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variance (AMOVA) revealed that 94.51% of observed
haplotype variation was accounted for at the within individual level. Little genetic variance was apportioned
within and among populations, the latter accounting
only for 0.83%. We also found evidence of increased recombination, including numerous hotspots, and limited
linkage disequilibrium among the 84 SNP sites. Compared to an average haplotype diversity of 3.55% among
seventeen lines of domestic chickens, our results suggest extraordinarily high haplotype diversity remains in
wild Red Junglefowl and is consistent with a pattern of
balancing selection. Wild Red Junglefowl in Vietnam,
therefore, represent a rich resource of natural genomic
variation independent from artificial selection.
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INTRODUCTION

now unknown, endangered, or extinct. This situation
is very different from species of crop plants whose ancestors often still remain in the wild, typically at the
centers of their origin. Availability of the wild progenitors provides an invaluable source of genetic variation
accessible for contemporary and future breeding initiatives (Tanksley and McCouch, 1997). If the wild progenitors of domesticated animals are known and accessible,
maintenance of genetic diversity, for example, to combat disease and provide adaptive potential to changing
environments, not only remains vital for the health of
the natural populations but also presents a currently
untapped source of genetic information to maintain and
improve current and future agricultural diversity in livestock breeds and lines.
In this respect, Red Junglefowl (Gallus gallus) is an
important species, representing one of the few remaining identifiable and direct ancestors to a domesticated
animal line. Before spreading globally through humanmediated dispersal (Storey et al., 2012), chicken domestication is believed to have initiated in South and
Southeast Asia from wild Red Junglefowl, perhaps with
inclusion of another junglefowl lineage (Fumihito et al.,
1994; Eriksson et al., 2008). Wild populations of Red
Junglefowl still occur naturally in their native ranges

Our current livestock diversity originated from wild
ancestors by altering the genome of these animals
through a domestication process (artificial selection)
over many thousands of years. Intensified contemporary selection programs, while very successful in improving agriculturally desirable traits, may have created a potential predicament: the extent of genetic variation within and among livestock breeds, strains, and
lines—the cornerstones of agricultural diversity—have
rapidly eroded in the past few decades (FAO, 2007;
Groeneveld et al., 2010). Commercial poultry production relies on a few highly selected lines derived from a
small number of breeds, replacing indigenous and noncommercial heritage breeds, and eliminating specialized
research breeds in academia and industry (Fulton and
Delany, 2003; Delany, 2006).
The current genetic composition of domesticated livestock contains only a small fraction of the genetic diversity present their wild ancestors, most of which are
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ABSTRACT The major histocompatibility complex
(MHC) is a multi-family gene cluster that encodes proteins with immuno-responsive function. While studies
of MHC in domesticated poultry are relatively common, very little is known about this highly polymorphic
locus in wild Red Junglefowl (Gallus gallus), the natural progenitor of domestic chickens. We investigated the
diversity of MHC within and among four wild Red Junglefowl populations across diversified natural habitats
in South Central Vietnam. Based on a SNP panel of 84
sites spanning 210 Kb of the MHC-B locus, we identified 310 unique haplotypes in 398 chromosomes. None
of these haplotypes have been described before and we
did not observe any of the wild Red Junglefowl haplotypes in domesticated chickens. Analysis of molecular
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Historically, the most convincing associations between specific MHC haplotypes and pathogen response
for any species are seen with domestic chickens. In
chickens, specific MHC-B haplotypes have strong association with viral infection. Resistance to Marek’s
disease (Bacon, 1987) approaches 95% if an individual possesses the B21 haplotype yet is 0% with the B19
haplotype (Cole, 1968). The close relationship between
MHC haplotype and role in disease resistance may also
in part be due to its more compact synteny and absence
of non-immune related genes (Kaufman et al., 1999a,b).
But despite extensive study in commercial flocks (e.g.,
Fulton et al., 2006; Guangxin et al., 2014), as well as in
non-commercial breeds (e.g., Izadi et al., 2011), MHC
studies in wild Red Junglefowl remain rare, and those
that do exist likely do not represent ancestral haplotypes.
We hypothesize that wild Red Junglefowl possess
great diversity in their MHC-B haplotypes, in part due
to pathogen inventories modulated by differences in geographical location and habitat types. Our hypothesis
is further conditioned on the fact that commercial selection may reduce allelic diversity within domesticated
chicken lines (e.g., Fulton et al., 2006; Muir et al., 2008,
unpubl. data). Thus, extant populations of wild Red
Junglefowl may still maintain a large variety of ancestral alleles. Calling attention to the genetic value of
wild junglefowl populations by studying the population
genetic structure and gene flow among natural junglefowl populations (H. Nguyen-Phuc and M. E. Berres,
unpublished data) will inform landscape management
efforts and help to conserve these wild populations.
Using an extensive single nucleotide polymorphism
(SNP) panel spanning 210 Kb of the MHC-B locus
(Fulton et al., 2016), this study examined levels of MHC
diversity and variation in four natural populations of
wild Red Junglefowl sampled from South Central Vietnam. Here, we present a study that specifically examines adaptive genetic diversity in the MHC-B region
in wild Red Junglefowl obtained from four geographically and ecologically diverse habitats in South Central
Vietnam.

MATERIALS AND METHODS
Field Sampling
During three dry seasons in 2012, 2013, and 2014,
we live-captured Red Junglefowl with non-lethal walking snares (Bub, 1991) modified with local trapping
customs. Domestic decoy roosters (“baiting cocks”)
trained to produce territorial vocalizations augmented
our trapping efforts. A total of 199 birds were sampled
from four unconnected sites. The sampling sites (average area = 50,000 ha) included Cát Tiên National Park
and D
 ông Nai Cultural and Heritage Reserve (hereafter
CTN, as the two sites are adjacent in the southwest)
(CTN; n = 46), Hòn Bà Nature Reserve (HBA; n =
56), Lò Gò Sa Mát National Park (LGO; n = 39), and
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(Johnsgard, 1999; Brisbin et al., 2002), a sizeable region extending from Southeast to Central Asia. The
habitat preference of Red Junglefowl is broad but consists primarily of lowland tropical rainforests below an
elevation of 600 meters. Such habitats throughout the
Asian continent have been greatly modified in recent
decades (Fuller and Garson, 2000).
In studies of Red Junglefowl, it is imperative to
emphasize the importance of documenting their sampling origin, particularly in context with previous studies where samples from so-called “wild” Red Junglefowl were taken for DNA analysis. Japp and Hollander (1954) first proposed that the Red Junglefowl be
the standard genetic wild type. However, in most, if
not all, cases of previous genetic studies, wild junglefowl samples from Southeast Asia were obtained from
captive (zoological park) birds captured from undocumented geographic localities (e.g., Berlin et al., 2008;
Berthouly et al., 2010; Fumihito et al., 1994; Granevitze
et al., 2007; Ngo et al., 2010; Worley et al., 2010;
Mekchay et al., 2014). Even the Red Junglefowl female
used to create the Gallus gallus reference genome sequence traces to the San Diego Zoo population, itself
believed to be introgressed with White Leghorn alleles (M. E. Delany, University of California, Davis, CA;
personal communication). The behavior of Red Junglefowl is extreme compared to many other species in
the Phasianidae; it simply does not tolerate captivity
(personal observation, Collias and Collias, 1996; Brisbin et al., 2002; Codon, 2012). Thus, any Red Junglefowl obtained from captive populations must have been
crossed with domestic lines in order to maintain them.
Indeed, only after 3 or 4 generations of crossing wild
male Red Junglefowl to female domestic chickens (e.g.,
gà tre, “Bamboo chicken”, a small Vietnamese heritage
breed) will offspring survive and eventually tolerate a
human presence (H. Nguyen-Phuc and M. E. Berres,
unpublished data). Efforts to maintain wild-type Red
Junglefowl have been attempted but apparently always
end in failure, possibly due to genetic incompatibilities
and/or specific nutrient deficiencies early after hatching (H. Nguyen-Phuc and M. E. Berres, unpublished
data).
In chickens, the major histocompatibility (MHC)
B locus occurs on chromosome 16 and possesses different gene content and organization than mammalian
MHC. Nevertheless, many specific MHC genes exhibit
functional equivalency (Guillemot et al., 1989; Kaufman et al., 1999a,b; Afanassieff et al., 2001; Rogers
et al., 2003; Hunt et al., 2006). In contrast to domestic lines, the MHC complex in wild Red Junglefowl likely experiences intense balancing selection (negative frequency-dependent selection) (Hedrick, 1998),
because it is subject to a large and possibly dynamic pathogen repertoire. Comparison of MHC structure and function in both wild and domestic individuals offers a model to study adaptive evolution at the molecular level (Edwards and Hedrick,
1998).

MHC VARIATION IN WILD RED JUNGLEFOWL
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Yok D
 ôn National Park (YDN; n = 58) (Figure 1).
Site selection was based on the presence of suitable junglefowl habitat and a relatively symmetrical distance
from the Annamite Mountain Range, a putative dispersal barrier. Two sites, CTN and LGO feature lowland tropical rainforest while HBA and YDN consisted
of upland mixed deciduous forest and grassland. All
sites were separated from each other by approximately
180 km and intervened with residential and agricultural
habitats unsuitable for Red Junglefowl occupancy.
Like most other pheasant species (Phasianidae), Red
Junglefowl occupy terrestrial habitats, often in forest understories containing bamboo (Poaceae). Morphological and demographic characters including elliptical wings, polygynous breeding system, and female
promiscuity suggest Red Junglefowl have limited migration potential and natal dispersal is the primary
mode of gene flow (Johnsgard, 1999). In a related study,
Nguyen-Phuc and Berres (in preparation) established
genetically a home range of approximately 5 km. For
the current study, we sampled 163 roosters, 19 hens,
and 17 juvenile chicks (< 3 months old, with rearing
female). Average capture rates were estimated to be
0.92 bird per work day as the junglefowl were extraordinarily elusive, despite being strongly territorial during
their mating season. We initially attempted to capture
equal numbers of males and females. However, the use
of snares alone had very low capture efficiency and required substantially more effort to check and maintain.
With the assistance of decoy roosters, we had greater
capture efficiency but mainly lured and captured the
territorial male Red Junglefowl. The highest densities of
Red Junglefowl occurred in bamboo-dominated forests

where clear understory forest floors and seasonal natural fires provided sprouting food sources and predatorescape clearance for the ground-dwelling birds.
All birds sampled showed key phenotypic and behavioral characteristics consistent with pure (i.e., not introgressed with domesticated chickens) wild-type Red
Junglefowl as previously described in their native range
in Southeast Asia (Beebe, 1926; Delacour, 1977). They
exhibited slender, blackish tarsi in both sexes, longer
spur-lengths in male roosters, and complete absence of
a comb in adult female hens. Morphologically, the males
undergo a summer pre-basic molt of the neck hackles to
an overall dark “eclipse” plumage following the breeding season, generally June–September, during the rainy
season (Brisbin et al., 2002). The timing of capture efforts during the breeding season did not allow us to
evaluate the presence of eclipse plumage for each male.
In their natural habitats, Red Junglefowl are extremely
timid and do not tolerate the presence of humans. However, we were able to visually record eclipse plumages
from multiple males (without trapping) at each field
site during late summer.

Collection of Genomic DNA and Genotyping
For each captured bird, 20 to 200 μL of blood was
obtained from a brachial vein puncture and stored in
a lysis buffer (0.1 M Tris-HCl pH 8.0, 0.01 M EDTA,
5% SDS) (Longmire et al., 2000). All individuals were
marked with uniquely numbered aluminum leg bands.
Genomic DNA was extracted from blood using the
Promega Wizard DNA Isolation kit (Promega Corp.,
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Figure 1. Location of Red Junglefowl sampling sites in South Central Vietnam. Cát Tiên National Park and D
 ông Nai Cultural and Heritage
Reserve (hereafter CTN, as the two sites are connected), Hòn Bà Nature Reserve (HBA), Lò Gò Sa Mát National Park (LGO), and Yok D
 ôn
National Park (YDN).

4

NGUYEN-PHUC ET AL.

Haplotype Analyses
Since chickens are diploid organisms, the determination of a haplotype from a set of genotypic SNPs is
not immediately possible. In the absence of extended
pedigrees (which are rarely available for wild populations) construction of haplotypes from genotypic SNP
information requires statistical inference (Browning and
Browning, 2011). We used PHASE 2.1.1 (Stephens
et al., 2001), a software that yields Bayesian estimates
of haplotypes and their frequencies from genotypic data
under the assumption of random mating from genotypic SNP data (simultaneously using all the 84 SNPs).
During the haplotype reconstruction process, each allele in a SNP genotype is assigned to one or the other
parental chromosome by estimating likelihoods of candidate haplotypes under a coalescent model (Stephens
et al., 2001). The MHC haplotype reconstruction analyses were restricted to include only the four largest populations of Red Junglefowl sampled due to concerns that
the haplotype phasing accuracy decreases with smaller
sample sizes (Browning and Browning, 2009, 2011).
We also used PHASE to estimate the recombination
rate ρ between SNPs across the study MHC region.
Here ρ is the factor by which the recombination rate
between any two loci exceeds the background population recombination parameter ρ̂ = 4N er (Posada, 2002;
Rokas et al., 2003) itself estimated from the SNP panel
data. Advantageously, PHASE generates a posterior
probability distribution of the recombination parameter
and can be checked for convergence of the sampling algorithm. When estimating recombination rates, we employed the MR model in PHASE, which makes explicit
allowance for intragenic recombination. Runs consisted
of 1,000 iterations as a burn-in, 1,000 secondary iterations, and a thinning interval of 1. The commonly cited
value of r = 0.0004 per site (equivalent to 1 recombination event per million bp per generation) was used

as the initial starting point. Each dataset was run 10
times with a different starting seed, and checked for
convergence by checking consistency among haplotype
frequency estimates and the goodness-of-fit measure for
each of the 10 runs. The final haplotype assignments
were taken from the replicate with the best average
goodness-of-fit.
The presence and significance of recombination
hotspots (sites exhibiting levels of recombination much
larger than the background rate) was evaluated with
SequenceLDhot (Fearnhead, 2006) using the recombination estimates computed by PHASE. This method
used an approximate marginal likelihood method of
Fearnhead and Donnelly (2002) to detect recombination
hotspots from haplotype data. A likelihood ratio (LR)
statistic for putative hotspots was calculated in regions
spanning 2 Kb incrementing by 1 Kb. The nearest 7
SNPs were included for each LR test. If the LR exceeds
a chosen recombination rate, the SNP or SNPs associated with that site are indicative of a recombination
hotspot. A value of 10 corresponds to a false-positive
rate of < 1 hotspot in 1.2 Mb. As our coverage region
is much smaller (approximately 1/5), we chose a value
of 5 because the test as originally formulated may be
too conservative. A plot of the LR statistics can be visualized to assess differences in recombination at different
positions along the MHC-B locus.
For measures of polymorphism and neutrality, we employed the software DNAsp 5.10.1 (Librado and Rozas,
2009) to calculate basic sequence statistics including
haplotype diversity (Hd ), nucleotide diversity (π ) and
Tajima’s D. The D statistic (Tajima, 1989) is commonly used to distinguish between a neutrally evolving
sequence from one evolving under a non-random process, e.g., directional or balancing selection. The number of pairwise differences between haplotypes (Rohlf,
1973) was also computed and based on a parsimony distance criterion, and used to create a minimum spanning
tree to depict genetic distances among the haplotypes
found in each population (Prim, 1957). The minimum
spanning tree for the sampled MHC haplotypes was created using the online service “Interactive Tree of Life”
(Letunic and Bork, 2011).
To capture the strength of linkage disequilibrium
(LD) between pairs of SNPs in the MHC panel, we first
computed for each SNP locus an exact test of Hardy
Weinberg equilibrium (HWE) (Wigginton et al., 2005).
Next, we estimated LD between each consecutive SNPs
with the pairwise disequilibrium coefficient D (Lewontin, 1964) using the software Haploview 4.2 (Barrett
et al., 2005). Although LD is preferably estimated using
high-frequency polymorphisms (Reich et al., 2001) we
accepted the default parameters to include SNPs showing a minor allele frequency of at least 0.05. To define
a set of consecutive sites between which there is little
or no evidence of recombination—a haplotype block—
we used the D -based criteria of Gabriel et al. (2002)
as implemented in Haploview, for each Red Junglefowl
population separately.
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Madison, WI). The extraction quality was assessed visually with 1% agarose gel electrophoresis to confirm
non-degraded, high molecular weight DNA.
DNA was genotyped at 84 sites distributed across
a 210,744 base pairs (bp) of the MHC-B locus using
a SNP panel originally described by Chazara et al.
(2010) and subsequently modified (Fulton et al., 2016).
This region ranges from Bzfp3 to CD1A1 and contains
more than 40 described genes (GenBank AB268588).
Originally sequenced by Shiina et al. (2007), this sequence established a framework for comparative MHC
genomics in avian species (e.g., Hosomichi et al.,
2006). These SNPs were adapted to the Kompetitive Allele-Specific PCR (KASP) high-throughput
genotyping platform (Semagn et al., 2014), to create a panel of SNPs with high reliability for diverse
sources including commercial lines of layers, broilers, and heritage chicken breeds (Fulton et al. this
issue).
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Table 1. Haplotype diversity of Red Junglefowl sampled in
four sites.
Site

CTN

HBA

LGO

YDN

Sample
Total chromosome number
Unique haplotypes
Segregating sites S
Haplotype diversity Hd
Nucleotide diversity π
Expected heterozygosity HE
Tajima’s D1

46
92
92
76
100%
0.2926
0.2894
2.1236

56
112
82
76
98.97%
0.2846
0.2821
2.1381

39
78
48
71
97.86%
0.2790
0.2753
2.0641

58
116
91
75
99.39%
0.2878
0.2854
2.2986

1
All Tajima’s D for neutrality are statistically significant (P <
0.05).

RESULTS
MHC Haplotype Variation

15

The overall background population recombination
parameter ρ̂ in the MHC-B locus in the four sampling
populations was low, but consistent across each population: CTN: 0.0065; HBA: 0.0020; LGO: 0.0013; YDN:
0.0024 recombination events per bp per generation (Table 1). The recombination rates between SNP pairs was
neither consistent across the MHC region nor was it
similar between populations (Figure 2). In general, the
region spanning approximately 180 to 235 Kb exhibited the lowest estimates of recombination in all four
populations. The least amount of recombination occurred in the LGO population perhaps due to the fact
that the number of haplotypes identified were nearly
half that in the other three sampling sites. This occurrence was not a consequence of haplotype diversity
since it was similar in magnitude. Rather, the sample
size (specifically the number of chromosomes sampled)

5
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Recombination rate

The KASP platform genotyped 84 loci distributed
across 210,744 bp region of the MHC-B locus in 199
Red Junglefowl (398 chromosomes). Averaging 1 locus
per 2.9 Kb, 79 sites (94%) were polymorphic. Haplotypes inferred by PHASE met or exceeded 85% for all
SNPs. Stratified by each population, a total of 313 haplotypes were identified (Table 1). Three of these haplotypes (0.96%) were shared between populations: haplotype 180 was shared between the sites HBA and LGO,
haplotype 178 between HBA and YDN, and haplotype
241 between LGO and YDN. No sampling site shared

Estimates of MHC Recombination
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Figure 2. Recombination rates between 84 SNP sites spanning the MHC-B locus in four wild populations of Red Junglefowl.
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Finally, we estimated how genetic variance was partitioned within and among the MHC haplotypes in
the four Red Junglefowl populations using an analysis of variance framework (Weir, 1996) for molecular
data (AMOVA; Excoffier et al., 1992) implemented in
the software Arlequin 3.5 (Excoffier and Lischer, 2010).
This technique treats haplotype distances as deviations
from an estimate of the group mean, and uses the
squared deviations as an estimate of the variance. Significance of the covariance components associated with
the three levels of genetic structure was tested in our
data (haplotypes within individuals, haplotypes within
populations, and haplotypes among populations). Arlequin also estimated covariance components to compute fixation indices, including FST among the four
sampled populations. Statistical significance was tested
by permuting individual genotypes among populations
10,000 times.

any haplotypes with CTN. Thus, 310 unique haplotypes
distributed among 398 chromosomes (78%) were identified, indicating extraordinarily high haplotype diversity
in wild Red Junglefowl. All of the 310 unique haplotypes found in Red Junglefowl sampled in Vietnam, to
the best of our knowledge, have not been previously reported in domestic chickens, either commercial lines or
heritage breeds (see below).
Within each population, MHC haplotype diversity
(Hd ) was also considerable. All 92 haplotypes in CTN
were unique to that locality. In the remaining three
sites, Hd also approached 100% in HBA (99%; n = 112),
LGO (98%; n = 78), and YDN (99%; n = 116) (Table 1). A few haplotypes occurred at higher frequencies
in HBA, LGO, and YDN. In these samples, 8, 6, and
5 occurrences of the same haplotype were observed, respectively. The highest haplotype frequency recorded
occurred in HBA where haplotype 147 was found in 8
of 112 chromosomes (7.14%).
Nucleotide diversity in the MHC-B locus was substantial and consistent in each population, averaging
approximately 28%. The same was true for estimates of
Tajima’s D (average = 2.1, P < 0.05) showing strong
evidence that the MHC-B locus in Red Junglefowl departed from expectations of neutrality (Table 1) and is
consistent with a pattern of balancing selection.
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Figure 3. Recombination hotspots between 84 SNP sites spanning the MHC-B locus in four wild populations of Red Junglefowl. The likelihood
ratio value chosen for significance (5) is depicted by the dashed line. Green lines show the extent (Kb) of the hotspot region.

was reduced compared to the other three sampling
locations.
Several regions exhibited a ρ much higher than the
average and background rates. Eleven recombination
hotspots exceeding a likelihood ratio threshold of 5 were
identified among the four sampling sites. Six hotspots
occurred in more than one population (Figure 3). Individuals sampled from HBA exhibited more evidence
of recombination hotspots than the other three sites.
Two regions of increased recombination were shared
between three populations at approximately 125 Kb
(HBA, LGO, and YDN) and 170 Kb (CTN, HBA, and
YDN). The former region spanned the MHC-B region
from 122,472 to 136,539 bp and included genes BTN2,
BG1, and BLEC4. The latter region spanned the MHCB locus from 163,580 to 177,699 bp and included genes
DMA (BMA1), DMB1, DMB2, BF1, and TAP1.

Estimates of MHC Linkage Disequilibrium
The population recombination rate affects the extent
of LD (Hill and Robertson, 1968) and is an important
facet in the evolutionary history of a population. Prior
to measuring evidence for pairwise LD between each
SNP site across the study MHC-B locus, SNP frequencies at each of the 84 sites were evaluated in terms
of HWE expectations and minimum allele frequency
(MAF). In both cases, failure to remove sites exhibiting these characteristics will bias the estimate of any
LD. Three instances of deviation from HWE expectations were found (P < 0.001), two (SNPs 14 and 79)
in HBA and one (SNP-65) in YDN. A limited but variable number of monomorphic loci also occurred in each
population and along with the three sites exhibiting extreme allele frequencies, were removed.
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Table 2. Analysis of Molecular Variance (AMOVA) in four Red Junglefowl populations.
Source of Variation

DF

Sum of Squares

Variance component

Percentage of variation

Among K populations
Among N individuals within K populations
Within N individuals

3
195
199

2.791
101.187
94.000

0.00417
0.02370
0.47236

0.83%
4.66%
94.51%

N = 199 Red Junglefowl, K = 4 populations.

dominant roosters in the flocks within our sampling
localities (here, “flock” in a broad sense refers to an
observed social unit). The average geographic distance
between individual captures was 1.09 km depending on
capture opportunities (a minimum of 0 m among birds
in the same flock or family to a range of 14 to 26 km
within a sampling area). As a consequence, we did not
have complete knowledge about family structures that
we could compare to our haplotype networks, except
in the following three circumstances. In LGO, we knew
the relationships of two families that were sampled less
than 300 m apart. Each had a rearing hen and two
young chicks. Of the six birds, we were able to match
each family member to a specific haplotype. The first
two families were defined by haplotypes 232 (hen), 233
to 235 (chicks) in one family and 255 (hen) and 254
(chick) in another family. Haplotypes of the remaining
chick in the second family were not grouped together,
likely due to inheritance from different males, as multiple sire mating does occur regularly in Red Junglefowl
(Collias and Collias, 1996). Alternatively, a recombination event could also have taken place. In YDN, five
MHC variants of haplotypes 289, 292, 277, 286, and
279 belong to five male Red Junglefowl sampled in the
same vicinity. Average distance between these five birds
was just more than 100 meters whereas haplotype 277
and 279 belong to two first-year non-territorial male
roosters captured together.

MHC Population Structure
The most striking feature of the relationships among
the 310 unique MHC haplotypes is a lack of spatial organization. The minimum spanning tree of MHC haplotypes for individual sampling sites displayed a dispersive pattern (Figure S1). Those that clustered were
often consistent with close familial relationships (see
Discussion). The overwhelming majority of genetic variation was partitioned within individuals (94.51%, P <
0.001). In contrast, substantially less genetic variation
was attributable within (4.66%, P < 0.001) or among
populations (0.83%, P < 0.001) (Table 2). Contrasting
observations made with neutral loci (Nguyen-Phuc and
Berres, in preparation), the overall FST among the four
study sites was only 0.83% (P < 0.001), indicative of
almost no geographical structure among MHC haplotypes in the four Red Junglefowl populations surveyed.
The mating system of Red Junglefowl is polygyny
and males are highly territorial during the breeding season. Our field method of passive walk-in snares with
decoy roosters mainly lured and promoted capture of

DISCUSSION
Genes within the MHC are among the most polymorphic in vertebrate animals. As a result of their diversity, MHC molecules have received considerable attention in the fields of evolutionary and conservation
biology, and especially in immunogenetics. The study
of fitness effects of disease resistance and the costs of
adaptive immune responses in avian species has been
driven primarily by commercial enterprises seeking to
create more disease resistant lines of poultry (e.g., Fulton et al., 2014). To date, no systematic evaluation of
MHC in genuine wild Red Junglefowl has been conducted. We sampled 199 wild Red Junglefowl in four
sites exhibiting geographically, ecologically, and environmentally diverse conditions in central Vietnam. Using a high-density SNP detection system, we assessed
nucleotide diversity at 84 sites distributed across approximately 210 Kb of the MHC-B locus. The most
striking result of this research is the extensive amount
of nucleotide and haplotype variation characterized in
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Overall, very little evidence of LD across the MHC-B
locus was present in any of the four sites and is consistent with the elevated inter-site recombination and
hotspots we found by the PHASE and SequenceLDHot
inferences. However, a few small LD blocks were identified. One present in all four sampling sites comprised
SNPs 81 and 82, separated by 1,794 bp, exhibited a
D’ = 1 (complete linkage) and logarithm (base 10) of
odds of linkage (LOD) > 2. This LD block contained
two genes, a leukotriene B4 receptor (LTB4R1) and
CD1A2 (CD1B) a cell-surface protein capable of presenting antigens to T cells (Miller et al., 2004). Another
LD block common to the four sampling sites comprised
SNPs 21, 22, and 23. Spanning 678 bp, this region contained the tripartite motif TRIM41 (Ruby et al., 2005).
Two additional LD blocks not common to all sampling sites were also observed. The first contained a
putative NK receptor beta lectin gene, BLEC2 (Shiina et al., 2004, 2007; Chaves et al., 2009; Ye et al.,
2012) and spanned MHC SNP sites 50 and 51 in LGO
and YDN. The second spanned the MHC-B locus alpha chain DMA (BMA1; Chazara et al., 2011) at MHC
SNP sites 61 and 62, but occurred only in individuals
sampled from YDN. In HBA and to a lesser extent in
CTN, high values of D’ persisted in these areas but were
not strong enough to meet significance requirements because of reduced D’ and LOD scores.
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Table 3. Comparison of MHC haplotypes recorded in wild Red Junglefowl and 17 domestic lines.
Line type

No. Samples

No. Haplotypes

% Unique haplotypes

Red Junglefowl - CTN
Red Junglefowl - HBA
Red Junglefowl - LGO
Red Junglefowl - YDN
Red Junglefowl - Average
1
Broiler – Average (6 lines, n = 438)
1
Standard – Average (9 lines, n = 724)
1
Synthetic – Average (2 lines, n = 189)
Domestic chickens - Average

46
56
39
58

92
82
48
91

100.00%
73.21%
61.53%
78.44%
78.30%
5.54%
1.97%
3.14%
3.55%

1

Data obtained from Fulton et al., this issue.

Agricultural Genetic Diversity
The best-studied MHC genes in birds come from
those species of agricultural significance such as
chicken, pheasant, quail, duck, and turkey (e.g., Kaufman et al., 1999b; Shiina et al., 2004; Shiina et al., 2007;
Chaves et al., 2009; 2011). But unlike their mammalian

counterparts, the genomic structure of MHC differs
considerably within avian species (Hess and Edwards,
2002). This makes direct comparisons more challenging and confounded further by significant differences in
genotyping technologies (e.g., Jacob et al., 2000; Miller
et al., 2004). Our current study has a distinct advantage as we could compare it to haplotypes from 1,359
individuals sampled from 17 commercial lines (Table 3).
Chickens from these domestic lines were genotyped with
the same KASP technology at the identical MHC loci
(Fulton et al., this issue). Without any doubt, the haplotype diversity of the wild-caught Red Junglefowl is
increased substantially. No overlap was seen between
the 310 unique Red Junglefowl MHC haplotypes and
those found in commercial lines.
Fulton and Delany (2003) brought attention to the
continuing rapid decline of both commercial and heritage poultry lines. Recent research evaluating influences of selection practices on commercial chickens suggests that it can reduce allelic diversity (Muir et al.,
2008). Our current research also confirms less genetic
diversity in commercial chicken lines: selective breeding practices for desirable agricultural traits have reduced significantly the level of genetic variation in MHC
(Table 3). Importantly, the reduction in genetic diversity described by previous research is limited only to
domesticated chickens, not their wild ancestors, Red
Junglefowl. Given the introgressed and inbred nature of
the G. gallus reference sequence, the loss of allelic diversity may even be greater. The unusually high polymorphism of Red Junglefowl MHC discovered in our study
will further assist in understanding adaptive polymorphism and the genetic basis of pathogen resistance
(Zuckerkandl and Pauling, 1965).

Adaptive Variation and Selection
The question as to why there is so much MHC-B locus diversity in Red Junglefowl remains unanswered.
Extensive variation at MHC loci is generally thought
to be maintained by balancing selection (Hess and Edwards, 2002), itself perhaps modulated by host-parasite
coevolution. We estimated Tajima’s D, a comparison of
the average number of nucleotide pairwise differences
(π ) and the number of segregating sites (S) (Table 1).
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the MHC-B locus: nearly 80% (310) of the 398 chromosomes analyzed exhibited a unique haplotype.
Originally, we hypothesized that Red Junglefowl were
likely to demonstrate extensive MHC diversity. Because
they were sampled in ecologically diverse sites, disconnected from inter-site migration, and perhaps exposed to differing pathogen repertoires, we also predicted a presence of strong population structure among
MHC haplotypes. Although we observed a tremendous
amount of MHC haplotype variation, there was a total lack of spatial organization among and within populations (Table 2, Figure S1). The genetic variation
measured as expected heterozygosity (HE ) was always
greater for MHC (between 0.2753 and 0.2894, Table 1)
than for neutral markers (between 0.1243 and 0.1916;
Nguyen-Phuc and Berres, in preparation).
Two other lines of evidence support the absence of
MHC spatial pattern in wild Red Junglefowl. First,
genetic differentiation, as measured by FST from the
MHC data, was essentially zero (Table 2; 0.0083).
The absence of among-population variation contrasted
strongly with that observed in neutral markers (0.1400),
even at the intraspecific population level (NguyenPhuc and Berres, in preparation). Second, the genetic
variance attributable to within (4.66%) and amongpopulation (0.83%) levels were only a small fraction
of the total within level variance. Note that variance
estimation in AMOVA has been derived under several
different models and they may have different outcomes
in their estimated covariance components. The fixedpopulation model employed here is considered limited
to explaining evolutionary forces causing population
differentiation (Weir, 1996). Nevertheless, the substantial amount of SNP variation observed at individual
level (94.51%) strongly suggests diverse MHC-B locus
variation occurs without regard to a geographical context in Red Junglefowl.

MHC VARIATION IN WILD RED JUNGLEFOWL

MHC Recombinants
In contrast to mammals, the close relationship between avian MHC haplotypes and role in disease resistance may in part be due to its more compact system and general absence of non-immune related genes
(Kaufman et al., 1999b). From a population genetics

point of view, recombination produces new haplotypes
and increases the genetic variation in a population, by
breaking up existing linkage between gene loci. But the
relatively small size of the chicken MHC (at least compared to MHC in mammals) may restrict recombination between different loci. For example, recombinant
individuals between the MHC-B to L and B to F loci
are thought to be extremely rare in commercial chicken
lines (Hala et al., 1989).
Our investigation of recombination in Red Junglefowl MHC suggests that while recombination within
the MHC-B locus does occur, its magnitude is highly
variable across both the entire MHC-B locus and between populations. At least two hotspots of recombination common to all four sampling sites were identified.
However, despite the ostensible lack of evidence showing MHC recombination in domestic chickens, MHC-B
locus recombination in natural populations of Red Junglefowl populations likely contributes to increased diversity. Recently, Fulton et al. (2016) provided evidence
that MHC-B locus recombination may occur more frequently in domestic lines of chicken than previously
thought.
The population recombination rate affects the extent of LD (Hill and Robertson, 1968). Unfortunately,
studies of MHC LD in natural populations of birds
remain rare. A recent study by Edwards and Dillon
(2004) examined a 40-Kb region of MHC Class II locus
in Red-winged Blackbirds (Agelaius phoeniceus). They
found evidence of high LD only across a few hundred
base pairs, a span nearly identical to what our current
study discovered in Red Junglefowl. In contrast, Heifetz
et al. (2005) found significant LD extending over several centimorgans in commercial populations of domestic chicken but these results may have limited relevance
to comparisons with wild Red Junglefowl populations.
The presence of LD blocks depends on characteristics of the sample populations. While this study demonstrated very little LD exists in MHC in Red Junglefowl,
all four populations had evidence of 2 to 4 LD blocks.
Remarkably, two of these blocks were common across
the four populations. All LD blocks were restricted primarily to regions less than 1 Kb although a roughly
2 Kb region was also identified. These findings mirror
those found by Edwards and Dillon (2004) and also in
MHC of the wild turkeys (Meleagris gallopavo) (Chaves
et al., 2011). Generally, as effective population size (Ne )
increases, the smaller the LD blocks will be. The similar
magnitude and distribution of small LD blocks across
four widely separated populations of Red Junglefowl
suggests that not only is Ne large in these populations
of wild Red Junglefowl, but also similar in size. Consistent with this interpretation are similar rates of recombination observed across the MHC-B locus.
However, blocks of LD can arise by chance even when
recombination rates are uniform. If the recombination
hotspots identified in the Red Junglefowl populations
are genuine, then at least some aspect of the LD blocks
is transferable between populations, an event that is
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In the absence of demographic changes (e.g., population
expansion or contraction, high levels of inter-population
migration), positive selection (selective sweeps) is indicated by negative values of D. Under the influence of
balancing selection, alleles are kept at intermediate frequencies producing positive values of D because more
pairwise differences exist relative to segregating sites.
In all four populations, Tajima’s D averaged 2.1 and
was statistically significant at P < 0.05 (Table 1) indicating strong evidence that substitution patterns in
Red Junglefowl MHC experience balancing selection.
The exact nature and major driving mechanisms of
balancing selection are often debated (Hess and Edwards, 2002). In avian species, recent empirical studies
support a predominant hypothesis of MHC-dependent
mate choice where reproductive selection mechanisms
maintain heterozygosity in natural populations (Von
Schantz et al., 1989; Parker, 2002; Ekblom et al., 2007).
However, a method to distinguish between loci within
the MHC region and closely linked loci as the target of
mate choice in these studies remains unclear (Tregenza
and Wedell, 2000). Many other hypotheses have been
proposed to account for disease-based selection to the
extent of MHC diversity, particularly in model species,
as previously mentioned.
Domestication of the chicken is thought to have occurred in Southeast Asia, probably present-day Vietnam or Southern China or both (Berthouly et al., 2010;
Miao et al., 2013). Mitochondria-based sequence evidence suggests that the process of poultry domestication, like other livestock species, occurred in several places and probably deployed several divergent lineages of wild ancestors (Nishibori et al., 2005; Eriksson
et al., 2008). Subsequently, wild alleles of genes in natural populations of the original progenitors may have
been replaced through intensive crossbreeding with domestic stocks (Peterson and Brisbin, 1998; Berthouly
et al., 2010). The ubiquity of human populations
and widespread occurrence of free-ranging chickens in
Southeast Asia are raising fears of introgression between wild Red Junglefowl and domestic chickens will
irreversibly “contaminate” the ancestral pool of alleles.
Our findings indicate that none of the analyzed Red
Junglefowl haplotypes are shared with any haplotype
in the commercial lines or even a limited number of individuals (n = 32) from domestic chickens we sampled
in Vietnam (data not shown). Together, these findings
suggest allelic introgression between wild and domesticized fowls has not occurred, at least in the four sites
we sampled in Central Vietnam.
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unlikely to occur at the large geographic scales between
populations in our study. Importantly, this may suggest
that some aspect of the environment (e.g., pathogens)
is selecting for these non-random association of alleles.
However, demographic transfer (dispersal) of LD blocks
could certainly occur at smaller scales at least like that
of our field sampling. But if recombination rates are
in fact generally low, then LD blocks should be more
reflective of historical recombination events since only
very old recombination events can result in LD block
boundaries that are shared between contemporarily isolated populations.

Sampling and Haplotype Diversity Analyses

Spatial Process of Adaptive Genetic
Variation
In a geographical context, the diversity of MHC genes
is also expected to be under the influences of spatial
processes and local environmental factors. In a companion study using neutral markers (Nguyen-Phuc and
Berres, in preparation), we identified considerable population structure in Red Junglefowl at both intra- and
inter-population levels. Evidence of fine-scale genetic
subdivision was detectable at distances as low as 5 km.
Spatially explicit analyses also ruled out long-distance
gene flow. Instead, the current population structure
may have resulted from fragmentation of a formerly
panmictic assemblage of populations. The spatial pat-
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