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Abstract
Major histocompatibility complex class I (MHC I) molecules are critically involved in defense against pathogens, and their high
polymorphism is advantageous to a range of immune responses, especially in duck displaying biased expression of one MHC I
gene. Here, we examined MHC I polymorphism in two duck (Anas platyrhynchos) breeds from China: Shaoxing (SX) and
Jinding (JD). Twenty-seven unique UAA alleles identified from the MHC I genes of these breeds were analyzed concerning
amino acid composition, homology, and phylogenetic relationships. Based on amino acid sequence homology, allelic groups of
Anas platyrhynchos MHC I (Anpl-MHC I) were established and their distribution was analyzed. Then, highly variable sites
(HVSs) in peptide-binding domains (PBD) were estimated and located in the three-dimensional structure of Anpl-MHC I. The
UAA alleles identified showed high polymorphism, based on full-length sequence homology. By adding the alleles found here to
known Anpl-MHC I genes from domestic ducks, they could be divided into 17 groups and four novel groups were revealed for
SX and JD ducks. The UAA alleles of the two breeds were not divergent from the MHC I of other duck breeds, and HVSs were
mostly located in the peptide-binding groove (PBG), suggesting that they might determine peptide-binding characteristics and
subsequently influence peptide presentation and recognition. The results from the present study enrich Anpl-MHC I polymor-
phism data and clarify the distribution of alleles with different peptide-binding specificities, which might also accelerate effective
vaccine development and help control various infections in ducks.
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Introduction

Major histocompatibility complex class I (MHC I) molecules
play a critical role in adaptive immune responses by presenting
pathogen-derived epitope peptides to specific T cell receptors
(TCRs), which result in the proliferation of cytotoxic T lym-
phocytes (CTLs) and eventual elimination of pathogens from
the host (McMichael et al. 1983; Kane and Clark 1984; Jondal

et al. 1996). An effective CTL response relies on the ability of
MHC I proteins to present a diverse array of peptides. This is
achieved through polygenic, polymorphic, and codominant
expression of class I genes (Moon et al. 2005; Chan et al.
2016). High MHC I polymorphism, which is mostly clustered
at α1 and α2 domains, is thought to confer disease protection
at the population level (Bjorkman and Parham 1990; Lie et al.
1991; Chan et al. 2016; Fan et al. 2018). In human and mice,
three functional MHC I loci provide polymorphic alleles for
presenting peptides (Klein et al. 1983; Rawle et al. 1991;
McKenzie et al. 1999), and this high degree of diversity is
considered to be associated with resistance to numerous infec-
tious diseases (Zhang et al. 2004; Takeshima et al. 2009).

Several avian species, such as chicken and duck, predom-
inantly express a singleMHC I gene (Kaufman 1999; Moon et
al. 2005; Chan et al. 2016). In chicken, BF2, which is adjacent
to transporter associated with antigen processing (TAP) gene,
is the only dominant MHC I locus expressed (Kaufman et al.
1999; Shaw et al. 2007). Although there are five different loci
(UAA, UBA, UCA, UDA, and UEA) in the MHC I genome
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region of duck (Anpl-MHC I), only UAA, which is adjacent to
the polymorphic TAP2 gene, is highly expressed (Mesa et al.
2004; Moon et al. 2005; Chan et al. 2016; Fleming-Canepa et
al. 2016). Chicken MHC has an obvious characteristic that
associated with resistance and susceptibility to pathogens.
Over decades of experiments, it has been found that some
MHC haplotypes (such as B21) generally confer resistance
to a variety of infectious viral disease, whereas other haplo-
types (including B4) often confer susceptibility (Bacon et al.
1981; Bacon and Witter 1993; Plachy et al. 1992). These
results were closely related to BF, BG, or some other genes
(Plachy and Benda 1981; Hepkema et al. 1993; Kaufman et al.
1999; Goto et al. 2009); among these genes, the highly vari-
able polymorphic molecules, BF2, which are coevolving with
polymorphic TAP genes (Mesa et al. 2004; Walker et al. 2005;
Wallny et al. 2006), determine their peptide-binding charac-
teristics and influence adaptive immune response, and, thus,
also play an important role in disease resistance and suscepti-
bility (Kaufman et al. 1995; Wallny et al. 2006; Koch et al.
2007; Zhang et al. 2012).

According to our previous study (Liu et al. 2017), and to
several published reports (Bingham et al. 2009; Liang et al.
2011; Li et al. 2015), Anpl-MHC I also plays a role in suscep-
tibility to viral infections. The high expression of MHC I and
the high resistance of some duck lines to avian influenza virus,
Newcastle disease virus, or duck Tembusu virus indicated that
the MHC I alleles of such lines bind more virus peptide epi-
topes. However, little is still known about the associations
between particular Anpl-MHC I alleles and infectious disease,
because few Anpl-MHC I alleles have been characterized in
few duck lines (Moon et al. 2005; Fleming-Canepa et al.
2016; Zhang et al. 2017), and only one Anpl-MHC I crystal
structure (Anpl-UAA*01) has been resolved (Wu et al. 2017).
The polymorphism and peptide-binding specificity of Anpl-
MHC I in other duck breeds remain unknown. Limited studies
on Anpl-MHC I polymorphism and its functional classifica-
tion are the primary bottlenecks hampering duck CTL immu-
nity research and the development of duck lines resistant to
viruses.

Shaoxing (here named SX) and Jinding (here named JD)
are local elite duck breeds in southeast China, and both have a
long history of propagation owing to their outstanding fertility
and egg-laying performance. In the present study, 27 Anpl-
MHC I genes located in locus UAA of SX and JD lines were
cloned, and all their alleles were analyzed through multiple
sequence alignment and phylogenetic tree construction. Then,
the coefficient of variance of the PBD region of each allelic
group was estimated based on theWu-Kabat variability index,
followed by the location of the highly variable sites (HVSs) on
reported crystal structure models. The combined results of
sequence data and crystal structure provide valuable insight
into the polymorphism and diversity of Anpl-MHC I genes,
facilitating further studies on disease resistance differences

between duck breeds and the development of CTL epitope
vaccines to prevent diseases in ducks.

Methods

Animals

The animals used to analyze MHC I polymorphism belonged
to two Chinese egg-laying duck lines, including seven SX
ducks and seven JD ducks. Ducks from both breeds were
captured at 12 weeks of age from large flocks of two different
farms which located in Zhejiang and Fujian provinces, respec-
tively, where are native breeding regions of SX and JD ducks
in China. Spleen tissues were dissected from 12-week-old
ducks and used for RNA extraction.

RNA extraction, cDNA synthesis, and Anpl-MHC I gene
amplification

Total RNAs of fresh spleen tissue samples from SX and JD
ducks were extracted using TRIzol reagent (Invitrogen,
Carlsbad, CA, USA). Total RNAs (2 μg per sample) were then
used to synthesize first-strand cDNAs by reverse transcription
with Oligo (dT)18 primers (TaKaRa Biotechnology, Dalian,
China). A pair of reported UAA allele group-specific PCR
primers (Zhang et al. 2017) was used to amplify the cDNA
segments containing the coding domains of UAA. The PCR
was carried out in a final volume of 50 μL, including 0.5 μg
cDNA template, 100 pmol of each primer, and 0.5 U LA Taq
polymerase (TaKaRa Biotechnology). Amplification comprised
an initial denaturation at 98 °C for 5 min, followed by 32 cycles
at 94 °C for 1 min, 65 °C for 1 min, and 72 °C for 2 min, and a
final extension at 72 °C for 10 min. Amplicons of about 1.1 kb
were separated by agarose gel electrophoresis, purified using the
DNA recovery kit (Tiangen Biotech, Beijing, China), and
subcloned to the pMD18-T easy vector (TaKaRa
Biotechnology) according to the manufacturer’s recommenda-
tions. The constructs were transformed into competent
Escherichia coli DH5α (Transgen Biotech Co., Ltd., Beijing,
China) coated on lysogeny broth (LB) plates containing ampi-
cillin (100 μg/mL), isopropyl β-D-1-thiogalactopyranoside
(40 μg/mL), and X-gal (20 μg/mL). After incubation overnight
at 37 °C, 12 white spots on each LB plate were identified by
restriction enzyme analysis with EcoR I and Hind III (TaKaRa
Biotechnology), and positive clones were then sequenced by
Sangon Biotech Co., Ltd. (Shanghai, China). A cDNA sequence
was considered a real allele when sequences from two different
clones from independent PCR reactions or from different indi-
viduals were identical. Sequences were submitted to the
National Center for Biotechnology Information GenBank
(NCBI, https://www.ncbi. nlm.nih.gov/genbank/) and their
accession numbers are displayed in Table 2.
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Sequence analysis and phylogenetic tree construction

Obtained sequences were aligned using Clustal Omega
(https://www.ebi.ac.uk/Tools/msa/clustalo/) and JALVIEW
(Waterhouse et al. 2009). Based on the alignment of the ex-
tracellular domain of all Anpl-MHC I nucleotide and amino
acid sequences, phylogenetic tree was constructed in MEGA6
(Zhou et al. 2004) using the neighbor-joining method and p-
distance (Saitou and Nei 1987). Bootstrap support values were
obtained from 1000 replicates.

HVS location in three-dimensional UAA structures

The variation coefficients of the α1 and α2 domains of UAA
were calculated on the PVS website (http://imed.med.ucm.es/
PVS/). Highly variable sites of all sequences were analyzed
using the Wu-Kabat method (Kabat et al. 1997). Then, HVSs
(Wu-Kabat index > 6.0) were located and labeled on theMHC
I three-dimensional structures using PyMOL Molecular
Graphics System (http://www.pymol.org/). The crystal
structures used for modeling MHC I molecules from JD and
SX breeds built using SWISS-MODEL (http://swissmodel.
expasy.org). were Anpl-UAA*01 complexes (protein data
bank (PDB) codes 5GJX and 5GJY).

Accession numbers

The nucleotide sequences constructed the phylogenetic tree
were retrieved from NCBI database under the accession num-
bers HSU18930 (HLA-A2), M58156 (mouse. H-2K-f),
AM282699 (BF2*0401), AY234769 (BF2*2101),
AB115245 (Anpl-UCA01 (Xia et al. 2004), designated crys-
tal/Anpl-UAA*01 (Wu et al. 2017) in the present study),
AB115241 (Anpl-UAA02), AB115244 (Anpl-UBA01),
AB115243 (Anpl-UBA02), AB115246 (Anpl-UDA01),
AY294416 (Anpl-U02), AY294417 (Anpl-U03), AY294418
(Anpl -U04) , AY294419 (Anpl -U05) , KX118673
(UAA01*WS), KX118675 (UAA03*WS), KX118676
(UAA04*WS), KX118677 (UAA05*WS), KX118679
(UAA07*WS), KX118680 (UAA08*WS), KX118681
(UAA09*WS), KX118683 (UAA01*CV), KX118684
(UAA02*CV), KX118685 (UAA03*CV), KX118686
(UAA04*CV), KX118687 (UAA05*CV), KX118688
(UAA06*CV), and KX118689 (UAA07*CV).

Results

Sequence features

In most individuals, two or three alleles were recovered in
many clones (Table 1). Finally, 27 new Anpl-MHC I alleles
were identified at the UAA locus: 15 from the seven SX ducks

(UAA01*SX–UAA05*SX and UAA07*SX–UAA16*SX)
and 12 from the seven JD ducks (UAA01*JD–UAA02*JD,
UAA04*JD–UAA08*JD, and UAA10*JD–UAA14*JD).
Their accession numbers are listed in Table 2. In addition,
one unassigned allele, likely UDA repeated four times, was
recovered from duck SX-3 (Table 1).

Full-length amino acid sequences corresponding to these
alleles were aligned with crystal/Anpl-UAA*01 using Clustal
Omega and analyzed using JALVIEW. As shown in Fig. 1,
353 or 354 amino acids were coded, including signal peptide
and extracellular α1, α2, and α3 domains, followed by trans-
membrane and cytoplasmic (TM/CY) domains. The signal
peptide and α1, α2, and α3 domains comprised 21, 88, 92,

Table 1 Alleles expressed in cDNA in each duck

Duck UAA alleles Unassigned alleles

SX-1a UAA01*SX (6)

UAA02*SX (4)

SX-2 UAA03*SX (5)

UAA04*SX (2)

UAA05*SX (4)

SX-3 UAA07*SX (5) U17*SX (4)
UAA03*SX (2)

SX-4 UAA08*SX (4)

UAA09*SX (3)

SX-5 UAA10*SX (2)

UAA11*SX (3)

UAA12*SX (3)

SX-6 UAA13*SX (5)

UAA14*SX (3)

SX-7 UAA15*SX (4)

UAA16*SX (4)

JD-1 UAA01*JD (10)

JD-2 UAA02*JD (5)

JD-3 UAA04*JD (2)

UAA05*JD (4)

JD-4 UAA06*JD (3)

UAA07*JD (2)

UAA08*JD (3)

JD-5 UAA10*JD (3)

UAA11*JD (2)

UAA05*JD (4)

JD-6 UAA12*JD (2)

UAA13*JD (3)

UAA08*JD (2)

JD-7 UAA14*JD (6)

UAA02*JD (4)

UAA03*SX (2)

The number of matching clones is indicated in parentheses. Shared alleles
are indicated in italics
a Individuals in different duck lines
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and 91 amino acids, respectively. The length of the TM/CY
domain varied in some duck UAA alleles reported previously
(Zhang et al. 2017). Among the 27 sequences found here,
most TM/CY domains contained 62 amino acids, with only
two sequences containing 61 amino acids. Sequence polymor-
phism was mostly distributed in α1 and α2 domains, which
collectively formed the PBG, suggesting that such sequence
diversity is functional. Moreover, four cysteine residues (po-
sitions 99, 162, 200, and 256) that might form two couple
disulfide bonds in α2 and α3 domains and an N-linked gly-
cosylation site (NQS) in the α1 domain were highly con-
served. The amino acids involved in peptide anchoring in-
clude 7Y, 59Y, 84R, 123Y, 143T, 146K, 147W, 159Y, and
171Y (numbering relative to HLA-A2). These were also con-
served in the Anpl-MHC I sequences, which included 7Y,
58Y, 83R, 140T, 143K, 144W, 157Y, and 169Y amino acids,
with only 123Y being replaced by 120F.

Classical MHC I molecules interact with CD8 molecules,
which is essential for T cell activation. In the 27 sequences
reported here, amino acids 112Q and 223Q, which were in-
volved in the interaction with CD8 molecules, corresponded
to amino acids 114Q and 226Q in mammal MHC I (Kaufman
et al. 1992; Fan et al. 2018), thus being highly conserved.

According to the crystal structure of Anpl-UAA*01 (Wu et
al. 2017), 13 amino acids (18G, 35R, 46R, 94Q, 117K, 118D,
185R, 187S, 200R, 228S, 231P, 234D, and 240W) interacted
with β2m. In the 27 Anpl-MHC I sequences reported here, four
amino acids (35R, 117K, 118D, and 185R) were partially con-
served while nine amino acids were highly conserved (Fig. 1).

Gene groups and their distribution

None of the sequences of the 27 alleles identified from SX and
JD ducks was identical to that reported for other duck breeds.
To investigate homology in Anpl-MHC I molecules and their
coverage in domestic duck lines, the 27 full-length UAA se-
quences found here were analyzed with that reported for other
duck breeds, such as Peking duck, Cherry Valley (CV) duck,
and Weishan (WS) Ma duck. Based on amino acid sequence
homology, Anpl-MHC I sequences were divided into 17
groups, each containing sequences with similarity over 91%
(Yan et al. 2005; Zhang et al. 2017). Additionally, SX and JD
ducks contained three and one novel allelic groups, respec-
tively (Table 2). As a reference for functional classification
(Zhang et al. 2017), the distribution of gene groups in different
duck breeds and individuals was subsequently analyzed. As
shown in Table 2, 8 of 17 groups contained two or more
unique alleles and almost all alleles in each group were dis-
tributed in different duck breeds. In SX and JD breeds, there
were 10 allelic groups; 4 (5, 7, 8, and 17) were distributed in
SX ducks and 7 (2, 5, 11, 12, 14, 15, and 16) in JD ducks.
Except for SX-2 and SX-4 ducks, all UAA alleles expressed in
each SX individual belonged to the same allelic group.

Table 2 Gene groups of Anpl-MHC I in Shaoxing (SX) and Jinding
(JD) ducks

Sequence name Allelic
groups

Alignment with
the known sequences

GenBank
accession no.

SX
UAA01*SX 8 MH218821
UAA02*SX 8 MH218823
UAA03*SX 5 MH218824
UAA04*SX 17 Newa MH218826
UAA05*SX 5 MH218828
UAA07*SX 5 MH218831
UAA08*SX 5 MH218833
UAA09*SX 7 MH218834
UAA10*SX 17 New MH218836
UAA11*SX 17 New MH218838
UAA12*SX 17 New MH218840
UAA13*SX 8 MH218842
UAA14*SX 8 MH218844
UAA15*SX 5 MH218845
UAA16*SX 5 MH218846

JD
UAA01*JD 11 MH218820
UAA02*JD 12 MH218822
UAA04*JD 2 MH218825
UAA05*JD 2 MH218827
UAA06*JD 14 New MH218829
UAA07*JD 15 New MH218830
UAA08*JD 5 MH218832
UAA10*JD 2 MH218835
UAA11*JD 11 MH218837
UAA12*JD 16 New MH218839
UAA13*JD 5 MH218841
UAA14*JD 5 MH218843

White Peking
Anpl-U02 1 AY294416
Anpl-U03 2 AY294417
Anpl-U04 3 AY294418
Anpl-U05 4 AY294419

Pekingb

Anpl-UAA01 5 AB115242
Anpl-UAA02 6 AB115241
Anpl-UBA01 7 AB115244
Anpl-UBA02 8 AB115243
Anpl-UCA01 9 AB115245
Anpl-UDA01 10 AB115246

WS
UAA01*WS 11 KX118673
UAA03*WS 11 KX118675
UAA04*WS 11 KX118676
UAA05*WS 12 KX118677
UAA07*WS 8 KX118679
UAA08*WS 5 KX118680
UAA09*WS 12 KX118681

CV
UAA01*CV 8 KX118683
UAA02*CV 1 KX118684
UAA03*CV 1 KX118685
UAA04*CV 1 KX118686
UAA05*CV 1 KX118687
UAA06*CV 8 KX118688
UAA07*CV 13 KX118689

aNovel allelic groups identified in this study
bAnpl-MHC I sequences reported in reference (Xia et al. 2004)
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However, in JD ducks, alleles isolated from JD-4, JD-5, JD-6,
and JD-7 individuals were dispersed in different groups.
Moreover, the allele, UAA03*SX, was also isolated from
JD-7 (Table 1). These results indicated that different gene
groups were distributed in different duck lines and individ-
uals, suggesting that high allelic diversity is perpetuated in
ducks. The expression of one MHC class I gene is biased in
ducks, which might facilitate viral escape, but high diversity is
beneficial to infection resistance (Fleming-Canepa et al.
2016). At both the breed and individual levels, allele polymor-
phism was higher in JD than in SX ducks, which might be the
result of strong environmental selection pressures during their
evolution.

Phylogenetic analysis of the identified UAA alleles

To determine the phylogenetic relationships of UAA alleles
between the two duck breeds, nucleotide and amino acid phy-
logenetic trees were constructed based on the sequences of the
extracellular domains of all the UAA alleles identified in this
study and of Anpl-MHC I sequences, including UDA and
UEA, retrieved from GenBank. In addition, to examine the
phylogenetic relationships with other species, nucleotide and
deduced amino acid sequences of HLA-A2, Mus musculus
MHC I (H-2), and BF2 were also retrieved and aligned. As
shown in Fig. 2a, b, all Anpl-MHC I sequences clustered to-
gether, containing UDA and UEA which had similar gene
sequences and hallmarks of classical MHC I genes, while
HLA-A2, BF2, and H-2k-f alleles were independent from
the duck MHC I cluster. Furthermore, in the Anpl-MHC I
cluster, the UAA alleles of SX and JD ducks were not segre-
gated from the UAA alleles of other duck breeds, indicating a
close phylogenetic relationship and suggesting a concerted
evolution of UAA alleles among duck species.

HVS location in the three-dimensional structure
of Anpl-MHC I

Using the Wu-Kabat method, HVSs with variability scores >
6.0 in the α1 and α2 domains of the 27 sequences were ana-
lyzed. As shown in Fig. 3a, there were 13 HVSs located in the
α1 domain and 6 HVSs in the α2 domain, most clustering at
amino acids 61 to 75. High variability scores (> 10) appeared
at amino acid positions P9, P61, P62, P66, P68, P93, and P95,
with P9 presenting the highest score (21.7). Analysis at the
breed level evidenced 11 HVSs in the two functional domains
(8 in α1 and 3 in α2) of the 15 alleles of SX ducks, with high
Wu-Kabat scores (> 10) at positions P9, P95, P62, and P111
(Fig. 3b). In JD ducks, HVSs clustered mostly at the α1 do-
main (11 HVSs), while the α2 domain contained only two
HVSs; amino acid positions P9 and P66 showed the highest
scores with Wu-Kabat index values > 20 (Fig. 3c).

The comprehensive analysis of HVS variability scores in
the two breeds revealed both overlapping and offsetting ef-
fects due to amino acid variation (Table 2). Amino acids at
positions P61, P62, P93, and P95 acted as HVSs both in the
analysis of all 27 sequences or in the analysis performed for
each single breed, although showing higher variation in the
analysis of the 27 sequences. Another six amino acids, at
positions P22, P43, P69, P116, P128, and P154, also present-
ed higher variability scores in the analysis of the 27 sequences
than that of each single breed, even when they were not HVSs
in one or both breeds. However, not all HVSs displayed a
cumulative effect (Table 3). Thirteen amino acids showed only
an offsetting effect on HVS variability scores, with lower var-
iation in the analysis of the 27 sequences than in the analysis
of each single breed or both breeds. These results suggest that
the functional domains of UAA exhibit highly variable poly-
morphism, contributing to present more antigenic peptides
and to display conserved amino acid sequences in different
duck lines, despite allelic variation.

Half of the HVSs composing the PBD were located in
pockets in the three-dimensional structure of UAA (Fig. 3d).
Among them, amino acids at positions P9, P24, P43, P62,
P66, and P69 were located in the B pocket, at P95 and P111
in the C pocket, at P111 and P154 in the E pocket, and at P93
in the F pocket. Other HVSs were mainly located inα helix,β
strand, and loop regions of the α1 domain, playing an impor-
tant role in forming the antigen binding cleft. The HVSs of
UAA alleles from SX ducks were clustered in the B, F, C, and
E pockets, with 50% being located in the B pocket (Fig. 3e),
which is vital for peptide presentation (Wu et al. 2017). In the
UAA alleles of JD ducks, five of the eight HVSs located in
pockets were clustered in the B pocket (Fig. 3f). According to
these results, no HVSs were located in the A and D pockets.
The exceptional clustering of HVSs might be specific to the
two breeds examined here or and effect of the limited sample
size. The combined analysis ofWu-Kabat variability plots and
location of HVSs in the crystal structure of UAA indicated
that most diversity is localized within the PBG, which is im-
portant for broadening the spectra of antigenic peptide
presentation.

Discussion

To date, only 86 Anpl-MHC I genes have been investigated
from limited duck lines (Xia et al. 2004; Moon et al. 2005;
Fleming-Canepa et al. 2016; Zhang et al. 2017). Although
there are 24 indigenous duck breeds in China, SX and JD
ducks are representative elite egg-laying breeds. In the present
study, 27 uniqueMHC I alleles from 14 ducks were identified,
typically two or three expressed alleles in each individual. The
conserved amino acids identified in the MHC I molecules of
mammals and other birds were also found in SX and JD ducks
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(Fig. 1), including the cysteines involved in the formation of
disulfide bonds and the amino acids interacting with β2m and
CD8 molecules (Kaufman et al. 1992; Xia et al. 2004; Moon
et al. 2005; Wu et al. 2017; Fan et al. 2018). Extensive poly-
morphism appeared in α1 and α2 domains, which are in-
volved in determining PBG specificity, and the amino acids
constituting the α3 domain were relatively conserved. There
were more polymorphisms in the α1 domain than in the α2
domain, and this was consisting with the recently resolved
crystal structures ofAnpl-UAA*01which revealed that almost
all amino acids comprising the B and F pockets, which act as
primary anchor sites for peptides, were located in the α1 do-
main (Wu et al. 2017). Thus, higher polymorphism in the α1
domain has a greater influence on binding peptide specificity.
The 27 alleles were highly homologous with other duck
Anpl-MHC I and appeared in the same cluster in the phyloge-
netic tree. Meanwhile, some identical extracellular domain
sequences were found in more than one duck or one breed,
such as Anpl*U02, UAA02*CV, UAA03*CV, UAA04*CV,
and UAA05*CV (Fig. 2). These results indicated that there is
no significant divergence of Anpl-MHC I between Chinese
duck breeds. In ducks, there were two expressed Anpl-MHC
I genes, UAA andUDA. The UAA gene is biased expressed at
levels 10-fold greater than that of another gene, UDA, which
is the poorly expressed gene (Moon et al. 2005; Chan et al.
2016). In the present study, four cDNA sequences (U17*SX),
which were likelihood of UDA alleles, were recovered from
SX-3 duck individual, but not from other individuals (Table
1). As the expression level in different tissues was absent, the
alleles were temporarily divided into unassigned alleles. By
counting the number of UAA and other alleles expressed in
SX-3, UAA was present at approximately 1.75-fold abun-
dance of UDA in SX-3, which is lower than that of previous
studies (Moon et al. 2005). The lower ration of UAA versus
UDA alleles and the less recovery of UDA from duck indi-
viduals may be primarily influenced by the limited numbers of
available sequences obtained in each duck, or else determined
by the individual difference of ducks captured in this study.

Several alleles at the UAA locus contained a unique motif:
two additional cysteines (Cys) at positions 95 and 112 in the
α2 domain (Fleming-Canepa et al. 2016; Wu et al. 2017),
corresponding to positions 97 and 116 in HLA-A2
(Borbulevych et al. 2011). Fleming-Canepa et al. (2016) con-
sidered that the Cys95 and Cys112 found in alleles of wild
mallards were a conserved structure (Hazes and Dijkstra
1988) but unable to form a disulfide bond. However, in the
structure of Anpl-UAA*01, an allele from Peking duck, Cys95
and Cys112 form a disulfide bond able to ligate the β5 and β6
sheets at the bottom of PBG to enhance peptide binding (Wu et
al. 2017). In the present study, Cys95 and Cys112 were absent
from all newly cloned UAA alleles, indicating that this unique
motif is not common in Anpl-MHC I alleles and that the addi-
tional disulfide bond might only be formed in specific

individuals. Although our results might have been affected
by the limited number of isolated genes, the low genetic cov-
erage of Chinese duck lines is also an indisputable fact.

In our previous study, Anpl-MHC I genes were divided into
13 groups according to full-length amino acid homology > 91%
(Zhang et al. 2017). When the UAA alleles of SX and JD ducks
were introduced in the homology analysis, the number of groups
rose to 17, including four novel groups. Although alleles
expressed in the two duck breeds belonged to different groups
(Table 2) and sequences isolated from individuals displayed
highly variable polymorphism (Fig. 1), genes within the same
group likely have similar peptide-binding properties given their
high sequence homology. To further strengthen this hypothesis,
the presence of HVSs, amino acid composition of epitope-
binding pockets, and specificity of anchor residues were exam-
ined within each gene group. Because the Wu-Kabat index
values within each group were lower than 4, there were no
HVSs in their members; the amino acid compositions of the
six pockets were similar within one group; through co-
refolding of Anpl-MHC I molecules and peptides, the binding
motif of peptides had individual rules in the same group (data
not shown). Thus, to date, gene groups are a more appropriate
classification for genetic structure and gene function studies than
strain groups (Yan et al. 2005). Determining the distribution in
duck lines of alleles with different peptide-binding characteris-
tics is another purpose of the classification using allelic groups,
which is helpful to develop resistant breeds to certain diseases
and restricted CTL epitope vaccines (Zinkernagel et al. 1985;
Koch et al. 2007; Nejentsev et al. 2007; Zhang et al. 2012).

At both the breed and individual levels, allelic diversity was
higher in JD than in SX ducks. This might be closely related to
the habitat and feeding mode of these breeds. While SX ducks
are fed in confined environments and the food source is unitary,
JD ducks are stocked on the beach, with open breeding environ-
ment, and multiple food sources. Additionally, artificial selection
for JD duck has been carried out repeatedly since 1958 (Xiao and
Deng 2005), which might have increased selection pressure to
generate high genetic diversity and polymorphism.

According to the crystal structure of Anpl-UAA*01 (Wu et al.
2017), UAA molecules bind peptides through six pockets in the
PBG formed by the two α helixes and the β sheet in α1 and α2
domains, similar to that reported for human and chicken MHC I
(Koch et al. 2007; Petersen et al. 2009). EachMHCmolecule has
individual procedures regarding the peptides presented in the
PBG due to the high polymorphism of the MHC I sequences

�Fig. 1 Alignment of the 27 UAA sequences from Shaoxing (SX) and
Jinding (JD) ducks obtained in the present study. The UAA allele codes
for signal peptide, α1, α2, and α3 domains, followed by transmembrane
and cytoplasmic domains. The conserved amino acids that form disulfide
bonds and the N-linked glycosylation site are denoted by red numbers and
by asterisks, respectively. The conserved amino acids involved in peptide
binding are highlighted in blue. The residues interacting with β2m and
CD8 molecules are highlighted in green and red, respectively
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(Falk et al. 1991). The HVSs of SX and JD ducks were mainly
clustered at the α1 and α2 domains, especially in the four
pockets (B, C, E, and F) that directly interact with peptides,
and this benefits the diversity of peptide presentation.
Moreover, Anpl-UAA*01 restricted peptides were selected

relying on the B and F pockets, and in the present study, nearly
half of the HVSs were located in these two pockets. Different
Anpl-MHC I alleles had different peptide-binding specificities,
and HVSs might influence the characteristics of peptide presen-
tation. However, in the collective analysis of the 27 UAA allele

Fig. 2 Phylogenetic tree of Anpl-MHC I molecules constructed in
MEGA6 using the neighbor-joining method and p-distance. Bootstrap
values were obtained from 1000 replicates. The UAA sequences of
Shaoxing (SX) and Jinding (JD) ducks identified in the present study
are indicated by filled triangles and circles, respectively. a Phylogenetic

tree constructed using the extracellular domain of all Anpl-MHC I
nucleotide sequences obtained together with Anpl-MHC I sequences
from NCBI. b Phylogenetic tree constructed with the amino acid
sequences deduced from all obtained and retrieved Anpl-MHC I
nucleotide sequences
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sequences, over 50% of the HVSs showed an offsetting effect
with variability values lower than that found in each or in both
breeds (Table 3). This demonstrated that alleles with similar se-
quenceswere commonly expressed in all duck lines in agreement
with the results of allelic groups. Overall, the several UAA alleles
and their high degree of polymorphism collectively contribute to
a wide range of presented peptides, which is advantageous for
pathogen resistance in ducks.

Conclusion

The polymorphism of UAA allele sequences analyzed in SX
and JD ducks and their division according to groups evi-
denced their practical value for enriching Anpl-MHC I gene
information and evaluating the distribution of UAA alleles in
different Chinese duck breeds. These results might also accel-
erate effective diagnostics and vaccine development against
infectious diseases.
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Fig. 3 Wu-Kabat plot of amino acid variability and highly variable sites
located in the three-dimensional structures of the peptide binding groove
(PBG) of the UAA. a Variability plots of the 27 UAA alleles. b, c
Variability plots of the Shaoxing (SX) and Jinding (JD) duck breeds,
respectively. d Cyan indicates the highly polymorphic sites in the

structure of Anpl-UAA*01 (PDB code 5GJX). e, f Green and red
indicate highly polymorphic sites from the SX and JD ducks in the
structure of Anpl-UAA*01 (PDB code 5GJY). Numbers in a, b, and c
indicate the variability scores of HVSs; combinations of letters and
numbers in d, e, and f indicate the locations of HVSs

Table 3 Highly variable sites’ variability scores within α1 and α2
domains of UAA in Shaoxing (SX) and Jinding (JD) ducks

Position SX and JD SX JD

9 21.7 10 24
22 6.9
24 8.2 10
32 6.2 7.5
34 7.5
35 6.2 6.4
43 6.6
53 6.2 8
54 6.9
60 6.9
61 10.3 7.5 9.1
62 16.9 12 13.3
66 15.5 7.5 20
68 11 16
69 9.5 9.1
75 7.2 7.5
76 6.9
93 11.3 7.5 10.7
95 11.1 10 8
111 8.6 10
116 7.8
128 6.2
154 6.6
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