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ABSTRACT The chicken MHCY region contains
members of several gene families including a family of
highly polymorphic MHC class I genes that are structurally distinct from their classical class I gene counterparts. Genetic variability at MHCY could impart
variability in immune responses, but robust tests for
whether or not this occurs have been lacking. Here we
deﬁned the MHCY genotypes present in 2 sets of chicken
lines selected for high or low antibody response, the Virginia Tech (VT) HAS and LAS, and the Wageningen
University (WU) HA and LA lines. Both sets were
developed under long-term bidirectional selection for differences in antibody responses following immunization
with the experimental antigen sheep red blood cells.
Lines in which selection was relaxed (VT HAR and
LAR) or lacking (WU C) provided controls. We looked

for evidence of association between MHCY genotypes
and antibody titers. Chickens were typed for MHCY
using a recently developed method based on a multilocus
short tandem repeat sequence found across MHCY haplotypes. Five MHCY haplotypes were found segregating
in the VT HAS and LAS lines. One haplotype was present only in HAS chickens, and another was present only
in LAS chickens with distribution of the remaining 3
haplotypes differing signiﬁcantly between the lines. In
the WU HA and LA lines, there was a similar MHCY
asymmetry. The control populations lacked similar
asymmetries. These observations support the likelihood
of MHCY genetics affecting heritable antibody
responses and provide a basis for further investigations
into the role of MHCY region genes in guiding immune
responses in chickens.
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INTRODUCTION

typically polymorphic, closely grouped, and genetically
linked within a single chromosomal region. Individuals
in outbred populations often carry different alleles at
these loci, thereby providing genetic variation thought
to be adaptive for populations facing pathogen challenge.
In chickens, the classical MHC is called MHCB. It
contains genes encoding class I and class II peptide-antigen presenting molecules, genes for antigen processing,
and the polymorphic BG gene family (Miller and Taylor, 2016). Chickens, turkeys and pheasants have a second region of polymorphic MHC-like genes called
MHCY (also known as Rfp-Y or MHC-Y) (Briles et al.,
1993; Reed et al., 2011; Miller and Taylor, 2016;
Wittzell et al., 1995). In chickens, MHCY and MHCB
are located on the same arm of chromosome 16. Haplotypes at these 2 regions assort independently
(Delany et al., 2009; Solinhac et al., 2010).

Immune defense in vertebrates involves multiple
steps. Many cell types and numerous cellular interactions contribute to immune responses against microorganisms that cause disease. Early steps are typically
without antigen speciﬁcity. In later steps, class I and
class II cell surface proteins encoded in the classical
major histocompatibility complex (MHC) region guide
adaptive (memory-based) immunity. These loci are
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MHCY is not simply a duplicate of the classic MHCB
region in chickens. While clearly recognizable as a region
containing MHC class I genes, the class I genes in
MHCY are distinctly different from MHCB class I genes
(Afanassieff et al., 2000; Afanassieff et al., 2001). As is
typical of MHC class I molecules, MHCY has an alpha
chain that assembles with beta2-microglobulin and folds
to form an antigen binding groove (Afanassieff et al.,
2001). The binding groove appears to be hydrophobic
and too narrow to accommodate peptide antigens
(Hee et al., 2009; Hee et al., 2010). The distribution of
conserved and polymorphic MHCY class I residues is
clearly different from the distribution of equivalent residues in classical MHC class I molecules
(Afanassieff et al., 2001; Hee et al., 2010; Miller et al.,
unpublished data). The distinctive nature of MHCY
class I is further supported by evidence from mass spectrometry that MHCY class I molecules bind lipid ligands
(Miller et al., unpublished data). Other genes in MHCY
include several MHCY class II beta-chain genes, numerous C-type lectin-like genes, LENG9 genes, and zinc ﬁnger protein genes (Rogers et al., 2003; Miller et al.,
unpublished data). There is strong evidence that MHCY
haplotypes vary in size with different haplotypes containing different numbers of the genes within these 5
gene families. There are many LINE/CR1 and LTR
retro-elements within MHCY. All these features deﬁne
MHCY as a polymorphic region clearly different from
MHCB and as a gene region that should be further studied.
Whether and how the MHCY region contributes to
immune responses in chickens is unknown. Until
recently, testing for association between MHCY genotypes and phenotypic traits was difﬁcult because MHCY
genotyping involved time-consuming Southern hybridizations that revealed haplotype-speciﬁc restriction fragment patterns (RFP). Never-the-less, early tests with
RFP-typed samples provide some evidence for a role of
MHCY in engraftment of skin transplants (Pharr et al.,
1996; Thoraval et al., 2003). Links between MHCY haplotypes and regression of Rous sarcoma virus-induced
tumors were reported in several studies (LePage et al.,
2000; Pinard-van der Laan et al., 2004; Praharaj et al.,
2004). Association of MHCY with the incidence of Marek’s disease was noted in one trial, but not others
(Wakenell et al., 1996; Vallejo et al., 1997;
Lakshmanan and Lamont, 1998). Gene expression studies show MHCY class I genes are broadly expressed
(Afanassieff et al., 2001; Hunt et al., 2006) and are
among genes that change in expression during immune
responses (Connell et al., 2012; Geng et al., 2015;
Wu et al., 2015; Deist et al., 2018). Overall, these studies
suggest a contribution from MHCY to the genetics of
immune responses. Now that large numbers of chickens
can be MHCY genotyped easily (Zhang et al., 2020),
more robust tests for MHCY encoded functions can be
performed.
The aim of this work was to test for a potential link
between MHCY genetics and antibody responses in 2
experimentally controlled populations where selection

has resulted in immune adaptation (Bovenhuis et al.,
2002; Lillie et al., 2017). In both populations, chicken
lines were selected over multiple generations for divergent antibody responses to immunization with the
experimental antigen, sheep red blood cells (SRBC). In
both, lines emerged with distinct antibody responses.
Primary in the current study were the Virginia Tech
(VT) high antibody selected (HAS) and low antibody
selected (LAS) lines. The HAS and LAS lines are continuously selected at each generation, now over more
than 45 generations, for high or low antibody response
to SRBC. Maintained in parallel by random mating are
HAR and LAR lines in which selection has been relaxed
after an initial phase of high or low antibody selection.
Two chromosomal regions affecting immune functions
have been found to differ between HAS and LAS lines.
These include MHCB on GGA16, and a region on
GGA2 containing SEMA5A (semaphorin 5A), and
TGFBR2 (transforming growth factor beta-receptor 2)
genes (Dunnington et al., 1989; Martin et al., 1989;
Lillie et al., 2017). MHCY was not considered in these
earlier studies. In the second population, Wageningen
(WU) HA and LA lines, chickens were similarly divergently selected over multiple generations for antibody
responses to SRBC (Pinard et al., 1993;
Parmentier et al., 2004). While these lines are no longer
available, archived tissues samples provided the means
to retrospectively MHCY genotype HA, LA, and a companion control line. Here, MHCY genotype/haplotype
frequencies are deﬁned and analyzed for association with
antibody titers in these lines.

MATERIALS AND METHODS
Chickens
The VT HAS and LAS lines were selected at each generation for high or low antibody response to SRBC
(Zhao et al., 2012), and all procedures were carried out
in accordance with the guidelines established by Virginia
Tech Institutional Animal Care and Use Committee.
HAS and LAS originated from the same founder population of Cornell Randombred White Leghorn chickens.
Each line consists of approximately 120 chickens at each
generation. Selection at each generation is based on the
responses to single immunizations made between 41 and
51 d of age. Immunizations are made by injecting
0.1 mL of a 0.25% SRBC solution into the brachial vein.
Antibody titers are determined 5 d later in 96-well
microtiter plate hemagglutination assays (Lillie et al.,
2017). All antibody titers are expressed using the exponent of log2 of the reciprocal of the last dilution in which
agglutination was observed.
Initially for the ﬁrst 9 generations, the VT lines were
maintained by selection of 7 males as sires for the next
generation. Each male was mated by artiﬁcial insemination to 4 females also selected for antibody response to
produce the next pedigreed generation. Beginning at the
10th generation, the populations were reproduced using
8 males and 32 females (4/sire). To reduce inbreeding
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associated with common ancestry, restricted truncation
was used to insure more even representation of families
from one generation to the next. Mating full sibs and
half-sibs was avoided.
The VT HAR and LAR, serving as controls are sublines established from HAS and LAS lines, respectively,
at generation 24. From then on, selection for antibody
response was curtailed with the HAR and LAR chickens
maintained as closed populations. Within each of these
lines, 20 randomly selected females were artiﬁcially
inseminated with semen pooled from 10 randomly
selected males to produce the next generation.
The HA and LA chicken lines at WU were similarly
selected for high or low antibody response to SRBC.
They originated from the ISA Warren medium heavy
brown layer population (Pinard et al., 1993;
Parmentier et al., 2004). HA and LA sires and dams
were selected based on antibody titers in hemagglutination assays made using plasma collected 5 d after subcutaneous immunization with 1 mL of 25% SRBC. A
control line (C) was maintained by random breeding to
represent the genetic pool in the founder population.
At each generation, 200 chickens were grown for each
line. The HA and LA lines were reproduced by the mating of 25 males and 50 females at each generation.
Forty males and 80 females were used to reproduce the
control line with care taken in the selection of sires and
dams to avoid inbreeding. The lines have been discontinued. Frozen tissue samples were available from generations S31 and S32.

DNA Isolation
DNA samples for individuals at generations S44 and
S45 in the VT HAS (n = 177) and LAS (n = 187) lines
were isolated at VT using Gentra Puregene Cell Kits
(Qiagen, Valencia, CA). In the same manner, DNA
samples were isolated for individuals in the VT HAR
(n = 54) and LAR (n = 56) lines at generation 45
(after 21 generations of relaxed selection in lines initially selected for 24 generations). Frozen tissue samples from generations S31 and S32 of the WU lines
were the source of DNA from the HA (n = 68), LA
(n = 62), and C (n = 32) lines. These samples were collected and stored frozen in 2011. DNA from these samples was isolated at COH using a DNeasy Blood &
Tissue kit (Qiagen).

Identifying MHCY Genotypes and
Haplotypes
MHCY genotypes were determined at COH using
mSTR typing (Zhang et al., 2020). The STR is located
immediately upstream of the MHCY class I loci. The
class I loci and their accompanying STR sequences are
distributed across the MHCY gene region. They provide
information from across the length of haplotypes, an
essential element for typing MHCY haplotypes, which
can vary widely in size. For this study, we used 2

3

ﬂuorescently tagged 5’-primers (FAM-897 and YY-916)
paired with an unlabeled 3’-primer (899). PCR products
from these primers provided chromatograms that
allowed the MHCY haplotypes segregating in the fully
pedigreed HAS and LAS families to be distinguished.
The FAM-897 (identiﬁed in blue) and YY-916 (identiﬁed in green) labeled PCR products resolved well when
co-electrophoresed in a single capillary (Figure 1). Chromatograms were generated in an ABI Prism 3730 DNA
analyzer (Applied Biosystems, Foster City, CA) and
were analyzed with Peak Scanner 2.0. The chromatograms are stable and reproducible from the same sample.
The patterns in chromatograms are deﬁned by fragment
sizes and peak heights. Family data used to deﬁne
MHCY haplotypes were from 2 generations of the VT
lines, and a few additional special matings needed to
conﬁrm haplotype patterns. Haplotypes could then be
assigned for all individuals in the HAS and LAS lines.
Two additional haplotypes (f and g) in the HAR and
LAR lines were inferred from additional patterns present
in the chromatograms for these lines. For lack of family
data, MHCY data for the WU lines are described only as
genotypes.

Statistical Analysis
Differences observed in MHCY genotype and haplotype frequencies between high and low antibody lines in
the VT and the WU lines were evaluated using the chisquare test. For genotypes, the chi-square test was
applied only to categories containing 10 or more values.
Hence, tests were not done for the HAS and LAS categories with fewer than 10 values and for HAR and LAR
samples because of small sample size. The signiﬁcance of
the variation of antibody titer among different MHCY
genotypes in HAS and LAS lines were evaluated by analysis of variance (ANOVA). Mean antibody titers for 2
different MHCY genotypes in the HAS and LAS lines
were compared for signiﬁcant differences using Tukey’s
test.

Datasets
The study datasets included: 1) Lines selected at Virginia Tech (HAS, LAS, HAR, and LAR) as well as the
SRBC antibody titers for individual chickens and 2)
lines selected at WU (HA, LA, and C). The model
assumed no difference in MHCY genotypes among the
lines.

RESULTS
MHCY in the VT HAS and LAS Lines
Initial Tests To begin this project, we mSTR-typed a
small sample set of the VT HAS and LAS chickens to
explore the potential of using the VT antibody selected
lines to evaluate the MHCY haplotype association with
immune responses. This exploratory test provided
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Figure 1. Chromatogram patterns from mSTR typing that deﬁne the ﬁve MHCY haplotypes segregating in HAS and LAS lines. The presence of
ﬁve haplotypes were revealed in the analysis of 76 fully pedigreed families. (A) The chromatograms for each haplotype (A−E) contain peaks from
PCR products of several lengths that reﬂect the presence of STR regions of different sizes in each haplotype. The peaks deﬁne the ﬁve haplotypes.
Peaks from PCR ampliﬁcations with Primer 897 are in blue. Peaks from PCR ampliﬁcation with Primer 916 are in green. (B) The numerical values
for peaks from the PCR ampliﬁcations with primers 897 and 916 provide the tabular patterns that deﬁne the ﬁve haplotypes.

results suggesting MHCY genotype distribution differences between HAS and LAS lines (data not shown). To
follow up on this observation, we deﬁned the mSTR patterns for individual MHCY haplotypes by typing within
the pedigreed families in the HAS and LAS lines at generations 44 and 45 plus a few additional special matings
to conﬁrm haplotype identiﬁcation (Table S1, 76 families overall). Chromatograms revealed the presence of 5
patterns for MHCY haplotypes in the HAS and LAS
lines (Figure 1).

MHCY Genotypes in the VT HAS and LAS Analysis
of the 5 haplotypes revealed a striking difference in their
distribution between HAS and LAS chickens at generations 44 and 45 (Figure 2). Haplotypes a and e are present only in HAS chickens, with the former being the
most abundant haplotype. Haplotype d is present only
in LAS. The haplotypes b and c were found in both lines,
although far more frequent in the LAS line. Overall, the
unequal MHCY haplotype distribution in HAS and LAS
is highly signiﬁcant (P < 0.0001).
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Figure 1 Continued.

Among the genotype scores for all birds in the HAS
and LAS lines at generations 44 and 45 (Table S2,
Group 1 [177 HAS] and Group 2 [187 LAS]), we found
12 genotypes, all with signiﬁcantly different frequencies
between the lines (Figure 3A). Six genotypes present in
the HAS line, a/a, a/b, a/c, a/e, b/e, and c/e, are not
present in the LAS line. Conversely, 3 of the 6 genotypes, b/d, c/d, and d/d, in LAS line are not found in
HAS. Only c/c, b/c, and b/b genotypes are present in
both lines. All 3 shared genotypes were more frequent in
the LAS line. Even for b/c, the genotype most nearly
equally shared, the frequency differed signiﬁcantly (P <
0.026) between lines.
MHCY Genotypes in the VT HAR and LAR Lines To
further evaluate the differences observed between the
HAS and LAS lines, we MHCY genotyped the VT HAR
and LAR lines. Selection in these lines for antibody
response was relaxed 21 generations prior, after initial
selection for 24 generations for high or low antibody
responses (Table S2, Group 3 [54 HAR] and Group 4 [56
LAR]). In all instances but one, the frequencies of the
MHCY genotypes in the HAR and LAR lines are

signiﬁcantly different (P < 0.002) from their counterparts in the HAS and LAS lines (Figure 3B). Among the
genotypes compared, the only genotype not signiﬁcantly
different was d/d, found in both LAS and LAR. The
HAR and LAR lines have 4 additional genotypes (b/f,
d/f, f/f, f/g, g/g) not present in HAS or LAS and lack
haplotype c, providing additional evidence supporting
divergence of the lines over time.
MHCY Genotypes and Antibody Titers in VT HAS
and LAS Lines Antibody titers to SRBC for each
chicken at each generation provided another means
by which to evaluate the relationship between
MHCY and antibody responses to immunization.
Tabulating MHCY genotype versus antibody titer
revealed, as expected, differences in titer end point
between HAS and LAS lines (Table 1). Within the
HAS line, antibody titer end points were quite similar
among the MHCY genotypes. Only the highest and
lowest titer end points were signiﬁcantly different.
Among the MHCY genotypes in the LAS line, there
were no signiﬁcant differences in antibody titer end
points.
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Table 1. Mean antibody titer among MHCY genotypes in chickens selected for high (HAS) or low (LAS) antibody response to
sheep red blood cells (SRBC).
MHCY genotype

Line

c/e
HAS
b/b in HAS
HAS
c/c in HAS1*
HAS
a/a
HAS
a/b
HAS
a/e
HAS
a/c
HAS
b/c in HAS
HAS
b/e
HAS
c/c in LAS
LAS
b/d
LAS
d/d
LAS
b/c in LAS
LAS
c/d
LAS
b/b in LAS
LAS
ANOVA F critical value=1.75***

Count

Mean § SD

3
3
1
63
48
7
30
13
8
13
50
14
25
33
52

24.67 § 6.66a
18.67 § 6.43ab
18.00
16.97 § 5.81ab
16.00 § 5.04ab
15.71 § 2.63ab
15.60 § 5.36ab
15.00 § 6.40ab
13.13 § 6.22b
3.62 § 1.98c
2.74 § 1.82c
2.71 § 1.64c
2.60 § 2.08c
2.58 § 1.56c
2.52 § 1.77c

Antibody titers were measured 5 d after intravenous injection of 0.1 mL
0.25% SRBC.
abc
Means having no common letter are signiﬁcantly different (P <
0.025).
1*
Single sample not included in statistical analysis.
***
P-value< 0.001.

Figure 2. Distribution of the ﬁve MHCY haplotypes in the VT
chicken lines selected for high (HAS) or low (LAS) antibody response.

MHCY in the WU Lines
An experimental population at Wageningen University selected for high or low antibody responses to SRBC
provided a second opportunity to examine the relationship between selection for antibody responses and
MHCY genotypes. The experimental design of the WU
experiment is similar to that conducted at VT (differences in experimental procedures are as noted in Materials
and Methods). Selection for high or low antibody titer
led to 2 lines with signiﬁcant differences in antibody
titer. Here too, differences in the distribution in MHCY
genotypes are apparent in the 2 lines (Figure 4 with typing data for individual chickens in Table S3). MHCY
genotype WU01 was more frequent within the HA line
than in the LA line (P < 0.0001). Another MHCY genotype WU17 was more frequent within the LA line than
in the HA line (P < 0.00008). A third MHCY genotype,
WU09, was especially common in both the HA and LA
lines compared to the control line. The MHCY genotype
distribution in the smaller sample set for nonselected
random-bred control line shows no similarity to the HA
or LA distributions.

DISCUSSION
The data presented here support the possibility that
MHCY haplotypes contribute to differences in antibody
titers observed in the VT and WU antibody response

lines. These positive associations between antibody production and MHCY genotype support further investigation into a role for MHCY in immunity. MHCY is
clearly not simply a duplicate of the classic MHCB
region in chickens. The 2 regions differ in gene content
and organization. The MHCY class I molecules are quite
different even though, like classical MHC class I, they
are polymorphic and polygenic. Although polymorphic,
it is most reasonable to consider MHCY class I molecules
as new members of the group of MHC-like molecules
emerging as important in presentation of diverse antigens to specialized T cells (Ogg et al., 2019). Monomorphic MR1 molecule that presents microbial riboﬂavin
metabolites to mucosal-associated invariant T (MAIT)
cells is another molecule in this class (Kjer-Nielsen et al.,
2012). Several types of CD1 molecules encoded by monomorphic loci that present a variety of lipids to T cells
bearing diverse T cell receptors are included as well.
The features of MHCY class I molecules are consistent
with them being similar to MR1 and CD1 but going
beyond because of their polymorphism. If they have a
role in early signaling, their polymorphism would confer
a degree of speciﬁcity to innate immune responses not
previously observed. The signaling might occur by
MHCY class I molecules being loaded with a speciﬁc
ligand. Then the loaded molecules might be displayed
more prominently (with greater stability or with
increased concentration) on the cell surface so that specialized immune cells with cognate receptors recognize
the signal and relay the message to other immune cells
responsible for memory-based immune responses. The
idea of speciﬁcity provided by MHCY polymorphism in
early recognition events is intriguing. Whether the outcome is activation of an immune response eventually
resulting in antibodies, other cellular immune responses
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Figure 3. Comparison of the distribution of genotypes in the VT chicken lines selected for high (HAS) or low (LAS) antibody response with the
HAR and LAR lines in which selection was relaxed.

or inhibition of an immune response could be dependent
on the speciﬁcity of the signaling MHCY molecules.
MHCY molecules with antigen might send activation
signals to specialized T cells as occurs with MR1
(Godfrey et al., 2019), or they could provide inhibitory

signals, similar to the interactions between MHC class I
and receptors on natural killer cells (Saunders et al.,
2015).
More experiments are necessary to test the association
between MHCY and antibody production. With
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Figure 4. Distribution of MHCY genotypes in the WU high and low antibody selected lines (HA and LA) and unselected control line originating
from the same genetic stock.

individual haplotypes identiﬁed as candidates guiding
high and low responses to SRBC, it may be possible to
further test the role of MHCY by making crosses
between chickens with candidate MHCY haplotypes,
such as within the VT HAS and LAS lines, controlling
for MHCB and other candidate loci (Lillie et al., 2017),

and testing progeny for responses to immunization with
SRBC. If the association of antibody responses against
SRBC with individual haplotypes is upheld in tests with
these intercrosses, then subsequent studies can focus on
MHCY in guiding immune responses to other antigens,
including microbes that affect chicken health. Previous
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work has shown that the VT and WU high and low antibody lines differ in responses to common poultry pathogens (Gross et al., 1980; Berghof et al., 2019).
Our experiments provide evidence for a link between
MHCY haplotype and immune responses to the experimental antigen, sheep red blood cells. Associations
observed in 2 independent experiments with genetically
dissimilar populations increase the likelihood that the
observations linking MHCY haplotypes to immune
responses is real. If MHCY class I molecules do telegraph
the presence of microbes, MHCY genetic differences
among individuals could be of interest in the selection of
genetically resistant strains of chickens.

ACKNOWLEDGMENTS
The authors acknowledge the excellent support for
STR typing provided by Rosalina Lonergan in the City
of Hope Integrated Genomics Core. This work was supported in part by the US Department of Agriculture
(USDA) National Institute of Food and Agriculture
(NIFA) National Research Initiative Competitive Grant
Nos. 2017-67017-26570 and funds from a City of Hope
donor.

DISCLOSURES
The authors have no conﬂicts of interest to report.

SUPPLEMENTARY MATERIALS
Supplementary material associated with this article
can be found in the online version at doi:10.1016/j.
psj.2021.101621.

REFERENCES
Afanassieff, M., R. M. Goto, J. Ha, M. Sherman, L. Zhong,
C. Auffray, F. Coudert, R. Zoorob, and M. M. Miller. 2001. At
least one class I gene in restriction fragment pattern-Y (Rfp-Y),
the second MHC gene cluster in the chicken, is transcribed, polymorphic and shows divergent specialization in antigen binding
region. J. Immunol. 166:3324–3333.
Afanassieff, M., R. M. Goto, J. Ha, R. Zoorob, C. Auffray, F. Coudert,
W. E. Briles, and M. M. Miller. 2000. Pages 236−247 in Are
Chicken Rfp-Y Class I Genes Classical or Non-Classical? The
Major Histocompatibility Complex: Evolution, Structure, and
Function. Springer-Verlag, Tokyo-Berlin-Heidelberg-New York
M. Kasahara.
Berghof, T. V. L., M. G. R. Matthijs, J. A. J. Arts, H. Bovenhuis,
R. M. Dwars, J. J. van der Poel, M. Visker, and
H. K. Parmentier. 2019. Selective breeding for high natural antibody level increases resistance to avian pathogenic Escherichia coli
(APEC) in chickens. Dev Comp Immunol. 93:45–57.
Bovenhuis, H., H. Bralten, M. G. Nieuwland, and
H. K. Parmentier. 2002. Genetic parameters for antibody response
of chickens to sheep red blood cells based on a selection experiment. Poult. Sci. 81:309–315.
Briles, W. E., R. M. Goto, C. Auffray, and M. M. Miller. 1993. A polymorphic system related to but genetically independent of the chicken
major histocompatibility complex. Immunogenetics 37:408–414.

9

Connell, S., K. G. Meade, B. Allan, A. T. Lloyd, E. Kenny,
P. Cormican, D. W. Morris, D. G. Bradley, and
C. O'Farrelly. 2012. Avian resistance to Campylobacter jejuni colonization is associated with an intestinal immunogene expression
signature identiﬁed by mRNA sequencing. PLoS One 7:e40409.
Deist, M. S., R. A. Gallardo, D. A. Bunn, T. R. Kelly, J. C. M. Dekkers, H. Zhou and S. Lamont. (2018). More MHC-like class I Y
mRNA detected in relatively resistant Fayoumis than susceptible
leghorns. Animal Industry Report. Iowa State University, IA.
Delany, M. E., C. M. Robinson, R. M. Goto, and M. M. Miller. 2009.
Architecture and organization of chicken microchromosome 16:
order of the NOR, MHC-Y, and MHC-B subregions. J. Hered.
100:507–514.
Dunnington, E. A., A. Martin, R. W. Briles, W. E. Briles,
W. B. Gross, and P. B. Siegel. 1989. Antibody responses to sheep
erythrocytes for White Leghorn chickens differing in haplotypes of
the major histocompatibility complex (B). Anim. Genet. 20:213–
216.
Geng, T., X. Guan, and E. J. Smith. 2015. Screening for genes
involved in antibody response to sheep red blood cells in the
chicken, Gallus gallus. Poult. Sci 94:2099–2107.
Godfrey, D. I., H. F. Koay, J. McCluskey, and N. A. Gherardin. 2019.
The biology and functional importance of MAIT cells. Nat. Immunol 20:1110–1128.
Gross, W. G., P. B. Siegel, R. W. Hall, C. H. Domermuth, and
R. T. DuBoise. 1980. Production and persistence of antibodies in
chickens to sheep erythrocytes. 2. Resistance to infectious diseases.
Poult. Sci 59:205–210.
Hee, C. S., S. Gao, B. Loll, M. M. Miller, B. Uchanska-Ziegler,
O. Daumke, and A. Ziegler. 2010. Structure of a classical MHC
class I molecule that binds "non-classical" ligands. PLoS Biol 8:
e1000557.
Hee, C. S., S. Gao, M. M. Miller, R. M. Goto, A. Ziegler, O. Daumke,
and B. Uchanska-Ziegler. 2009. Expression, puriﬁcation and preliminary X-ray crystallographic analysis of the chicken MHC class
I molecule YF1*7.1. Acta Crystallogr. Sect F Struct Biol. Cryst.
Commun 65:422–425.
Hunt, H. D., R. M. Goto, D. N. Foster, L. D. Bacon, and
M. M. Miller. 2006. At least one YMHCI molecule in the chicken is
alloimmunogenic and dynamically expressed on spleen cells during
development. Immunogenetics 58:297–307.
Kjer-Nielsen, L., O. Patel, A. J. Corbett, J. Le Nours, B. Meehan,
L. Liu, M. Bhati, Z. Chen, L. Kostenko, R. Reantragoon,
N. A. Williamson, A. W. Purcell, N. L. Dudek, M. J. McConville,
R. A. J. O'Hair, G. N. Khairallah, D. I. Godfrey, D. P. Fairlie,
J. Rossjohn, and J. McCluskey. 2012. MR1 presents microbial vitamin B metabolites to MAIT cells. Nature 491:717–723.
Lakshmanan, N., and S. J. Lamont. 1998. Rfp-Y region polymorphism and Marek's disease resistance in multitrait immunocompetence-selected chicken lines. Poult. Sci 77:538–541.
LePage, K. T., M. M. Miller, W. E. Briles, and R. L. Taylor Jr. 2000.
Rfp-Y genotype affects the fate of Rous sarcomas in B2B5 chickens. Immunogenetics 51:751–754.
Lillie, M., Z. Sheng, C. F. Honaker, B. J. Dorshorst, C. M. Ashwell,
€ Carlborg. 2017. Genome-wide standing variaP. B. Siegel, and O.
tion facilitates long-term response to bidirectional selection for
antibody response in chickens. BMC Genomics 18:99.
Martin, A., E. A. Dunnington, W. E. Briles, R. W. Briles, and
P. B. Siegel. 1989. Marek's disease and major histocompatibility
complex haplotypes in chickens selected for high or low antibody
response. Anim. Genet 20:407–414.
Miller, M. M., and R. L. Taylor Jr. 2016. Brief review of the chicken
major histocompatibility complex: the genes, their distribution on
chromosome 16, and their contributions to disease resistance.
Poult. Sci 95:375–392.
Ogg, G., V. Cerundolo, and A. J. McMichael. 2019. Capturing the
antigen landscape: HLA-E, CD1 and MR1. Curr. Opin. Immunol
59:121–129.
Parmentier, H. K., A. Lammers, J. J. Hoekman, G. De Vries Reilingh,
I. T. Zaanen, and H. F. Savelkoul. 2004. Different levels of natural
antibodies in chickens divergently selected for speciﬁc antibody
responses. Dev. Comp. Immunol 28:39–49.

10

ZHANG ET AL.

Pharr, G. T., A. V. Gwynn, and L. D. Bacon. 1996. Histocompatibility antigen(s) linked to Rfp-Y (Mhc-like) genes in the chicken.
Immunogenetics 45:52–58.
Pinard-van der Laan, M. H., D. Soubieux, L. Merat, D. Bouret,
G. Luneau, G. Dambrine, and P. Thoraval. 2004. Genetic analysis
of a divergent selection for resistance to Rous sarcomas in chickens.
Genet. Sel. Evol. 36:65–81.
Pinard, M. H., L. L. Janss, R. Maatman, J. P. Noordhuizen, and
A. J. van der Zijpp. 1993. Effect of divergent selection for immune
responsiveness and of major histocompatibility complex on resistance to Marek's disease in chickens. Poult. Sci 72:391–402.
Praharaj, N., C. Beaumont, G. Dambrine, D. Soubieux, L. Merat,
D. Bouret, G. Luneau, J. M. Alletru, M. H. Pinard-Van der Laan,
P. Thoraval, and S. Mignon-Grasteau. 2004. Genetic analysis of
the growth curve of Rous sarcoma virus-induced tumors in chickens. Poult. Sci 83:1479–1488.
Reed, K. M., M. M. Bauer, M. S. Monson, B. Benoit, L. D. Chaves,
T. H. O'Hare, and M. E. Delany. 2011. Deﬁning the turkey MHC:
identiﬁcation of expressed class I- and class IIB-like genes independent of the MHC-B. Immunogenetics 63:753–771.
Rogers, S., I. Shaw, N. Ross, V. Nair, L. Rothwell, J. Kaufman, and
P. Kaiser. 2003. Analysis of part of the chicken Rfp-Y region
reveals two novel lectin genes, the ﬁrst complete genomic sequence
of a class I alpha-chain gene, a truncated class II beta-chain gene,
and a large CR1 repeat. Immunogenetics 55:100–108.
Saunders, P. M., J. P. Vivian, G. M. O'Connor, L. C. Sullivan,
P. Pymm, J. Rossjohn, and A. G. Brooks. 2015. A bird's eye view
of NK cell receptor interactions with their MHC class I ligands.
Immunol. Rev 267:148–166.
Solinhac, R., S. Leroux, S. Galkina, O. Chazara, K. Feve,
F. Vignoles, M. Morisson, S. Derjusheva, B. Bed'hom, A. Vignal,

V. Fillon, and F. Pitel. 2010. Integrative mapping analysis of
chicken microchromosome 16 organization. BMC Genomics
11:616.
Thoraval, P., M. Afanassieff, D. Bouret, G. Luneau, E. Esnault,
R. M. Goto, A. M. Chausse, R. Zoorob, D. Soubieux, M. M. Miller,
and G. Dambrine. 2003. Role of nonclassical class I genes of the
chicken major histocompatibility complex Rfp-Y locus in transplantation immunity. Immunogenetics 55:647–651.
Vallejo, R. L., G. T. Pharr, H. C. Liu, H. H. Cheng, R. L. Witter, and
L. D. Bacon. 1997. Non-association between Rfp-Y major histocompatibility complex-like genes and susceptibility to Marek's disease virus-induced tumours in 6(3) x 7(2) F2 intercross chickens.
Anim. Genet 28:331–337.
Wakenell, P. S., M. M. Miller, R. M. Goto, W. J. Gauderman, and
W. E. Briles. 1996. Association between the Rfp-Y haplotype and
the incidence of Marek's disease in chickens. Immunogenetics
44:242–245.
Wittzell, H., T. von Schantz, R. Zoorob, and C. Auffray. 1995. Rfp-Ylike sequences assort independently of pheasant MHC genes.
Immunogenetics 42:41–68.
Wu, G., L. Liu, Y. Qi, Y. Sun, N. Yang, G. Xu, H. Zhou, and
X. Li. 2015. Splenic gene expression proﬁling in White Leghorn
layer inoculated with the Salmonella enterica serovar Enteritidis.
Anim. Genet 46:617–626.
Zhang, J., R. M. Goto, and M. M. Miller. 2020. A simple means for
MHC-Y genotyping in chickens using short tandem repeat sequences. Immunogenetics 72:325–332.
Zhao, X. L., C. F. Honaker, and P. B. Siegel. 2012. Phenotypic
responses of chickens to long-term selection for high or low
antibody titers to sheep red blood cells. Poult. Sci 91:1047–
1056.

