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ABSTRACT The major histocompatibility complex-
B (MHC-B) in chickens is a cluster of genes located on
chromosome 16. The chicken MHC-B is known to be
highly associated with resistance to numerous diseases
caused by viruses, bacteria, and parasitic pathogens.
Since the level of resistance varies with MHC-B haplo-
types, identification and classification of different hap-
lotypes within lines is important for sustaining lines.
The “Campero-INTA” chicken breed is a meat-type
free-range poultry breed that was developed specifically
for small producers in Argentina. Campero-INTA was
started by selection in populations produced by crosses
between a variety of established lines. MHC-B varia-
tion was examined in 65 samples obtained in 2002 using

the VNTR marker LEI0258, a marker for MHC-B re-
gion. These samples plus and an additional 55 samples
from 2018 were examined for variation using the MHC-
B specific SNP panel that encompasses ∼230,000 bp
of the MHC-B region. Eleven MHC-B SNP haplotypes
with 6 LEI0258 alleles were identified in the 120 sam-
ples representing the Campero-INTA AH (male) line.
Seven haplotypes originate from the breeds originally
used in the development of Campero-INTA AH line.
Two appear to be recombinant haplotypes. The ori-
gin of the remaining 2 is not known, but may be as-
sociated with genes introduced from crosses with the
Fayoumi breed conducted more recently to sustain the
line.
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INTRODUCTION

The major histocompatibility complex-B (MHC-B)
in chickens is a cluster of genes located on chromosome
16. This gene complex was originally identified as the
B blood group. A total of 27 different haplotypes (B1-
B29) were defined using alloantisera (Briles and Briles,
1982). The detection of variation within the chicken
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MHC-B is of great interest as this variation has been
shown to be highly associated with resistance to dis-
eases caused by viral, bacterial, and parasitic pathogens
(Hansen et al., 1967; Briles et al., 1977; Collins
et al., 1979; Lamont et al., 1987; Lillehoj et al., 1988;
Cotter et al., 1998; Taylor, 2004; Schou et al., 2007;
Owen et al., 2008; Goto et al. 2009; Lwelamira et al.,
2009).

The production and use of alloantisera for detection
of MHC-B types works well for lines with limited MHC-
B variability, such as inbred and MHC-B defined lines.
Most early MHC-B work was done using the White
Leghorn breed (Briles and Briles, 1982). Alloantisera
are consumable biological reagents. It can be difficult
to consistently reproduce alloantisera with the same
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target specificity. Antisera can be cross-reactive be-
tween different MHC-B types (Fulton et al., 2001) lead-
ing to ambiguous identification. Serotyping has not
worked very well to identify MHC-B haplotypes in
breeds other than White Leghorn and in meat type
chickens. Until recently, not much was known about
the MHC-B diversity and relative disease resistance in
most breeds of chickens.

Several DNA-based techniques have been used to ex-
amine MHC-B diversity in chickens. Southern blots us-
ing MHC-B gene-specific probes have revealed much
MHC-B diversity in many chicken breeds (Andersson
et al., 1987; Miller et al., 1988; Chausse et al., 1989; Uni
et al., 1995; Li et al., 1997; Yonash et al., 1999; Melo
et al., 2002; Iglesias et al., 2003; Lima-Rosa et al., 2005).
Single-strand conformation polymorphism has been uti-
lized to examine small regions of specific genes (Goto
et al., 2002). Direct sequencing of specific genes has also
been used to identify haplotypes (Livant et al., 2001;
Goto et al., 2002; Lima-Rosa et al., 2005; Iglesias et al.,
2007; Worley et al., 2008). These techniques were par-
ticularly useful to examine MHC variation in chickens
found in different breeds. All these techniques are not
suited for screening large number of animals.

The microsatellite LEI0258 is a VNTR (variable
number of tandem repeat) region located within the
MHC-B. LEI0258 contains tandem repeats of 12 and
13 bp plus several indels in the flanking region that
result in the size differences that differentiate alleles
(McConnell et al., 1999; Fulton et al., 2006). Due to
the large size of the 2 tandem repeats, allelic size vari-
ation is large. Alleles can be easily distinguished using
electrophoresis to separate PCR products in agarose
gels. LEI0258 has been used to identify MHC-B vari-
ation in Leghorn lines, brown egg layers, and indige-
nous types of chickens from multiple countries including
Africa, Iran, Korea, and India (Lima-Rosa et al., 2005;
Fulton et al., 2006, 2013; Chazara et al., 2013; Han
et al., 2013; Nikbakht et al., 2013). In a survey of 80
populations from multiple countries, 79 LEI0258 alleles
were detected (Chazara et al., 2013). There are limita-
tions to MHC-B typing with LEI0258. Different MHC-
B haplotypes can have the same LEI0258 allele size.
Mutation can result in different LEI0258 allele sizes be-
ing found within the same MHC- B haplotypes (Fulton
et al., 2006, 2016b). In addition, differences in allele
size estimates made in different labs can occur and con-
found the clarity of type assignments. Since LEI0258 is
a single marker, only one location within the MHC is
evaluated.

More recently, SNP typing for MHC-B has been de-
veloped. A panel of SNPs encompassing 210,000 bp
of the chicken MHC-B region was initially developed
by Chazara et al. (2010). This panel was subsequently
modified and expanded to include an additional up-
stream BG gene and validated in several genotyping
tests with multiple chicken lines, heritage breeds, and
wild Jungle Fowl (Fulton et al., 2016a,b, 2017; Nguyen-
Phuc et al., 2016). The SNP panel, which includes

LEI0258 types, has made it easy to distinguish hap-
lotypes, identify novel recombinants, and define MHC
variation in chickens from multiple sources.

The Campero synthetic line of chickens was de-
veloped by INTA (Instituto Nacional de Tecnología
Agropecuaria) in the 1980s in an experimental station
located in Pergamino, Buenos Aires, Argentina. It was
derived from crosses of standard breeds to provide a
slower growing poultry that could perform well on pas-
ture without significant feed input and was well adapted
to local conditions in Argentina. The primary purpose
was to provide an improved breed for small-scale pro-
ducers of free-range poultry. Standard breeds used to
develop the Campero breed. These included Cornish,
Rhode Island Red, Barred Plymouth Rock, and New
Hampshire. From a core population, parental lines were
developed. This included sire lines “AH” and “AS” and
dam lines “A” and “ES” (Canet et al., 2011, Dottavio
and Di Masso, 2011). These lines were first selected for
specific phenotypic characteristics and then random-
mated for more than 20 generations.

The production “Campero” bird is hybrid produced
by a cross of a one of the male synthetic lines (either
“AH” or “AS”) with a female hybrid (produced by a
single cross of “ES” and “A”).

The Fayoumi breed was introgressed in 2002 to in-
crease population size and reduce consanguinity. Also
beginning in 2002, a selection program was utilized for
7 generations, using feed intake (FI) and live weight at
54 to 75 D to improve these 2 performance parameters.
(Melo et al., 2006, 2010). Here we present MHC-B hap-
lotype information obtained from the Campero male
line AH.

MATERIALS AND METHODS

Samples

The male parent synthetic line “AH” from INTA
Pergamino (Buenos Aires, Argentina) was sampled 2
different times in 2002 and 2018. The core of the line
was composed of 120 females and 12 males in 2002 and
45 females and 5 males in 2018. The first sample set of
85 males was obtained in 2002 with the second set of 55
birds collected in 2018 (males and females). Blood sam-
ples were obtained from the wing vein, and DNA was
isolated either from 200 µL of blood (frozen or fresh) by
salt/ethanol precipitation (2002 samples) or from dried
blood spot on FTA Elute cards (GE Healthcare) (2018
samples). DNA was extracted from the FTA Elute card
following the manufacturer’s recommendations.

LEI0258 Microsatellite Analysis

Amplification of LEI0258 locus was performed using
primers proposed by McConnell et al. (1999) (For-
ward: 5′-CACGCAGCAGAACTTGGTAAGG-3′ and
Reverse: 5′-AGCTGTGCTCAGTCCTCAGTGC-3′)
with the forward primer being dye-labelled with 6-Fam
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Table 1. A total of 11 MHC-BSNP haplotypes (with LEI0258
allele size) found in 2002 (n = 85) and 2018 (n = 55) samples of
Campero-INTA sire line and their frequencies.

Haplotype 2002 2018
BSNP-A08(357) 0.05
BSNP-A09(357) 0.09
BSNP-D04(205) 0.01 0.01
BSNP-K03(261) 0.05
BSNP-M01(307) 0.16 0.05
BSNP-Q01(193) 0.42 0.42
BSNP-V05(381) 0.16 0.35
BSNP-Camp-Hap01(205) 0.01
BSNP-Camp-Hap02(205) 0.05
BSNP-Camp-Hap03(381) 0.01
BSNP-Camp-Hap041 0.17

1LEI0258 allele size was not determined for BSNP-Camp-Hap04.

as described by Fulton et al. (2006). Allele sizes were
estimated following electrophoresis on a CEQ8800
capillary sequencer (Beckman-Coulter, Fullerton, CA)
and analysis using CEQ 8800 fragment analysis soft-
ware. LEI0258 information was obtained for a subset
of samples that included at least one representative of
each haplotype for the first set of samples only.

MHC-B SNP Typing

The SNP genotyping of the MHC region was done
using a high-density SNP panel, as described by Fulton
and colleagues in 2016. The SNP panel consisted of 101
SNPs, encompassing 230,000 bp of the chicken MHC.
This covers 45 genes of the MHC-B region, including
BG2 through CD1A1. The genotyping chemistry uti-
lizes competitive allele specific PCR primers (KASP)
as described by Semagn et al. (2013). Primer sequence
information used for each of the SNP KASP assays
is provided within Fulton et al. (2016b). Genotypes
and haplotype information for the study herein was de-
rived from 90 SNPs in the Fulton et al. (2016b) panel
(Table 1). Eleven SNPs that hybridize in the repetitive
BG region were excluded. Exact location of those SNP
can be found in Fulton et al. (2016b). Genes nearby
to some SNPs are shown at the bottom of the table to
assist in orientation of the SNP within the MHC region.

Analysis of MHC-B Haplotype Variation

Observed and expected heterozygosity (the latter re-
ferring to Nei’s unbiased gene diversity) of both pop-
ulations was calculated with hierfstat v0.04–28 (Nei,
1973) (Goudet and Jombart, 2015). Next, we tested
the hypothesis that haplotype frequencies followed the
Hardy–Weinberg equilibrium. A population-level chi-
square statistic was computed for LEI0258 alleles, and
significance was tested with a Monte Carlo permuta-
tion procedure consisting of 1,000 replicates (hw.test;
Paradis, 2010). The analysis of molecular variance
(AMOVA) procedure (Excoffier et al., 1992) imple-
mented in Poppr v2.7.1 was used to partition the
proportion of total genetic variation explained among
populations and within individuals. Significance was

tested with 1,000 randomized permutations using the
function randtest in the R package ade4 (Dray and
Dufour, 2007).

RESULTS AND DISCUSSION

MHC Diversity

MHC-B SNP panel genotyping identified 10 haplo-
types within the Campero AH synthetic line in 2002.
Testing of the smaller sample set in 2018 sampling
found only 5 haplotypes (Table 1), one of which was not
the 2002 sample set. Overall, 11 different haplotypes
were found. A subset of the 2002 samples was tested
for LEI0258 alleles ensuring that at least one repre-
sentative of each MHC-BSNP haplotype was included.
Figure 1 lists the specific SNP allelic combination which
defines each haplotype. Information from both the ear-
lier LEI0258 typing and the MHC-B SNP panel, which
also includes LEI0258, is combined and included within
the haplotype name assigned. Each MHC-B haplotype
found in the Campero AH synthetic line was compared
with those previously reported in standard breeds, her-
itage broilers, MHC-defined lines, and commercially
utilized breeds as reported by Fulton et al. (2016a).
Seven of the haplotypes are identical to those found pre-
viously, including the LEI0258 allele. Some of these are
identical to haplotypes found in the White Plymouth
Rock (BSNP-A08, BSNP-M01) and Rhode Island Red
breeds (BSNP-A08, BSNP-M01). Other haplotypes are
identical to haplotypes in heritage broiler populations
(BSNP-A09, BSNP-D04, BSNP-K03, BSNP-Q01, and
BSNP-V05). Two of the haplotypes (BSNP-D04 and
BSNP-K03) are also present in the White Leghorn
breed (Fulton et al., 2016a,b). Finding these haplotypes
in the Campero-INTA synthetic line reflects the contri-
butions of the lines used originally in developing the
Camperos.

Four novel haplotypes have been found in the
Camperos AH line. These have been assigned the names
BSNP-Camp-Hap01 through Hap04. Two appear to be
novel haplotypes not identified in the original stock
from which they are derived. The other 2 appear to be
recombinant haplotypes that are the result of crossing
over events (Figure 1). In BSNP-Camp-H03, crossover
appears to have occurred between 2 haplotypes within
the line, BSNP-Q01 and BNSP-V05. The breakpoint
is somewhere between SNP MHC-15 (59,015 bp) and
SNP MHC-39 (89,076 bp) which overlaps the most
frequent MHC-B recombination hotspot identified by
Fulton et al. (2016b). The second apparent recombinant
is BSNP-Camp-H02. A parental haplotype for the be-
ginning section of this haplotype was not identified. The
downstream portion, beginning at SNP MHCNew28
(62,274 bp), shows identity with BSNP-D04. The occur-
rence of MHC recombinants is not unexpected. MHC-B
recombinant haplotypes have been detected previously
with this SNP panel with an estimated rate of 7 per
2,500 meioses (Fulton et al. 2016a,b).
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Figure 1. BSNP haplotypes found in the AH line (paternal line of Campero Breed). Two new putative recombinants haplotypes are noted. A
portion of the genes within the region covered by the SNP panel are noted. This figure will also be sent in a separated file for better visualization.

In the first sample of 85 birds collected in 2002,
we could not reject the null hypothesis of the Hardy–
Weinberg equilibrium among the 11 MHC-B haplo-
types identified (Ho = 0.741, He = 0.747, P = 0.652).
However, haplotype frequencies in the second sample
of 55 birds collected in 2018 were not in expected
Hardy–Weinberg proportions (Ho = 0.872, He = 0.691,
P = 0.0013). AMOVA indicated statistically signifi-
cant evidence for a temporal change in MHC-B hap-
lotype frequencies. The majority of variation (69.35%)
occurred within individuals, while 3.95% was explained
by variation among sampling times (FST = 0.0395,
P < 0.0001). The introgression of Fayoumi genetics that
occurred in 2002 appears to have introduced an addi-
tional novel haplotype into the synthetic paternal line
(AH). The Fayoumi breed was originally developed in
Egypt and is reported to be a more disease-resistant
breed (Pinard-Van Der Laan et al., 1998; Saelao et al.,
2018).

The VNTR marker LEI0258 has been commonly used
as an indicator of MHC diversity in multiple indige-
nous populations (Lima-Rosa et al., 2005; Hoque et al.,
2011; Izadi et al., 2011; Chazara et al., 2013; Han et al.,
2013; Nikbakht et al., 2013; Ncube et al., 2014; Touko
et al., 2015), due to its low cost and ease of use. Fulton
et al., 2006) described the limitations of this marker,
which included the occurrence of multiple size alleles
for the same MHC-B haplotype and a mutation rate of
the internal repeats. These limitations can lead to either
an underestimation or overestimation of the number of
MHC haplotypes present. Furthermore, since LEI0258
is a single point within the MHC-B, it will not indi-
cate recombinant haplotypes. This Campero population
data set shows that LEI0258 underestimates the MHC
haplotype variation as the 10 haplotypes within the
2002 sampling contained only 6 unique LEI0258 allele
sizes. It failed to distinguish between the 2 haplotypes
BSNP-A08 and BNSP-A09, and neither did it indicate

the presence of the MHC recombinants nor distinguish
them from other haplotypes. These limitations of the
sole use LEI0258 as an indicator of MHC-B variabil-
ity can clearly be seen within this Campero population
data set.

We report here the LEI0258 allele sizes as estimated
size separation following electrophoresis. Additional
variation is likely to be present within the LEI0258
allele due to small deletions/insertions or single base
changes. This additional variation within LEI0258 has
been reported for multiple breeds (Fulton et al., 2006;
Chazara et al., 2013; Han et al., 2013; Guangxin et al.,
2014). It would be interesting to sequence multiple ex-
amples of the LEI0258 alleles found in the Campero
synthetic AH line to determine what additional level of
variation might exist in these alleles.

The dataset presented here captures MHC diversity
from 2 different generations, separated by 16 yr. The
number of unique haplotypes found decreased from 10
in 2002 to only 5 in 2018. Although most haplotype
variation was found within populations, approximately
4% was attributed to haplotype differentiation over a
short period of time, perhaps due to significant intro-
gression of the Fayoumi breed during the flock improve-
ment phase. This is of some concern as it suggests that
MHC diversity has been lost over the intervening time.
However, those MHC haplotypes that were not detected
in the 2018 sampling were at lower frequency in the ear-
lier sampling, with some of them being detected in only
1–2 individuals. Sample size would be critical in deter-
mining if these MHC haplotypes are still present within
the line. A more complete sampling of the line would be
a better indicator of the continued presence of specific
MHC types.

The presence of novel MHC-BSNP haplotypes within
the Campero AH synthetic line is not totally unex-
pected. Within the Finnish Landrace breed, 20 out of
the 36 haplotypes present were different from those
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previously found by Fulton et al. (2016a) and Fulton
(2017), and a survey of German Traditional and US
rare Breeds showed that close to 50% of the haplotypes
found within a breed were novel (Fulton et al., 2017).

Close examination of the Campero synthetic AH line
haplotypes information (Table 1) reveals that a small
subset of the 90 SNPs used can identify the 11 possi-
ble haplotypes. For example, BSNP-K03 is unique at
SNP MHC-150, having the T allele whereas all other
haplotypes found in this line have the C allele. A small
subset of 6–8 SNPs could be used to routinely determine
MHC type within this population, rather than genotyp-
ing all of the SNP. This would allow studies on MHC
associations with disease traits and other performance
impacts. While this study utilized KASP chemistry sin-
gle plex assays, any other method of SNP identification
can be utilized to determine genotype.

The prime function of the Campero synthetic line
hybrid is to provide a hardy, free-range bird that is
well adapted to local Argentinian small-holder condi-
tions. Due to the known strong associations between
MHC and disease resistance, better understanding of
the MHC variation present within this synthetic line,
and any associations with disease resistance will help
to focus selection for improved performance under nat-
ural disease challenges. This can improve the health
and well-being of this synthetic line in its natural en-
vironment. The knowledge of the haplotypes of MHC
in these populations acquires greater importance in
these animals as they are reared with minimal prophy-
laxis and hence natural resistance to diseases is very
important.

Further research on the Campero synthetic lines
should examine the MHC diversity in the other sire line
(AS) as well as both of the dam lines (A and ES) used to
produce the final production bird. Disease studies look-
ing for increased resistance to specific disease challenges
associated with specific MHC haplotypes would allow
for focused selection for improved disease resistance.
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