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Abstract

Distinctive indigenous duck (Anas platyrhynchos) populations of Guangxi, China, evolved due to the geographical, cultural, and environ-
mental variability of this region. To investigate the genetic diversity and population structure of the indigenous ducks of Guangxi, 78
individuals from eight populations were collected and sequenced by whole-genome resequencing with an average depth of ~9.40x.
The eight indigenous duck populations included four breeds and four resource populations. Moreover, the genome data of 47 individuals
from two typical meat-type breeds and two native egg-type breeds were obtained from a public database. Calculation of heterozygosity,
nucleotide diversity (n), Tajima’s D, and Fsr indicated that the Guangxi populations were characterized by higher genetic diversity
and lower differentiation than meat-type breeds. The highest diversity was observed in the Xilin-Ma ducks. Principal component, structure,
and phylogenetic tree analyses revealed the relationship between the indigenous duck populations of Guangxi. A mild degree of differen-
tiation was observed among the Guangxi populations, although three populations were closer to the meat or egg breeds. Indigenous
populations are famous for their special flavor, small body size, and slow growth rates. Selective sweep analysis revealed the candidate
genes and pathways associated with these growth traits. Our findings provide a valuable source of information regarding genetic diversity,
population conservation, and genome-associated breeding of ducks.
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Introduction some Chinese domestic duck breeds have been studied using
molecular markers, including mitochondrial DNA (mtDNA)
(zhang et al. 2007; He et al. 2008; Li et al. 2010b), microsatellite
markers (Li et al. 2006, 2010a; Liu et al. 2008), and single-

nucleotide polymorphisms (SNPs) (Gu et al. 2020; Wang et al.

Guangxi (China) has over 180 billion cubic meters of surface wa-
ter, with over 80% of the land territory that consists of moun-
tains, plateaus, and basins. Pearl River, Yangtze, Duliu, and
numerous other smaller rivers run through the mountains of

Guangxi. The unique geographical environment results in the ex-
pansion of diverse ethnic tribes. Likewise, this region boasts a
wide variety of indigenous duck populations such as the Jingxi
duck (JXDMD), Longsheng-Cui duck (LSCD), Wengiao duck
(WQD), Donglan duck (DLD), Rongshui-Xiang duck (RSXD), Xilin-
Ma duck (XLMD), Yulin-Ma duck (YLMD), and Yulin-Wu duck
(YLWD). Among these, XLMD, LSCD, JXDMD, and RSXD have
been recorded by Animal Genetic Resources in China Poultry
(Chen et al. 2010). Geographical isolation rarely allows genomic
communication, and the traditional free-range breeding pattern
results in low selection intensity. The diversity and origin of

2020). However, most studies on Guangxi ducks focused on infec-
tious diseases (Xie et al. 2012a,b; Peng et al. 2013), sequence data
(Zhang et al. 2014; Xie et al. 2016a,b; Zhang et al. 2016) or only
contained a few Guangxi duck breeds in their breed categories
(Liu et al. 2008; Li et al. 2010b; Zhou et al. 2018). A comprehensive
study of the genetic characteristics and population admixtures
of all indigenous Guangxi populations is therefore important.

Here, we evaluated the genetic diversity of eight indigenous
Guangxi duck populations using whole-genome resequencing
and performed selective sweep analyses to identify candidate
genes for future breeding.
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Materials and methods
Production of whole-genome sequencing data

All animal-related handling and sampling procedures were ap-
proved by the Animal Experimental Ethical Inspection Form of
the Animal Husbandry Research Institute of the Guangxi Zhuang
Autonomous Region (Agreement No. 20200810). We handled ani-
mals in accordance with the recommendations of the European
Commission (1997). All experimental procedures were conducted
in accordance with relevant guidelines.

Blood samples from 78 individuals from eight indigenous
Guangxi duck populations were collected from duck conservation
farms (Figure S1 and Table S1). Blood samples drawn from the
wing vein were mixed with ACD anticoagulant (0.85mol/] triso-
dium citrate, 0.11mol/l p-glucose, and 0.071mol/l citric acid, pH
4.4). Genomic DNA, extracted from blood using a DNA lysate so-
lution (Li et al. 2010b) and Proteinase K, was analyzed using Qubit
(Invitrogen, Thermo Fisher Scientific, USA, Q32850) and agarose
gel electrophoresis. Paired-end libraries were constructed accord-
ing to the instructions of the MGIEasy FS DNA library prep set
(BGI, Shenzhen, China, 1000006988) and sequenced as 100-bp
paired-end reads on the MGISEQ-2000 platform (BGI, Shenzhen,
China). We obtained over 883.25Gb data in total. The raw reads
are available from NCBI (Bioproject ID: PRINA658213). In addition,
we downloaded the genome data of 47 individuals from four
duck breeds from PRJNA419832 (Zhang et al. 2018) and
PRJNA450892 (Zhou et al. 2018). We obtained 1,267.33Gb of
whole-genome sequencing data from 125 individuals across 12
duck populations (Table S2).

Quality control and reads mapping

Quality control of all raw reads was performed using
SOAPnukel.5.0 (Chen et al. 2018, https://github.com/BGI-flexlab/
SOAPnuke), with the following criteria: quality value <20; low-
quality bases >30%; and N bases >5%. Clean reads were then
mapped to the reference genome IASCAAS_Peking Duck_PBH1.5
(https://www.ncbinlm.nih.gov/genome/
?term=IASCAAS_PekingDuck_PBH1.5) using BWA-0.7.12 (Li and
Durbin 2009, https://sourceforge.net/projects/bio-bwa/) with de-
fault parameters. In the mapping process, a BAM file index was
built using SamTools (Li et al. 2009, https://github.com/samtools/
samtools/releases/), following which the BAM file was sorted us-
ing picard-tools-1.105 (https://github.com/broadinstitute/picard/
releases). Duplicate reads data were deleted.

Variant calling and annotation

After mapping, the “HaplotypeCaller’, “CombineGVCFs”,
“GenotypeGVCF”, and “MergeVcfs” in GATK4 were used to detect
SNPs and indels with default parameters. Output was in the form
of a variant call format (VCF). We then screened out indels using
“SelectVariants” in GATK4 and obtained SNPs. We further re-
served the SNPs using “VariantFiltration” of GATK4 according
to the following criteria: QD <2.0; FS>200.0; MQ<40.0; and
ReadPosRankSum < —20.0. Next, we used VCFtools to obtain
high-quality SNPs combined with population information. SNPs
that met at least one of the following standards were excluded: (i)
minor allele frequency (MAF) <0.05; (ii) SNP call rate <90%; and
(i) P<0.000001 for the Hardy-Weinberg equilibrium. Only the
loci of two alleles were retained for the subsequent analyses.
Following filtering, ~12 million SNPs and ~1.1 million indels
remained for further analysis. Annotation files were then down-
loaded from NCBI. All filtered SNPs and indels were annotated
using SnpEff (Cingolani et al. 2012) with default parameters. SNPs

and indels were divided into eight types according to their loca-
tion, namely intron, intergenic, upstream, downstream, 3'UTR,
S'UTR, splice, and exon.

Genetic diversity

Heterozygosity (Hp), nucleotide diversity (n), Tajima’s D, and Fsr
were calculated via VCFtools (Danecek et al. 2011, http://vcftools.
sourceforge.net/) using the VCF filters for SNPs. Hp, =, and
Tajima’D were calculated using “-het”, “—window-pi” with 10 M
windows, and “-TajimaD” with 100M windows, respectively.
Finally, Fsr was estimated between each pair of the 12 popula-
tions on sliding 100-kb windows with 10-kb step-length using ‘-
fst-windows-size 100,000 -fst-window-step 10,000” in VCFtools.
Statistical significance was analyzed using “t.test” in the R pack-
age to conduct Welch’s two-sample t-test for Hp, two-sample t-
test for n, and Wilcoxon rank sum test with continuity correction
for Tajima’s D.

Population structure

Three methods were used to estimate population structure: (i)
principal component analysis (PCA) by “~pca” order of plink using
VCF filters for the SNP (Purcell et al. 2007, https://www.cog-geno
mics.org/plink2), whereby the top 20 PCAs were calculated,
which, in turn, indicated that the contributions of PCA1 and
PCA2 were 18.2% and 10.16%, respectively; (ii) population struc-
ture was inferred using a Bayesian-based approach via the soft-
ware package Admixture_linux-1.23 (Alexander and Lange 2011,
https://dalexander.github.io/admixture/index.html). Cross-
validation statistics were performed to choose the optimum K
value. (ili) VCF filters were converted into a matrix using
VCF2Dis-1.09 (https://github.com/BGI-shenzhen/VCF2Dis), and
tree filters were formed using PHYLIPNEW-3.69.650 (https://evolu
tion.genetics.washington.edu/phylip.html). Lastly, a phylogenetic
tree based on genetic distance was constructed via the neighbor-
joining method by iTOL (Letunic and Bork 2007, http://itol.embl.
de). PopLDdecay (Zhang et al. 2019, https://github.com/BGI-shenz
hen/PopLDdecay) was used to calculate the r? of linkage disequi-
librium (LD) with the “-MaxDist 300" command.

Detection of selection signatures

Fst and 60, were performed to evaluate fixation and differentia-
tion. High-quality SNPs were chosen to calculate Fsr using
VCFtools based on sliding 20-kb windows with a 10-kb step-
length. Fsr values were then standardized as ZFsr by calculating
Z-scores according to the formula x* ==X We also calculated
the 0r ratios and transformed log, conversion, namely log,(0n ra-
tios). Gene annotation was performed using the top 5% ZFsr and
log,(6n ratios), which showed statistical significance and were
proven to be effective in previous studies (Lai et al. 2016; Wang
et al., 2020). Gene ontology and KEGG analyses were performed
using Metascape (Zhou et al. 2019) and compared to the human
genome background.

Data availability

Raw reads of the 78 Guangxi ducks can be obtained from
NCBI via BioProject ID: PRJNA658213. The public data were
downloaded from NCBI (BioProject ID: PRJNA419832 and
PRJNA450892). The IRB number is 20200810, issued from
Animal Experimental Ethical Inspection Form of Animal
Husbandry Research Institute of Guangxi Zhuang Autonomous
Region. Correspondence associated with the samples and data-
base is shown in Table S2. File S1 contains Figures S1-S4, and
File S2 contains Tables S1-S11.
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Supplementary material is available at figshare online (https://
doi.org/10.6084/m9.figshare.13176029.v1).

Results and discussion
Genome resequencing and variation detection

Seventy-eight individuals were selected for whole-genome rese-
quencing from eight duck populations indigenous to Guangxi.
Average data sets of 11.32Gb (9.40x) per individual, >96.21Gb
(>80.51x) for each population, and >883.25Gb (>733.40x) were
obtained following quality control. We also downloaded data for
47 individuals of two meat-type ducks (PK and CV) and two native
egg-type ducks (SM and SX) from the public database (Tables S1
and S2), resulting in 1,267.33 Gb data in total. The average map-
ping rate was 94.31% (92.75-95.50%), with a coverage rate of
97.84% (94.41-99.19%) (Table S3).

Across samples, we identified 12,740,849 SNPs and 1,168,223
indels across the whole-genome using GATK. High-quality SNPs
were defined as those corresponding to the following criteria:
QD <2.0; FS >200.0; MQ <40.0; ReadPosRankSum <-20.0; MAF
<0.05; SNP call rate <90%; and P<0.000001 of the Hardy-
Weinberg equilibrium. The distribution of SNPs is shown (Figure
S2). A total of 5,746,447 (45.19%) SNPs, including those in up-
stream and downstream regions, were located in intergenic
regions, while 6,968,869 (54.81%) were located in genes. Only
193,495 (1.52%) SNPs were in the exonic regions, whereas
6,402,187 (50.25%) were in the intronic regions. The distribution
of indels was similar to that of SNPs, with 515,430 (44.18%) in the
intergenic regions and 651,116 (55.82%) in genes, whereas 612,795
(52.53%) indels were located in the intronic regions, only 1,407
(0.12%) were found in the exonic regions (Figure 1 and Tables S4
and S5). These distribution results were consistent with those of
previous studies on ducks (Gu et al. 2020) and chickens (Li et al.
2017). In summary, most variations were located in non-coding
sequences, including intergenic and intronic regions, indicating
that non-coding sequences that have the potential to change pro-
tein function by regulating gene expression were retained during
evolution and domestication.
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Hp and nucleotide diversity (r) were used to evaluate genetic
diversity, where higher Hp and = values indicated richness of di-
versity. The results of genetic diversity evaluation are shown in
Figure 2 and Table S6. Hp among indigenous Guangxi populations
ranged from 0.2378 (DLD) to 0.2764 (XLMD), with an average of
0.2608. The Hp values of the eight Guangxi breeds were
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Figure 2 Genetic diversity of the 12 duck populations. (A) Boxplot
showing the Hp of 12 duck populations. Indigenous Guangxi ducks
showed a higher Hp than the other four breeds. The Welch's two-sample
t-test was used to detect significant differences between the Guangxi vs
meat breeds (P-value = 1.51 x 10~°) and Guangxi vs egg breeds (P-value =
1.568 x 107/). (B) = values of the 12 duck populations indicated that those
of the eight indigenous Guangxi duck breeds were significantly higher
than those of the meat breeds (P-value = 3.912 x 107 %) and the egg
breeds (P-value = 2.538 x 10~%). (C) Tajima’s D of the 12 duck
populations. All values were positive indicating that these were under
balancing selection or population bottleneck. The data are shown (Table
S6).
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Figure 1 Distribution of SNPs and indels across the genome of the 12 duck populations via SNPEff. (A) The distribution of SNPs indicates that
approximately half (50.35%) were in the intron region, whereas 23.73%, 16.32%, and 5.15% were in the intergenic, upstream, and downstream regions,
respectively. In addition, 2.02%, 1.52%, 0.67%, and 0.25% were in the 3'UTR, splice, 5S'UTR, and exon regions, respectively. (B) The distribution of indels
indicates that 52.53% were in the intron region, 23.11% were in the intergenic region, 15.95% were in the upstream region, 5.13% were in the
downstream region, 2.36% were in the 3'UTR region, 0.55% were in the 5’UTR region, 0.26% were in the splice region, and 0.12% were in the exon region

(Tables S4 and S5).
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significantly higher than that of meat breeds (P-value <0.001)
and egg breeds (P-value <0.001). The overall nucleotide diversity
(n) of Guangxi populations was 0.32%, ranging from 0.27% in DLD
to 0.36% in XLMD among Guangxi populations, which was
higher than that of meat and egg breeds (ranging from 0.13% to
0.28%; P-value <0.001). The lowest genetic diversity was ob-
served in CV, consistent with breeding history. The higher Hp
and = in the indigenous Guangxi duck populations, compared to
those of the meat and egg breeds, indicated that the Guangxi
duck populations displayed a higher genetic diversity.

Tajima’s D is an index used to evaluate neutral selection. It
assumes a negative value under strong purifying selection or a
selective sweep and a positive value under balanced selection or
a population bottleneck. Tajima’s D values corresponding to the
12 populations were all positive, ranging from 0.4971 (XLMD) to
0.7325 (WQD) among the eight indigenous Guangxi duck popula-
tions, with an average of 0.6198. The highest was observed in PK
(1.378) and the lowest in SX (0.3022). This may be attributed to
the average Tajima’s D value of the whole-genome being com-
puted, whereas some areas under strong selection were difficult
to highlight. In general, the Guangxi populations and egg breeds
were under milder selection pressure compared to the meat
breeds.

We also calculated the Fsr between the 12 duck populations
(Table S7). The highest differentiation was between CV and DLD
(0.2969), whereas the lowest was between JXDMD and PK (0.0609).

Among the eight indigenous Guangxi duck populations, RSXD
and DLD exhibited a medium level of differentiation (0.1239) and
also demonstrated medium differentiation when compared with
the other six Guangxi populations. The indigenous Guangxi pop-
ulations showed lower differentiation from egg breeds (SX and
SM) compared with that from meat breeds (PK and CV), except
JXDMD.

In general, all eight indigenous Guangxi duck populations
showed high genetic diversity, with the highest seen in XLMD. An
analysis of mtDNA and microsatellite markers conducted previ-
ously showed that XLMD had a higher diversity when compared
with JXDMD (Li et al. 2006; Li et al. 2010b).

Population structure

To evaluate population stratification and admixture, we con-
structed a phylogenetic tree and performed PCA (Figure 3A) as
well as population structure analysis of whole-genome SNPs of
the 12 duck populations. The meat-type breeds (PK and CV) and
egg breeds (SM and SX) formed separate clusters, substantiating
the results of Zhang et al. (2018) and Zhou et al. (2018). The eight
Guangxi populations were divided into different groups. JXDMD
was closer to the meat breeds (PK and CV), whereas LSCD and
WQD clustered with egg-type breeds (SX and SM). RSXD and DLD
were distant from the other groups, consistent with Fsr. The first
eigenvector distinguished growth traits in terms of body size,
with CV and PK showing large body sizes, JXDMD showing
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Figure 3 The structures of eight indigenous Guangxi duck populations and four control breeds. (A) PCA. Principal components 1 (18.2%) and 2 (10.16%)
for the 125 ducks. (B) Phylogenetic tree. Phylogenetic relationships were estimated using the Neighbor-Joining method. (C) Population genetic structure
of the 125 ducks inferred from the program Admixture_linux-1.23. The length of each segment represents the proportion of the individual genome
inferred from ancestral populations (K= 2-4). (D) Decay of LD in the 12 duck populations, with one line per population.
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medium sizes, and other populations showing small sizes. The
phylogenetic relationship is shown in Figure 3B. The 12 popula-
tions were clustered separately into three distinct genetic groups.
In general, JXDMD was clustered with the meat breeds (PK and
CV), whereas LSCD and WQD were closer to the egg breeds (SM
and SX), with the other five Guangxi populations forming a third
group. We performed a population structure analysis using
Admixture software to estimate individual ancestry. When K=2,
the meat breeds (PK and CV) were separated from other native
populations, with JXDMD occupying the middle (Figure 3C).
When K=3, five indigenous Guangxi populations showed
ancestral compositions that differed from those of egg breeds,
consistent with that shown in the phylogenetic tree constructed
by Zhou et al. (2018). DLD and RSXD had the same ancestral
composition when K ranged from 2 to 4, suggesting that these
had evolved from the same ancestral population. Three of the in-
digenous Guangxi populations clustered with meat- or egg-type
breeds, implying that these populations were targeted for
selection. The LD decay rates among indigenous Guangxi duck
populations and egg breeds were similar, with the fastest LD
decay observed in the meat-type breed CV (Figure 3D).

In summary, the eight Guangxi populations were separate
from each other. JXDMD was similar to the meat breeds (PK
and CV). This may be due to the selection of larger body size
in JXDMD or the possible introduction of meat breeds such as
PK. LSCD and WQD were closer to egg populations (SX and
SM), which may be because these were all Chinese native duck
breeds that were previously clustered together (Zhou et al
2018). DLD, RSXD, YLMD, and YLWD were clustered together.
These underwent a free-range raising pattern, and their close
geographical location may have caused genetic communica-
tion.
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Selective sweep and functional enrichment
analysis

Natural and artificial selection may leave characteristic foot-
prints on the genome. Selection of beneficial mutations can af-
fect the patterns of genetic variation at surrounding loci, causing
a reduction in Hp, skewed allele frequency distribution and ex-
cess high-frequency derived alleles near the selected allele
(Smith and Haigh 1974). Genes and pathways related to traits
may be located via genome scanning.

Combining the results of Fst and population structure indi-
cated that the genetic distance between indigenous Guangxi
populations and meat-type breeds was larger than that between
indigenous Guangxi populations and egg-type breeds, indicating
that these had a greater potential for breeding. To identify candi-
date genes for breeding, we compared genome-wide variations in
five indigenous Guangxi populations (DLD, YLMD, RSXD, XLMD,
and YLWD) with those of meat breeds (PK and CV). ZFsr and
calculated log,(0n ratios) were used to evaluate fixation and
differentiation (Figure 4). A total of 106 genes were identified in
the top 5% areas of ZFsr and log,(fn ratios) (Table S8), including
PHC1, MC2R, MC5R, MYLK, NCAM1, HOXB1 to HOXB7, and MITF.
All 106 genes were used for GO and KEGG analyses and 79 terms
were gathered (Figure S3 and Table S9). Most terms were associ-
ated with growth and development, including embryonic skeletal
system development, glucagon signaling pathway, and response
to nutrient levels. PHCI and its homologous genes are evolution-
arily conserved in humans, chickens and zebrafish. They encode
nuclear proteins that are components of the II PcG complex. The
PcG complex regulates the transcription of Hox cluster genes in
mammals (Isono et al. 2005), indicating that PHC1 may be a candi-
date gene involved in regulating the growth of ducks. MC2R and
MC5R were in the same cluster. These are both melanocortin
receptors and mediate melanocortin signaling in different tissues

MYLK

MITF HOXB1-7
NCAM1

T T L TTLT T T T 1
5 & 7 8 3% 113 15 18 21 25 30

Figure 4 ZFsr values and log,(6n ratios) in Guangxi populations and meat breeds. The x-axis represents the chromosomes, where 1-29 are autosomes;
and 30 is the Z chromosome. y-Axis represents ZFsr values and log,(0r ratios) for non-overlapping 20-kb windows with a 10-kb step-length.
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(Boswell and Takeuchi 2005). MCRs are associated with energy
homeostasis in mammals (Seeley et al. 2004). MC2R reportedly
binds with ACTH rather than with «-MSH and is expressed in the
adrenal gland and spleen, suggesting a potential function for
ACTH endocrine and immunoregulatory functions in chicken
(Takeuchi et al. 1998). MC5R is expressed in the brain and numer-
ous peripheral tissues; however, its mRNA has not been detected
in the spleen and skeletal muscle of chickens, indicating that its
function may involve the regulation of secretions from exocrine
glands (Takeuchi and Takahashi 1998). Selective signaling by
MC2R and MC5R may be related to resistance, anti-stress or even
energy balance during intensive livestock farming. It is also im-
portant to coordinate the selection of meat traits for immunity
(Van Der Most et al. 2011). MYLK regulates smooth muscle con-
traction, actin-myosin interaction, inflammatory response, cell
motility and morphology, and the nervous system in humans. It
was reported as a candidate gene for abdominal fat deposition
(Zhang et al. 2014) and high-altitude adaptation (Zhang et al.
2019) in chickens. Neural cell adhesion molecule 1 (NCAM1) enco-
des a cell surface marker in precursor cells carrying a high myo-
genic potential and tends to be downregulated during normal
skeletal muscle development in pigs (Perruchot et al. 2015).
Furthermore, it was suggested as a candidate gene for higher egg
production in chickens (Shiue et al. 2006) and geese (Luan et al.
2014). The ~90-kb region of HOXB1 to HOXB7 located 150-kb up-
stream of IGF2BP1 on chromosome 28 showed both high ZFsr and
log,(0n ratios) and was reported as the causative cis-regulatory lo-
cus related to body size in Peking ducks (Zhou et al. 2018). MITF
was also notably correlated with plumage color differentiation
(Zhang et al. 2018; Zhou et al. 2018). In conclusion, PHC1, MC2R,
MC5R, MYLK, and NCAM1 may act as potentially important breed-
ing candidate genes for meat production.

We also scanned the selective sweep of indigenous Guangxi
duck populations with egg breeds (SX and SM). A total of 84 genes
and 35 terms were in the top 5% regions with a high ZFsr and
log,(0n ratios) (Figure S4 and Tables S10 and S11). Most terms
were associated with the nervous system, including the neuronal
system, neuron recognition, and the synaptic vesicle cycle. The
nervous system affects reproduction via the endocrine system
(Pohl and Knobil 1982) and regulates behavior during domestica-
tion. Additionally, changes in neuronal development, common
characteristics of animal domestication, have been reported in
ducks (Zhou et al. 2018; Zhang et al. 2018; Wang et al. 2020), rab-
bits (Carneiro et al. 2014), and dogs (Axelsson et al. 2013).

Conclusion

We analyzed the genetic characteristics of indigenous Guangxi
duck populations. The results suggested that indigenous ducks
have abundant genetic diversity and potential for breeding. We
adapted selective signals to detect candidate genes and pathways
for breeding. This study is a data-rich resource and establishes a
theoretical basis to further explore the genetic composition and
drift of indigenous Guangxi ducks as well as accelerate modern
duck breeding.
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