples were collected from the 5 KNC
lines and the Ogye chicken line maintained by the NIAS,
Korea, by following the procedure described in “The
Guide for Care and Use of Laboratory Animals” pub-
lished by the Institutional Animal Care and Use Com-
mittee of the NIAS, Korea.

The KNC sample included KNCG (n 5 68), KNCR
(n 5 64), KNCL (n 5 63), KNCW (n 5 67), KNCY
(n5 69), and Ogye (KO, n5 48). Whole blood samples
were collected from the brachial vein into the
ethylenediaminetetraacetate-coated vacutainer. Whole
blood samples were transferred to the FTA Elute micro
card (GE Healthcare, Piscataway, NJ) and dried at
room temperature before transportation. Genomic
DNA (gDNA) was extracted from the dried blood
spot from the FTA Elute micro card following the man-
ufacturer’s instructions. For some of these lines, gDNA
was extracted from whole blood collected in an
ethylenediaminetetraacetate-coated vacutainer (Bec-
ton Dickinson, Franklin Lakes, NJ) according to the
manufacturer’s instructions in the PrimePrep gDNA
extraction kit (GeNet Bio, Daejeon, South Korea).
Extracted DNA was subjected to quality evaluation
before genotyping.
Major Histocompatibility Complex B SNP
Genotyping, Haplotype Identification, and
Nomenclature

Major histocompatibility complex B SNP genotyping
was performed using a subset of 90 SNPs in the panel, as
described in the study by Fulton et al. (2016a). Samples
were genotyped using the single-plex KASP genotyping
assay for 90 SNPs of the MHC-B SNP panel that cover
the region between 30,189 and 240,933 bp (i.e., between
SNPMHCJ06andMHC178) of theMHCsequence defined
by Shiina et al. (2007). Details of SNP and primer informa-
tion are described in the study by Fulton et al., 2016a.
All haplotypes were identified using the two-step pro-

cedure described by Fulton et al. (2016a,b, 2017). First,
the birds that were homozygous for all SNP were identi-
fied and used to define the initial set of haplotypes. In the
second step, the SNP patterns of heterozygous birds were
compared with the SNP haplotypes initially identified. If
the heterozygous birds’ haplotypes could be explained by
any of the homozygous haplotypes in the first set, those
supported haplotypes were subtracted and the remaining
SNP patterns were used to define the additional haplo-
types present in the population. This analysis was per-
formed separately within each line. All haplotypes
identified in each Korean chicken population were
compared with previously identified standard haplotypes
of heritage breeds and commercial egg layer elite lines
(Fulton et al., 2016a,b). Subsequently, independently
identified haplotypes in all 6 populations were compared,
and common and line-specific haplotypes were identified.
If a haplotype shows equivalence with a standard haplo-
type for all 90 SNPs, they were named as the standard;
otherwise, each of the novel haplotypes was assigned a
new name (i.e., BSNP-Kr01, BSNP-Kr02, and so on)
and numbered based on the order in which they were
identified. LEI0258 allele information for each BSNP
haplotype was also incorporated.
Variable Number of Tandem Repeat Marker
LEI0258 Analysis

The allele sizes of LEI0258 for all samples were obtained
by using the polymerase chain reaction with the primer
pair of LEI0258 forward: 50-CACGCAGCA-
GAACTTGGTAAGG-30and reverse: 50-AGCTGTGCT-
CAGTCCTCAGTGC-30 according to the procedure
described in the study by Fulton et al. (2006). Polymerase
chain reaction fragment sizes were analyzed by capillary



Table 2. Summary of MHC-B SNP haplotypes and their frequencies in the Korean native chicken lines.

MHC-B SNP
haplotype name1

Population2
Total

observations3KNCG KNCL KNCR KNCW KNCY KO

BSNP-Kr01(295) 0.103 0.051 21
BSNP-Kr02(249) 0.199 0.127 44
BSNP-Kr03(193)rec 0.162 0.047 0.029 32
BSNP-Kr04(249)rec 0.007 1
BSNP-Kr05(443) 0.147 0.007 21
BSNP-Kr06(417) 0.074 0.007 11
BSNP-Kr07(249) 0.074 10
BSNP-Kr08(333) 0.007 1
BSNP-Kr09(309/333) 0.015 0.468 0.305 100
BSNP-Kr10(417) 0.007 1
BSNP-Kr11(193) 0.222 28
BSNP-Kr12(333) 0.143 18
BSNP-Kr13(193) 0.095 12
BSNP-Kr14(249) 0.016 2
BSNP-Kr15(193) 0.211 27
BSNP-Kr16(309)rec 0.008 1
BSNP-Kr17(367) 0.023 3
BSNP-Kr18(193)rec 0.008 1
BSNP-Kr19(193) 0.055 7
BSNP-Kr20(193) 0.141 18
BSNP-Kr21(193) 0.023 3
BSNP-Kr22(283) 0.090 12
BSNP-Kr23(249)rec 0.037 5
BSNP-Kr24 (193) 0.060 0.239 41
BSNP-Kr25 (474) 0.007 1
BSNP-Kr26(193) 0.051 7
BSNP-Kr27(193)rec 0.014 2
BSNP-Kr28(193) 0.007 1
BSNP-Kr29(309) 0.007 1
BSNP-Kr30(249) 0.115 11
BSNP-Kr31(417) 0.395 38
BSNP-Kr32(247) 0.052 5
BSNP-Kr33(205) 0.073 7
BSNP-B03(249) 0.140 0.040 0.063 0.052 0.232 71
BSNP-J06(474) 0.559 0.065 84
BSNP-K02(249) 0.014 0.344 35
BSNP-M01(307) 0.016 2
BSNP-O02(309) 0.181 25
BSNP-R01(217) 0.052 7
BSNP-T04(443) 0.117 0.021 17
BSNP-T07(443) 0.066 0.109 24

758

Abbreviations: KNC, Korean native chicken; rec, recombinant haplotypes; MHC-B, major histocompatibility complex
B; SNP, single-nucleotide polymorphism.

1Haplotypes from BSNP-Kr01 to BSNP-Kr31 are novel haplotypes identified in Korean chicken and BSNP-B03 to
BSNP-T07 are previously reported standard haplotypes in the study by Fulton et al. (2016a,b). The LEI0258 allele size (bp)
is indicated in parentheses.

2Population used in this study: KNCG 5 gray–brown, KNCL 5 black, KNCR 5 red–brown, KNCW 5 white,
KNCY5 yellow–brown, and KO5 Korean Ogye chicken. Haplotype frequencies calculated by each population are given.

3Number of observation for each haplotype in the entire data set.
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electrophoresis using anABI3730DNAAnalyzer (Applied
Biosystems, Foster City, CA). Allele size was determined
using GeneMapper 3.4 software (Applied Biosystems,
Foster City, CA).
Population genetic statistics including the number of

alleles, effective allele size, expected (He) and observed
heterozygosity for the VNTRmarker were obtained using
GenAlex 6.503 software (Peakall and Smouse, 2012).
RESULTS AND DISCUSSION

Diversity of MHC-B SNP Haplotypes Within
and Between KNC Populations

The MHC-B SNP panel provides an excellent alterna-
tive tool for mapping MHC diversity in a variety of
chicken breeds including 6 KNC populations. The find-
ings of this study are interpreted in the context of
MHC variation previously identified in serologically
MHC-defined lines and other breeds (Fulton et al.,
2016a,b, 2017). Considerably high genetic diversity
was observed using the MHC-B SNP panel (Table 1).
A total of 41 BSNP haplotypes were found within the
6 Korean chicken lines, with a range from 6 (KO) to 12
(KNCG and KNCY) and an overall average number of
9.7 haplotypes per line. The haplotypes within the
Korean chicken populations consist of 33 novel haplo-
types and 8 haplotypes previously identified in breeds,
as reported by Fulton et al. (2016a) (Table 2,
Figure 1). The number of novel unique haplotypes
(i.e., population specific) ranged from 3 in KNCW to 7
in KNCR, with a total of 26 novel unique haplotypes



Figure 1. Visualization of BSNP haplotypes found in the Korean native chicken lines. The haplotype name indicates the corresponding BSNP
allele, and the VNTR marker LEI0258 allele sizes (bp) are indicated in parenthesis. Abbreviation: VNTR, variable number of tandem repeat.
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identified. Close examination of all BSNP haplotypes
revealed that some novel haplotypes are almost iden-
tical, differing at only one or 2 SNP. For example,
BSNP-Kr06 is identical to BSNP-Kr21 except at one
SNP (MHC-65), and BSNP-Kr19 is identical to
BSNP-Kr24 except at one SNP (MHC-120) (Figure 1).
Haplotypes with single SNP differences were also re-
ported by Fulton et al. (2016b).

The haplotype frequency results revealed that all lines
had from 2 to 4 haplotypes at a frequency of more than
0.10 (Table 2), with additional haplotypes at lower fre-
quencies (, 0.10). The 5 KNC lines are being main-
tained as restored breeds after successful regeneration
and establishment project (Kwak et al., 2014; Jin et
al., 2017). Initial diverse population sampling in KNC
and large population size maintained through advanced
breeding practices such as artificial insemination,
within-line selection, and within-line breeding may be
the possible reasons for having considerable unique ge-
netic diversity at the MHC-B region in 5 KNC lines.

The ability to identify the same haplotypes in
different local breeds and the presence of standard hap-
lotypes also found in other breeds provide valuable infor-
mation on MHC diversity in different breeds. Each
MHC-B haplotype found was compared across the
Korean chicken populations and with the haplotypes
identified in standard chicken breeds described in the
study by Fulton et al. (2016a,b). Of the total 15 common
haplotypes, there are 7 previously unreported haplo-
types that are unique and only shared between 2 to 3
of the KNC lines (Table 2). The remaining 8 common
haplotypes within the KNC line were previously
identified in several North American and European
breeds (Fulton et al., 2016a, 2017). The 8 haplotypes
that were identical to haplotypes found in KNC lines,
therefore, are named with their previously given stan-
dard haplotype names (Table 2). The standard BSNP-
B03 haplotype was found in all 5 KNC lines, but not in
the KO line. The KNCY population had the highest
number of previously described haplotypes; BSNP-
B03, BSNP-J06, SNP-K02, BSNP-O02, and BSNP-
T07. All other KNC lines except the KNCY population
had 2 to 3 of the previously described haplotypes
(Table 2). Sharing of the novel BSNP haplotypes across
the KNC lines is in agreement with previous studies that
found KNC lines have a close genetic relationship by
sharing common ancestors at the origin (Seo et al.,
2013; Shu et al., 2014; Choi et al., 2015). In the early
backyard breeding system, the KNC lines may have
interbred despite being separated based on the feather
color and body conformation traits (Seo et al., 2013,
2018).
The presence of BSNP haplotypes within the KNC

breeds that were previously found in broilers, Barred
Plymouth Rock, RIR, White Plymouth Rock, and New
Hampshire breeds (Fulton et al., 2016a,b) suggests a
possible genetic relationship between KNC and some of
these North American breeds. Several studies, using
DNA fingerprinting, polymorphic microsatellite
markers, and 600k SNP chip data, found evidence of
such genetic introgressions into the KNC since 1960.
Based on the previous results, KNC lines are closely
related to Cornish, New Hampshire, and RIR breeds
and genetically more distant from the white Leghorn



Figure 2. Recombinant haplotypes found in Korean native chicken lines. Crossover regions are indicated as overlapped rectangles. Possible
recombinants with one parent haplotype are also indicated. A few genes within the MHC-B region covered by the MHC-B SNP panel are shown. Re-
combinant hot spots from A to D as per Fulton et al. (2016a) were also indicated to identify the localization of the current crossover region. Abbre-
viations: MHC-B, major histocompatibility complex B; SNP, single-nucleotide polymorphism.
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breed (Lee et al., 1996a, b; Kong et al., 2006; Oh et al.,
2008; Suh et al., 2014; Seo et al., 2017; Seo et al.,
2018). Seo et al. (2018) further support our observation
through their findings of a close relationship between
KNC and RIR and Cornish breeds based on the 600K
SNP chip data, indicating that before restoration
occurred, the RIR and Cornish breeds were likely crossed
with the KNC breed.
The Korean Ogye chicken is a unique breed, very

distinct from the other KNC purebred lines. A total of
6 haplotypes, including 4 unique and 2 common haplo-
types, were found in the Ogye breed. In addition, the
Ogye chicken line does not share any haplotypes with
5 KNC lines except for 2 previously reported BSNP stan-
dard haplotypes (BSNP-K02 and BSNP-T07) (Table 2)
(Fulton et al., 2016a,b). The presence of unique alleles in
Ogye chickens provides further evidence that they were
different from KNC-restored lines. This result was not
unexpected as it is in agreement with a previous diver-
sity study using microsatellite markers that showed a
considerable genetic distance between Ogye chickens
and other KNC lines (Suh et al., 2014). Further investi-
gation with these unique haplotypes and potential asso-
ciations with disease resistance of Ogye chickens is
warranted.
Recombinants were identified when both parental

haplotypes were present within the same population.
Six recombinant haplotypes were identified using
criteria described in the study by Fulton et al., 2016a
(Figure 2). Two recombinants were observed in KNCR
(BSNP-Kr16(309) and BSNP-Kr18(193)) and in
KNCY (BSNP-Kr03(193) and BSNP-Kr27(193)) lines,
whereas one recombinant was observed in KNCG
(BSNP-Kr04(249)) and in KNCW (BSNP-Kr23(249))
lines. With the exception of BSNP-Kr03(193), the
recombinants were found in only one population and
at low frequency (, 4%). This is logical, suggesting
that new haplotypes arose recently after a recombina-
tion event, and may be either retained or lost owing to
the drift, unless there is selection pressure to maintain
or increase frequency. The haplotype BSNP-Kr03(193)
was found in 3 of the populations, with the highest fre-
quency being in the KNCG (16.2%) line. Commonality
across multiple populations could be due to shared ge-
netic history, and the high frequency within one of the
lines may be due to some selective advantage, a random
drift, or a simple founder effect. This novel recombinant
haplotype may be worthy of more detailed follow-up for
associations with disease resistance. Caution should be
applied in defining recombinant haplotypes. It is possible
that both parental haplotypes were not identified within
a population owing to sampling. Several of the novel
haplotypes may be considered as potential recombinants
as they appeared to contain 2 or more segments of SNP
that were identical to other haplotypes (Figure 2). This
may be due to the occurrence of multiple historic recom-
bination events.

Close examination of the putative recombinants
suggests the presence of 2 putative recombination
hot spots (Figure 2). One hot spot is between



Table 3. Number of alleles and observed and expected
heterozygosity for MHC-B SNP haplotypes.

Population1 N Na Ne A.R Ho He

KNCG 68 12 7.81 11.03 0.838 0.872
KNCL 63 7 3.39 6.89 0.762 0.705
KNCR 64 11 5.75 10.72 0.797 0.826
KNCW 67 10 2.91 9.15 0.687 0.657
KNCY 69 12 6.21 11.20 0.884 0.839
KO 48 6 3.46 6.0 0.667 0.711
Mean 9.67 4.31 6.165 0.772 0.768

Abbreviations: A.R, allele richness per population (based on the mini-
mum sample size of 48 diploid individuals); KNC, Korean native chicken;
MHC-B, major histocompatibility complex B; N, number of samples per
population; Ne, effective allele size (Ne5 1/[1-He]); SNP, single-nucleotide
polymorphism.

Observed (Ho) and expected (He) heterozygosity values were calculated
considering each MHC-B SNP haplotype as a separate allele.

1Population used in the present study: KNCG5 gray–brown, KNCL5
black, KNCR5 red–brown, KNCW5white, KNCY5 yellow–brown, and
KO 5 Korean Ogye chicken.
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SNP MHCNew24 and MHC014 (47,000–57,000 bp)
(seen in BSNP-Kr03(193), BSNP-Kr04 (249), and
BSNPKr16(309)), with a second one between
SNP-MHC094 and MHC101 (126,000–138,000 bp)
(seen in BSNP-Kr04(249), BSNP-Kr05(443), and
BSNP-Kr13(193)). These occur within the putative re-
combinant hot spots of B and F, as identified by
Fulton et al. (2016a).
LEI0258 Allele Diversity and Correlation
Between BSNP Haplotypes

Historically, population diversity studies for MHC
have been carried out using LEI0258. This study obtained
both BSNP haplotypes and LEI0258 allele information
for the same samples, providing an opportunity to
compare results from 2 commonly used MHC detection
methods. To support the haplotype diversity determined
using 90 SNP in the MHC-B region in Korean chickens,
the number of alleles and population statistics for the
MHC-linked VNTR marker LEI0258 were investigated
using the same populations (Supplementary Table 1).
The LEI0258 marker has shown an allele range from
193 to 474 bp, consistent with allele sizes reported in other
Table 4. Number of alleles and observed and expected
heterozygosity values for the VNTR marker LEI0258.

Population1 N Na Ne Ho He

KNCG 68 7 3.90 0.779 0.744
KNCL 63 5 3.13 0.778 0.680
KNCR 64 7 4.25 0.746 0.765
KNCW 67 8 2.65 0.687 0.622
KNCY 69 6 4.31 0.797 0.768
KO 48 5 2.71 0.625 0.631
Mean 6.33 3.42 0.735 0.702

Abbreviations: He, expected heterozygosity; Ho, observed heterozy-
gosity; N, number of samples per population; Na, total number of alleles;
Ne, number of effective alleles (Ne 5 1/[1-He]); KNC, Korean native
chicken; VNTR, variable number of tandem repeat.

1Population used in the present study: KNCG5 gray–brown, KNCL5
black, KNCR5 red–brown, KNCW5white, KNCY5 yellow–brown, and
KO 5 Korean Ogye chicken.
chicken populations (Fulton et al., 2006; Chazara et al.,
2011, 2013; Han et al., 2013; Mwambene et al., 2019).
Several LEI0258 alleles have identical sizes among the

five KNC lines. For example, 193-, 249-, and 309-bp
alleles were found in all 5 lines. A total of 5 unique alleles,
2 in KO (205 and 247 bp), 2 in KNCW (217 and 283 bp),
and one allele in KNCR (369 bp), were identified. The
mean He heterozygosity value estimated for the
LEI0258 marker was similar to the estimated He hetero-
zygosity value for BSNP alleles. The observed heterozy-
gosity values for LEI0258 alleles and BSNP alleles
ranged between 0.625 (KO) and 0.797 (KNCY) and
between 0.667 (KO) and 0.844 (KNCY), respectively
(Tables 3 and 4).
Although LEI0258 has been commonly used in MHC

diversity studies, it has limitations including failure to
fully distinguish different haplotypes and high mutation
rates, thus not providing accurate haplotype diversity,
as reported in previous studies. (Fulton et al., 2016a;
Iglesias et al., 2019). A total of 14 different alleles for
the LEI0258 marker were identified across all popula-
tions, whereas the BSNP panel identified a much higher
number of 41 different haplotypes. The number of pri-
vate alleles found for BSNP haplotypes was also higher
than that for the LEI0258 marker. One BNSP haplotype
(BSNP-Kr09) was found to have 2 possible LEI0258 al-
leles (309 and 333 bp) that differ in size by 24 bp, sug-
gesting mutation of the R12 repeat within LEI0258
(Table 2). The LEI0258 allele size of 193 bp was found
in 10 different BSNP haplotypes, and the 249-bp allele
was found in 8 different BSNP haplotypes. These exem-
plify the underestimation of MHC haplotype diversity
that occurs when relying solely on LEI0258. Evidence
from several previous studies (Fulton et al., 2016a,b,
2017; Iglesias et al., 2019) and current results suggest
that use of the MHC-B SNP panel is more accurate
than the single MHC-B–linked marker as a tool for
MHC-B haplotype diversity studies.
The LEI0258 marker is a locus with multiple mutation

sites, which can result in variable allele sizes in different
populations (Chazara et al., 2013; Han et al., 2013).
From the diversity perspective, it is indeed attractive,
and our results are in agreement with those of the study
by Chazara et al. (2011), who concluded that LEI0258 is
a good indicator of prediction of MHC heterozygosity.
However, from the comparative results presented in
Tables 3 and 4, the LEI0258 locus is less informative
than MHC-B SNP. Guanxin et al. (2014) have indicated
that evolution of LEI0258 might be different from its
flanking sequence. Therefore, allele variations in the
VNTR marker LEI0258 are not necessarily related to
the MHC-B haplotype.
The 5 KNC restored lines used in this study are of

commercial importance as they are used as parent popu-
lations for creating commercial KNC lines. The genetic
variation observed in KNC clearly shows the value of
these breeds as reservoirs of MHC gene variation. Under-
standing the disease resistance of their commercial pro-
duction crosses is important for commercial production
success. Our current results based on the MHC-B SNP
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panel indicate that KNC lines have maintained high
MHC diversity, presumably with high local adaptation
and disease resistance. This diversity provides an oppor-
tunity for future studies for evaluating the association
between specific MHC haplotypes and certain disease
resistance, which would allow selection for sustainable
breeding for improved disease resistance in KNC lines.
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