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Abstract

Chicken Mx1 gene, as a positive antiviral gene, has been reported to provide resistance to several viruses especially avian
influenza virus. In present research, the genotype frequency contributions of chicken Mx1 polymorphisms were character-
ized in five lowly selected as well as one moderately selected Sichuan native chicken populations and two highly selected
commercial chicken breeds. Together with two newly-identified mutation sites (r.8A > G and r.1257T > C), a total of 13
single nucleotide polymorphisms (SNPs), including seven nonsynonymous mutation and six synonymous mutation, were
found in the coding region of chicken Mx1 gene. Local Chinese chicken populations exhibited higher nucleotide diversity
than commercial populations. Moreover, amino acid substitution sites as well as positive selection sites were located only in
the domain not determined and GTPase domain, implying that amino acids mutations were likely needed in the modulatory
and structural regions to better adapt the environment. Collectively, our results suggest that different selection pressures
greatly influenced the genotype frequency contributions of chicken Mx1 gene. Understanding the interaction between genetic
diversity and artificial selection may help us to better select and breed superior domestic chickens.
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Introduction

Host immunity, particularly innate immunity, plays a
functional role in the prevention of infection (Akira et al.
2006). During viral infections, a subset of the most promi-
nent cytokines produced are the interferons (IFNs), which
served as inducers, regulators, and effectors in innate anti-
viral mechanisms (Malmgaard 2004). Myxovirus resistance
(Mx) proteins are dynamin-like, large GTPases in response
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to IFNs stimuli (Haller et al. 2007). They are highly potent
antiviral factors of the innate immune system that are able
to inhibit the multiplication of a diverse range of viruses,
including Orthomyxoviridae, Rhabdoviridae, Paramyxoviri-
dae, Bunyaviridae, Togaviridae, and Hepadnaviridae (Haller
et al. 2015; Ewald et al. 2011). In most vertebrates, at least
two distinct Mx genes have been described (Haller and
Kochs 2002; Thomas et al. 2006). However, chicken only
have one Mx gene, which is known as chicken Mx1 gene.
Studies demonstrated that a polymorphism at amino acid
position 631(Ser/Asn) owing to a G-to-A nucleotide substi-
tution (r.2032G > A) led to the positively antiviral function
of chicken Mx1 gene. Chicken Mx1 protein with the 631Asn
conferred positive antiviral activities, whereas the Mx1 pro-
tein carrying the 631Ser was not capable of inhibiting viral
growth (Ko et al. 2004; Sasaki et al. 2013).

The increasing demands for eggs and poultry meat to
meet the nutritional requirement are urging domestic chicken
breeds more artificially selected (Muchadeyi and Dzomba
2017). In the meantime, disease resistance is neglected
under excessive selection for growth traits and reproduction
traits in domestic chicken populations, ultimately leading
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to serious threats to poultry industry (Niraj et al. 2016).
Environment, selection, and negative correlations between
commercial traits and disease resistance could contribute to
highly skewed frequencies of the mutation among different
populations (Li et al. 2006).

Chicken Mx1 gene, considered as a marker of chicken
resistance to avian influenza virus, is composed of 20,766 bp
linear DNA, 13 coding exons and 2118 bp coding sequence
(Sartika et al. 2011). At present, more than 200 single-nucle-
otide polymorphisms (SNPs) have been identified in the full
region of chicken Mx1 gene. The polymorphisms of chicken
Mx1 gene at the Ser631Asn mutation have been reported
in many chicken breeds, in which the results shows that
the frequency of the allele with antiviral activity in native
breeds is higher than that in commercial lines (Li et al. 2006;
Sartika et al. 2011; Ko et al. 2002; Balkissoon et al. 2007;
Seyama et al. 2006). However, whether the proportion of
chicken Mx1 genotype frequency in the full coding region
is associated with different selection pressures remains to be
studied. In this study, we detected the genotype frequency
contributions in the coding region of chicken Mx1 gene in
eight populations with different selection pressures, includ-
ing five lowly selected as well as one moderately selected
Sichuan native chicken populations and two highly selected
commercial chicken breeds. The present findings may lead
to a better understanding of the effect of artificial selection
on the allelic variation in domestic chicken populations and
may be helpful for the selection of superior native chickens.

Materials and methods
Sampling and DNA Isolation

A total of 240 samples from eight chicken breeds were
used to screen the polymorphisms in the coding sequence
of chicken Mx1 gene. The chicken breeds are Caoke
Chicken (CK), Guanyuan Grey Chicken (GYG), Jiuyuan
Black Chicken (JYB), Green Shell Hen (GSH), Tibetan

Chicken (TC), Daheng Boiler (DHB), Cobb Boiler (CB)
and Lohman Laying Hen (LLH). The specific information
of each chicken breed is shown in Table 1. Each breed
used in the present study was composed of 30 unrelated
individuals obtained from local poultry breeding company.
The samples of each breed line were selected from one site
only. Venous blood samples were collected from under the
wing of the chickens, prepared for genomic DNA extrac-
tion. Total genomic DNA was extracted from chicken
blood using the TIAN amp Genomic DNA Kit in accord-
ance with the manufacturer’s instructions. DNA samples
were stored at —20 °C until use. The quality and purity
were assessed by a Nucleic Acid Protein Analyzer. These
experiments were approved by the Committee on the Care
and Use of Laboratory Animals of the State-level Animal
Experimental Teaching Demonstration Center of Sichuan
Agricultural University (No. DKY-S20163656).

Design of PCR primers and sequencing

Primer pairs and conditions for the amplification of the
coding sequence of chicken Mx1 gene (containing 13
exons) are given in Table 2. The primers were designed by
Primer Premier v6.0 and Oligo v7.37 softwares according
to NCBI reference sequence (NC_006088.5). Polymerase
chain reaction (PCR) was carried out using a Gene Amp
PCR System 9700 (Bio-Rad, USA) thermal cycler in a
final volume of 25 pL containing 1.0 pl (100 ng/ul) of tem-
plate, 0.8 uL of each primer (10 pmol/ul), 13 pL 2 X Taq
PCR Master Mix and 9.4 uL ddH2O. The PCR programme
were as, initial denaturation at 96 °C for 4 min, followed
by 35 cycles of 95 °C for 30 s, annealing at prescribed
annealing temperature for 1 min, and primer extension
72 °C for 90 s, and a final extension at 72 °C for 10 min.
The PCR products were analyzed using electrophoresis
in 1% agarose gel and sequenced by Chain Termination
Method in Beijing TSINGKE Biological Technology
Corporation.

Table 1 Summary of eight

. , Breed Abbreviation Location Population Type
chicken populations size
Shimian caoke chicken CK Sichuan China 30 Native (lowly selected)
Guanyuan grey chicken GYG Sichuan China 30 Native (lowly selected)
Jiuyuan black chicken JYB Sichuan China 30 Native (lowly selected)
Green shell hens GSH Sichuan China 30 Native (lowly selected)
Tibetan chicken TC Sichuan China 30 Native (lowly selected)
Daheng boilers DHB Sichuan China 30 Boiler (moderately selected)
Cobb boilers CB American 30 Boiler (highly selected)
Lohman laying hens LLH German 30 Layer (highly selected)
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Table 2 Primer information for

‘ . ; Primer sequences (5'-3") Annealing Tempera- Product(bp)
detecting SNPs in the coding ture (°C)
sequences of Mx1 gene

Exonl F: CAGGAGGTAGAAGCATTGT 61.2 431
R: GGTGAGCATGGAGAGTATC

Exon2 F: AGCATGAAGGTGCAAGGAT 554 398
R: TGAGTTTGTACCTTTGTCCCT

Exon3 F: CAACTGTCACCTCTGTCTT 61.2 274
R: GTGGCTATAATTCCTGTGTTAG

Exon4 F: ATCGTGTTCCCACTTCAC 59.6 400
R: CAGCACTGCCTTCCCAAA

Exon5 F: TGGTGGCTTGTACTGCTA 56.5 288
R: ACACTACTTCAGACCTTCAC

Exon6 F: CTTCCACCTTCAACTTCTG 53.0 286
R: TACTTTGGGTTGGGTTCT

Exon7 F: CCCCAGAAGGTGACTTAG 53.0 295
R: GGAAGAAGGGTTGGATTT

Exon8 F: GTTCAGCCTACCTAAGAGTCCT 57.8 258
R: CCCTCAATGACAGATTCCAG

Exon9 F: CAGAGCAAAGCAACCAAG 60 371
R: AAAGCCAGGGGATAGAAT

Exonl10 F: AAGGCACTGAGCAATGAG 53.2 418
R: TTGGTCCATCAATGAGAACA

Exonll F: GTCCTAAAGGCGTATTCT 57.8 405
R: TAGTGCCATCACAAACAT

Exonl12 F: TCCGCTTCACCTTCCTGAG 60 482
R: GGCTTGCCATCATCCAGATAT

Exonl3 F: CTCTCCTTGTAGGGAGCAAG 55 331

R: GTTGCTGCTAATGGAGGATT

Statistical analysis

The unripe sequences were processed by Bioedit v7.0.9
(Alzohairy et al. 2011). All the 240 sequences and refer-
ence sequence (NCBI Reference Sequence: NC_006088.5)
were aligned using Clustal X program (Thompson et al.
1997). The nucleotide substitutions were identified using
MEGA 7 (Kumar et al. 2016). The genotype frequencies
were calculated by direct counting method. Genetic diver-
sity parameters including number of variable sites (S),
haplotypes (h), haplotype diversity (Hd) and nucleotide
diversity (n) were estimated by DnaSP V5.0 (Librado and
Rozas 2009). Pairwise Fgp values among populations were
computed in Arlequin v3.5 (Excoffier and Lischer 2010).
Haplotypes were constructed based on all the SNPs in
each experimental animal by Haploview program (Barrett
et al. 2005). The frequencies of each haplotype in popula-
tions were calculated by PHASE program v2.0. Chi-square
test, a statistical significance test, was used in analysis
of genotype frequencies among populations. The selec-
tion pressure analysis of chicken Mx1 gene was examined
using HyPhy package as implemented in Datamonkey

web-server (http://www.datamonkey.org/) (Pond et al.
2005). The positive selection codons were detected using
five codon-specific selection methods (FEL, IFEL, SLAC,
FUBAR, and MEME methods). FEL, IFEL, SLAC, and
FUBAR models use a maximum-likelihood (ML), ML,
ML, and counting and Bayesian approach to infer nonsyn-
oymous (dN) and synonymous (dS) substitution rates on a
per-site basis, respectively (Pond and Frost 2005; Murrell
et al. 2013). MEME employs a mixed-effects ML approach
to detect sites evolving under positive selection under a
proportion of branches (Murrell et al. 2012). Sites identi-
fied by FEL, IFEL, SLAC, and MEME with p <0.05 and
FUBAR with posterior probability > 0.90 were considered
to be under positive selection with high confidence levels.
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Results

Nucleotide and amino acid variations of chicken
Mx1 gene

The genomic structure of chicken Mx1 gene in the coding
region is illustrated in Fig. 1. A total of 13 SNPs in the
coding region were detected, including seven nonsynony-
mous mutations and 6 synonymous mutations. The spe-
cific information of these SNPs is listed in Table 3, along
with their locations, coding region positions, nucleotide
changes and amino acid changes. At the nucleotide level,
six SNPs, two SNPs, two SNPs, two SNPs, and one SNP
were harbored in the exons 1, 6, 8, 10, and 13 of chicken
Mx1 gene, respectively (Fig. 1). In the meantime, patterns
of diversity at the amino acid level were primarily located
in the domain not determined and GTPase domain, while
all of the SNPs located in the middle domain and GTPase
effector domain were synonymous mutations. Coupled
with the observations at the nucleotide level, we implied
that tolerance for new genetic variants was different at dif-
ferent coding region of the chicken Mx1 gene. Importantly,

two novel SNPs at 1.8A > G and 1.1257T > C were identi-
fied in chickens for the first time. However, we failed to
detect the aforementioned Ser631Asn mutation caused by
the SNP at r.2032G > A, which indicated that all the popu-
lations used in the present study were likely sensitive to
viral infection.

The genotype frequencies of these 13 SNPs in each
chicken population, which could intuitively display the effect
of intensive selections on chicken Mx1 gene, are shown in
Table 4 (the frequency distribution of SNP1, 2, 10, 13 did
not satisfy the conditions of Chi-square test and, therefore,
were excluded from the statistical significance test). The
results showed that there are significant differences between
lowly selected native chicken populations and highly
selected commercial birds. For example, at the SNP4 and
SNPS sites, there are no significant differences in the fre-
quency distribution between CB and LLH (P> 0.05), but it
is significantly different between these commercial chickens
and the majority of the Chinese local chicken populations
(P<0.05). Simultaneously, in the LLH population, the fre-
quency of genotype at the SNP3, SNP9, and SNP11 showed
extreme difference from other populations (P <0.01), while
the CB chickens had significantly distinct frequencies of

110244533 110260287
exonl exon2  exon3 exond exon5 exon6  exon7 exon8exon9 exonl0) exonll exonl2 exonl3
# ) } ) i
237 193 138 155 139 /199 79 25\142 /5 77 243 3
SNP1 SNP2 SNP3 SNP7 SNP9 SNP11 SNP13
SNP4 SNP5 SNP6 SNP8 SNP10 SNP12

Fig. 1 Genomic structure of chicken Mx1 gene in the coding region. The number in each exon is the length of each exon and the number on the
top is the location from the first coding exon to the last coding exon (NCBI reference sequence: NC_006088.5)

Table 3 Detail information for

1

. Markers Location Coding region ~ Amino acid Variation AA change Domain
the SNPs of chicken Mx1 gene position position
SNP1 exonl 8 3 A/G N3S ND
SNP2 exonl 13 5 C/T R5W ND
SNP3 exonl 62 21 G/A R21Q ND
SNP4 exonl 122 41 C/IG P41R ND
SNP5 exonl 125 42 T/C L42S ND
SNP6 exonl 156 52 T/A - ND
SNP7 exon6 922 308 G/A V3081 GD
SNP8 exon6 1015 339 A/G T339A GD
SNP9 exon§ 1248 416 AIG - MD
SNP10 exon§ 1257 419 T/C - MD
SNP11 exonl0 1455 485 C/T - MD
SNP12 exonl0 1545 515 G/A - MD
SNP13 exonl3 2019 673 G/A - GED

ND domain not determined, GD GTPase domain, MD Middle domain, GED GTPase effector domain

#Mx protein domain
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Table 4 Genotype frequencies CK GYG IYB GSH TC DHB LLH CB
of SNPs of Mx1 SNPs in eight
chicken populations SNPI
AA  80% 93.33% 100% 100% 96.67% 93.33% 100% 100%
AG  20% 6.67% 0% 0% 3.33% 6.67% 0% 0%
GG 0% 0% 0% 0% 0% 0% 0% 0%
SNP2
CC  46.67% 86.67% 76.67% 80% 90% 33.33% 100% 63.33%
CT 4333% 13.33% 23.33% 20% 10% 46.67% 0% 36.67%
T 10% 0% 0% 10% 0% 20% 0% 0%
SNP3
AA  B56.67% A26.67% B 66.67% A 36.67% A 40% B 56.67% €3.33% B 60%
AG  40% 60% 26.67% 50% 40% 33.33% 70% 40%
GG 3.33% 13.33% 6.67% 13.33% 20% 10% 26.67% 0%
SNP4
CC *2333%  “B2667% A1333%  “13.33%  A2333%  A20% B36.67% B 46.67%
CG  40% 56.67% 46.67% 53.33% 43.33% 46.67% 60% 46.67%
GG  36.67% 16.67% 40% 33.33% 33.33% 33.33% 3.33% 6.67%
SNP5
CC *36.67%  “B16.67% *40% A3333%  43333%  A3333% 8333%  B6.671%
CT  40% 56.67% 46.67% 53.33% 43.33% 46.67% 60% 46.67%
TT 23.33% 26.67% 13.33% 13.33% 23.33% 20% 36.67% 46.67%
SNP6
AA A 60% PE16.67% AB56.67% P33.33% BC36.67% ABC46.67% £3.33% PE16.67%
AT  33.33% 66.67% 33.33% 50% 43.33% 43.33% 66.67% 60%
TT  6.67% 16.67% 10% 16.67% 20% 10% 30% 23.33%
SNP7
AA A2333%  B6.67% 8333% b 0% 03.33% A 40% D333%  ©36.67%
AG  5333% 46.67% 50% 13.33% 23.33% 40% 6.67% 60%
GG 23.33% 46.67% 46.67% 86.67% 73.33% 20% 90% 3.33%
SNP8
AA  B2333% BC36.67%  C€46.671% D 86.67% 07333%  AB20% L90% £3.33%
AG  53.33% 50% 50% 13.33% 23.33% 40% 8.33% 60%
GG 23.33% 13.33% 3.33% 0% 3.33% 40% 1.67% 36.67%
SNP9
AA 22333%  B46.67%  BC46.67% 22333%  B56.67%  223.33% P6.67%  €60%
AG  56.67% 36.67% 46.67% 51.67% 30% 46.67% 70% 40%
GG 20% 16.67% 6.67% 25% 13.33% 30% 23.33% 0%
SNP10
TT  100% 80% 83.33% 80% 76.67% 80% 70% 100%
TC 0% 20% 13.33% 20% 20% 20% 30% 0%
cC 0% 0% 3.33% 0% 3.33% 0% 0% 0%
SNP11
CC “B4333%  A40% A26.67%  22667%  C€10% B53.33% D333%  A30%
CT 50% 56.67% 66.67% 56.67% 33.33% 33.33% 93.33% 66.67%
TT  6.67% 3.33% 6.67% 16.67% 56.67% 13.33% 3.33% 3.33%
SNP12
AA  “BC10% A3.33% AB667%  B16.67%  P4333%  ©13.33% AB333% £333%
AG 53.33% 56.67% 63.33% 56.67% 46.67% 33.33% 66.67% 96.67%
GG 36.67% 40% 30% 26.67% 10% 53.33% 30% 0%
SNP13
AA 0% 0% 0% 0% 0% 0% 0% 0%
AG  10% 10% 10% 1.67% 3.33% 3.33% 33% 0%
GG  90% 90% 90% 98.33% 96.67% 96.67% 67% 100

Label in the top left corner containing the same letter represents the difference was not significant peer data
(P>0.05), without the same letter represents significant difference (P <0.05) in one line. The frequency
distribution of SNP1, 2, 10, and 13 did not satisfy the conditions of Chi-square test
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alleles at the SNP7 and SNP12 sites (P <0.05). As for the
two newly-identified SNP sites which were not included in
the Chi-square test, the mutation type of SNP 1 (r.8A>G)
was only detected in four Chinese native populations (CK,
GYG, TC, DHB) and all of the individuals used in this study
possessed at least one copy of the wild type. These observa-
tions implied that the r.8A > G mutation at this site may have
occurred recently and be only specific to certain Chinese
native chicken populations. In contrast, the r.1257T > C of
chicken Mx1 gene was presented in Chinese native popula-
tions as well as highly selected LLH. However, the homozy-
gote of mutation type was only observed in two Chinese
native populations. Collectively, these results suggest that
artificial selection potentially influenced the genotype fre-
quency of chicken Mx1 gene.

Population differentiation

To evaluate the population differentiations among the eight
populations, pairwise Fgr values between each population
were computed using Arlequin v3.5. As shown in Table 5,
most of the pairwise Fgr values among the six native chicken
populations were lower than the values between native
chicken breeds and commercial chickens. These results thus
indicated that all native chicken breeds have very close rela-
tionships among themselves, and relatively remote relation-
ships to both commercial chicken breeds (CB and LLH). At

the same time, we noticed that pairwise Fg value between
CB and LLH was higher than the other populations, which
suggested that the variation of chicken Mx1 gene may asso-
ciate with different selected purposes.

Genetic diversity

Genetic diversity parameters of the eight chicken popula-
tions were calculated and are shown in Table 6. Consistent
with the fact that native chicken breeds have seldom been
subjected to intensive artificial selections on commercial
traits, our results showed that local chicken populations
exhibited relatively higher nucleotide diversity than highly
selected commercial populations, which is partly due to
intensive artificial selections on commercial traits. On the
other hand, a total of 91 haplotypes have been identified
in the 240 complete coding sequences with an overall hap-
lotype diversity of 0.966. Of these chickens, CK exerted
the highest haplotypes and haplotype diversity, while the
highly-selected layer LLH possessed the lowest haplotypes
and haplotype diversity among the eight populations.

Haplotypes
A total of sixteen haplotypes (H1-H16) higher than 1% fre-

quency were examined from the 240 chickens. The informa-
tion of each haplotype and the corresponding frequencies

Table 5 Pairwise Fgp between

‘ . CK GYG JYB GSH TC DHB LLH CB
eight chicken breeds
CK - 0.09494 0.03175 0.1511 0.1559 0.02079 0.3395 0.1206
GYG - 0.07178 0.08891 0.06242 0.09860 0.1549 0.1337
JYB - 0.06242 0.09215 0.06078 0.2682 0.1841
GSH - 0.05649 0.1725 0.1272 0.3191
TC - 0.1869 0.2216 0.2711
DHB - 0.3590 0.1092
LLH - 0.4535
CB -
Table 6 Genet.ic diversity Populations Number of poly- Nucleotide diversity Number of Haplotype diversity
parameters estl‘mated .for morphic sites Haplotypes
Mx1 gene of eight chicken
populations CK 12 0.00219 +0.00059 22 0.977+0.014
GYG 13 0.00180+0.00063 16 0.938+0.026
JYB 12 0.00211+0.00058 22 0.968 +0.019
GSH 11 0.00190+0.00055 18 0.890+0.052
TC 12 0.00218 +£0.00059 21 0.972+0.015
DHB 13 0.00217 +0.00063 20 0.940+0.032
LLH 10 0.00103 +£0.00051 13 0.883+0.038
CB 10 0.00135+0.00051 20 0.954+0.023
Total 13 0.00216 +0.00035 91 0.966 +0.004
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Table 7 Haplotypes of Mx1 gene identified in 240 chickens and the corresponding frequencies

Haplotypes Position of variable sites in the coding sequence of chicken Mx1 gene Frequency of
8 13 62 122 125 156 922 1015 1248 1257 1455 1545 2019 240 chickens

Reference sequence A C G C T T G A A T C G G

H1 . . . . . . . . . . . . . 0.135

H2 A G C A . . G . T A . 0.132

H3 . T A G C A A G G . . . . 0.124

H4 A A G 0.082

H5 A G C A . . . . . . . 0.070

H6 A A A G . . T A . 0.064

H7 A G C A . . . . T A . 0.054

HS8 . . . . . . . . . C T A . 0.051

H9 A G C A G 0.037

H10 G T A 0.037

Hl11 . . . . . . . . G . . . . 0.021

H12 . . A G C A . . . C T A . 0.019

H13 . . . . . . . . . . T A . 0.017

Hl14 . . . . . . . . G . . . A 0.016

H15 G T . G C A . . . . . . . 0.014

H16 . . . . . . A G . C . . . 0.012

Dot (.) denoted the same single nucleotide to the reference sequence; Position of variable sites in the coding sequence of chicken Mx1 gene was
obtained using the sequence of Red Jungle Fowl genome as the reference sequence

of all samples are shown in Table 7, and the haplotype fre-  haplotypes, was found in all chicken breeds. Furthermore,
quencies of each population are summarized in Table 8. The =~ we observed that haplotype H1 and H2 were presented at an
H1, H2, and H3 haplotypes were dominant (>10%) in the  extremely high frequency in four native chicken populations
240 samples, and H1 is same to the reference sequence of (CK, GYG, JYB, GSH). The total proportion of H1 and H2
NCBI. At the same time, haplotype H1, the largest shared  in GSH was even exceed 50%, whereas the frequencies of

Table 8 Mx1 gene haplotype

) Haplotype Chicken breed lines
frequency of each population

CK GYG JYB GSH TC DHB LLH CB
H1 0.100 0.133 0.125 0.270 0.085 0.095 0.036 0.050
H2 0.150 0.079 0.127 0.296 - 0.061 0.026 0.050
H3 0.217 - 0.117 0.050 - 0.400 - 0.133
H4 0.100 0.074 0.03 - - 0.084 - 0.316
HS5 - 0.168 0.270 0.061 0.037 - 0.248 0.067
H6 0.150 - 0.074 - - 0.100 - 0.149
H7 - 0.091 0.019 0.015 0.286 - 0.023 -
H8 - - 0.034 - - 0.100 - 0.150
H9 0.083 0.033 - 0.029 0.033 0.072 - -
H10 - - 0.040 0.018 0.110 - 0.434 -
H11 0.017 0.067 - 0.074 - - - -
H12 - - 0.057 0.083 - - - -
H13 - - - 0.022 0.080 0.039 - -
H14 - - - - - - 0.113 -
H15 0.083 - - - - 0.033 - -
H16 - 0.100 - - - - - -
Others 0.1 0.255 0.107 0.082 0.369 0.016 0.12 0.085

Dashes (-) represented the absence of certain haplotype in the population
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H1 and H2 were less than 10% in these two commercial lines
(LLH and CB). Interestingly, sequences of both GYG and
TC breeds harbored multiple variations and the majority of
these sequences were not classified into the 16 common hap-
lotypes (data not shown). Moreover, it was found that hap-
lotype H4 was widely distributed in CB chickens (31.6%),
but was not detected in LLH. In the same way, haplotype
H10 made up 43.3% of the 30 LLH chicken but completely
absent in CB. Taken together, it appeared that high artificial
selection probably led to the decrease of haplotype diversity
in the coding region of chicken Mx1 gene.

Positive selection sites

Positive selection is the main driving force of rapidly evolv-
ing genes. The best source of evidence for positive selec-
tion at the molecular level is the comparison of rates of
synonymous and nonsynonymous nucleotide substitution
(Hughes and Nei 1988). When nonsynonymous nucleo-
tide substitutions per nonsynonymous site (dN) exceed the
number of synonymous nucleotide substitutions per synon-
ymous site (dS), positive diversifying selection is favored
(Hughes 1999). Five codon-based methods in Datamonkey
server have proved useful to infer positive selection and
identify positive selection sites in protein-coding sequences
of chicken Mx1 gene. Three sites (codon 5, 21, 339) were
found under positive selection in Mx1 sequence samples by
all methods. In addition, FEL also identified codon 42 as
positive selection site and FUBAR identified seven positive
selection sites (Table 9).

Discussion

To achieve maximum expression of the production traits, the
commercial chicken breeds are mainly selected for higher
growth or egg production. It seems that most production

traits are being improved at the expense of immune com-
petence (Zekarias et al. 2002). In contrast, lowly or mod-
erately selected native chicken breeds always have greater
ability than highly selected commercial populations to resist
the virus controlled by antiviral genes (Sartika et al. 2011).
However, whether the antiviral genes were also influenced
after the target traits gained great genetic improvement has
not been understood.

Chicken Mx1 gene is one of the best-characterized IFN-
stimulated antiviral genes and has the ability to inhibit
the replication of RNA virus (Ko et al. 2002), albeit the
resistance property is restricted to certain genotypes. Here,
we detected the functional contributions of chicken Mx1
polymorphisms of eight chicken breed lines with different
selection pressures. In line with the earlier findings that
nonsynonymous SNP of chicken Mx1 gene is primarily
found in less well-defined regions (Balkissoon et al. 2007,
Fulton et al. 2014), and five of the seven nonsynonymous
sites in this research are located in domain not determined
where the functional significance is not yet known. As for
the other two nonsynonymous SNPs, they are harbored in
the GTPase domain region, in which GTPase activity has
been regarded as an essential role for Mx activity and may
be responsible for pathogen recognition (Pitossi et al. 1993).
Besides, five codon specific selection methods all suggested
three codons (codon 5, 21 and 339) to be positively selected,
indicating a strong signature of adaptive evolution. Of the
three positively selected codons, codon 5 and codon 21 are
located in the domain not determined. Lacking of the spe-
cific function of this less well-defined region, we could only
speculate that this part may be particularly important in the
long-term evolutionary history of antagonistic exposure to
various viruses. Codon 339 appears to be located around the
edge of the GTPase domain region. The signature of positive
diversifying selection occurring on this site may potentially
enhance the flexibility to recognize and adapt to a diverse
array of evolving pathogens. Interestingly, all the variants

Table 9 Sites found to be

o X Codon FEL IFEL SLAC FUBAR MEME

under positive selection

using the FEL, IFEL, SLAC, dN-dS pvalue  dN-dS pvalue dN-dS pvalue dN-dS Posterior  p value

FUBAR, and MEME methods probability

implemented in Datamonkey

server (http://www.datamonkey 3 445.025 0.105 462.228 0.125 27.567 0277 8.409 0.965 0.131

.org) 5 131542  0.00738 160491 0.0061  83.664 0.0314 21.569 0.998 0.0124
21 13355 0.00191 1579.08 0.00246 81.175 0.0167 21.365 0.999 0.00356
41 394.713 0.106 270.06 0.219 25.803 0.257 10.399 0.984 0.132
42 509.563 0.0399 346.725 0.133 33356  0.107 13.485 0.993 0.0568
308 665.947 0.061 795.337 0.0535  45.878 0.150 14.959  0.992 0.0821
339 896.401 0.0130  1045.32 0.013 67.468  0.026 19.902  0.999 0.0208

FEL, IFEL, SLAC, and MEME test significance levels are given as p values, while posterior probability are

given for FUBAR

Sites found under positive selection were labeled in bold (p < 0.05, posterior probability > 0.95)
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identified in the middle domain and GTPase effector domain
are synonymous mutations. It has been known that the amino
acids in the middle domain and GTPase effector domain are
essential for maintaining the quaternary structure of human
MxA, and the GTPase effector domain acted as the effec-
tor domain in the antiviral activity (Gao et al. 2010, 2011).
Thus, the domain with effector function may be structural
conservation to maintain crucial function, whereas amino
acids mutations were likely needed in the GTPase domain
to obtain the regulation of new activity factors and even rec-
ognize a diverse array of pathogens. On the other hand, high
frequency of amino acid change in domain not determined
may give the opportunity to explore new function.

Li et al. have reported a highly skewed Mx1 allele fre-
quency at position 2032 among experimental lines and
native Asian breeds of chickens. Results showed that fre-
quency of allele A in native populations was much higher
than those in commercial populations (Li et al. 2006).
Balkissoon et al. confirmed a high frequency of the sus-
ceptibility allele presented in contemporary meat-type
birds in 2007. The frequency of GG genotype in several
broiler lines is 100% (Balkissoon et al. 2007). The Mx1
gene encoding Ser at amino acid position 631 is conserved
in several birds. Seyama et al. investigated the amino acid
sequences of Mx1 protein in other birds such as the Japa-
nese quail, turkey, and goose, all of which carry the sensi-
tive type of Ser at this position (Seyama et al. 2006). In the
present study, the frequency distribution in SNP4 and SNP5
indicated that the degree of selection pressure influences
the distribution of chicken Mx1 gene and it may be asso-
ciated with higher adaption of local chicken populations.
The frequency distribution in SNP3, SNP7, SNP8, SNP11
and SNP12 demonstrated that different purposes of artificial
selection potentially causes great influence in the genotype
distribution of chicken Mx1 gene. However, the specific
variant (Ser631Asn) conferring antiviral activity was not
detected. All of the 240 samples from eight chicken breeds
all carried the sensitive GG genotype at the 1.2032 posi-
tion, this observation is probably due to the fact that all the
indigenous chicken populations in Sichuan province have
a very close relationship (Zhang et al. 2017) and limited
sample were used in the two commercial breeds. To improve
the disease resistance ability of these populations, chickens
with the resistance alleles are needed to be introduced to
Sichuan native chicken breeds. Alternatively, understanding
the function of the newly-identified SNPs may also help us
better breed these Chinese native chickens and commercial
chickens.

Population genetic analyses of the present study indi-
cated that all native chicken breeds had very close relation-
ships among each other, while the genetic distance between
indigenous and commercial chickens were much higher. The
results support the hypothesis that chickens from distant

geographic regions may have developed different adaptation
mechanisms, which render them genetically distinct. The
CB and LLH with different selected purpose had higher dif-
ference than among any other two compared breeds, which
is consist with our previous results based on other antivi-
rus genes (Li et al. 2017). The genetic diversity parameters
also indicated that native chicken breeds exhibited relatively
higher nucleotide diversity than CB and LLH, indicating that
the improvement of commercial traits are associated with the
reduction of nucleotide diversity of immune-related gene at
least in the case of chicken Mx1 gene. On the other hand,
higher diversity of Mx1 gene might help native chickens to
better adapt variant local environments. Furthermore, the
haplotype frequencies within the eight breed lines evalu-
ated herein indicated that H1 and H2 might be beneficial to
higher adaption to harsh environment, while H10 was poten-
tially associated with egg production and H4 was potentially
associated with meat production. These data highlight the
need for a better understanding of the association between
the haplotypes and both disease resistance and performance
traits.

Native chicken populations are a source of adapted geno-
types that are robust enough to survive in local environments
with minimum human interventions (Khobondo 2015). It
may be achieved by selectively increasing the frequencies
of target alleles and haplotypes within specific marker-
assisted schemes (Muchadeyi and Dzomba 2017). Recent
study suggested that it is feasible to improve the productiv-
ity and enhance antibody responses towards viral infections
simultaneously (Psifidi et al. 2016). Genomic tools such as
linkage disequilibrium, comparative genomic analysis and
transcriptome profiling to detect the selection footprints in
the genomes of native chickens could point towards can-
didate genes for disease resistance (Lillie et al. 2017). The
information on the selection hotspots in the native chicken
genomes could potentially transfer the benefits to other com-
mercial chicken breeds raised under similar production sys-
tems in further investigation.

Conclusion

Our results highlight that different selection pressures
including degrees and purposes greatly influenced the geno-
type distribution of chicken Mx1 gene. The specific haplo-
types showed potential association with performance traits.
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