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Abstract

Background
Domestication alters lots of phenotypic, neurologic and physiologic traits between domestic animals and
their wild ancestors. Domestic ducks were originated from mallards (Anas platyrhynchos) and some
documents also showed that spot-billed ducks (Anas zonorhyncha) could also genetically contribute a
small part to the domestication. Compared with the two ancestral species, domestic ducks generally
present changes in body size and bone morphology, which is supposed to lead to loss of �ght in
domestic ducks. In the present study, we performed both genomic and transcriptomic analysis to identify
candidate genes in order to elucidate the genetic mechanism underlying the phenotypic variation.

Results
Our results showed that genes associated with the skeleton systems were positively selected during
domestication by Fst analysis between the wild and domestic ducks. We also found that many
differentially expressed genes (DEGs) in the breast muscle between the wild and domestic ducks were
enriched in the pathway for ossi�cation. Among the genes, FGF14 and EIF2AK3 were also under strong
selection by the genomic data, and they were both reported to be associated with limb morphology, bone
development and �ightlessness in some bird species.

Conclusions
Our study showed that the skeleton related genes were positively selected in the process of
domestication, which could also cause the loss of �ight in domestic ducks.

Background
Domestication is the process that the wild is selected to be the domestic arti�cially and it changes many
traits to �t the requirements of human being. Domestic animals are generally distinguished from their
wild ancestors by many aspects, and it is well documented that the genetic architectures are altered
dramatically underlying the variation of phenotypic traits (such as morphology in chickens [1, 2], pigs [3–
5] and pigeons [6, 7], feather color [8, 9]), neurology ( such as tameness in companion animals [10–12])
and physiology (such as starch digestibility in dogs [13], reproduction in chicken [14, 15]) between the
domestic animals and their wild ancestors.

Loss of �ight in some domestic birds (ducks, geese, etc.) is also a common phenotype, which is
supposed to be associated with the variation of feather, muscle and skeleton, etc. When wild animals are
domesticated for meat or other production traits, mobility is �rstly restricted. Pig, cattle, chicken move
slower than their wild relatives. Arti�cial selection also shapes the morphology of animals quickly.
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Modern domestication experiments show that it only took 10 to 15 generations to changes the animal
appearance signi�cantly [16]. For example, the body mass of the broiler has been increased by 300%
within 50 years [17]. With the exception of pigeon, all of domesticated birds (chicken, duck, goose, and
turkey) are �ightless. The morphological changes during domestication are mainly attribute to the loss of
�ight. Loss of �ight can also be caused by similar morphological and physiological changes in birds, and
previous studies showed that the body size of �ightiness birds is bigger than their �ight relatives [18].
Besides, muscle weight, wings and skeletal system are also changed. For instance, a �ightless steam
duck (T. patachonicus) was founded that wing loading, humerus length, radius length, and ulna length
was signi�cantly changed compare to their �ight relatives [18], and the similar trend also occurs in
�ightless rails [19].

The �ight ancestor and their �ightless offspring provide us a good model to understand genetic
mechanisms underlying �ightlessness during domestication. Domestic ducks are predominantly
originated from mallards (Anas platyrhynchos), and small part from spot-billed ducks [20, 21], and lose
the capability to �ight. Meanwhile, the meat and egg productivities have being increased dramatically in
ducks [8, 22]. Compared to the wild ducks, domesticated ducks evolved variety of feather colors [23, 24],
bigger body size and much more egg number [25]. This intense selection changed morphological
characteristics and weakened the migration capability of the domesticated ducks.

In the present study, two �ight wild duck species and eight �ightless domestic duck breeds were selected
as model animals to study the potential genetic mechanism which lead to loss of �ight in domesticated
ducks by genomic and transcriptomic data. And we found that some genes associated with bone
development were positively selected and varied by both genomic and transcriptomic levels between the
wild and the domestic, which could be an explanation for loss of �ight in the ducks.

Result
Population structure

In our study, we obtained 38,097,848 high quantity SNPs, and the average depth of SNPs was 564.4. To
study the population structure, we calculated top 20 components of our experiment ducks, top 3
components explaining 37.68% of total variances (Figure 1a). The results showed that the wild and the
domesticated were classi�ed by a line that component 1 equals 0, while the component 1 of wild ducks
was smaller than 0 (Figure 1a), and all individuals were clustered into 3 groups. PK, CV and ML were
clustered into same group. The rest groups were clustered together. In order to understand the
phylogenetic relationships of the ducks, the CDS SNPs were used to construct maximum likelihood
evolutionary tree, and the phylogenetic tree showed that SB and MD were clustered into one branch, PK,
CV, and ML was clustered into one branch and the rest ducks were grouped into together (Figures 1b).

Skeleton system development genes were positively selected during domestication
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We used Fst algorithm to identity the candidate genes diverged between the wild ducks and the
domesticated ducks and a slide window method of Fst was used to detect the related regions (0 to 1, 0
means no divergence). In order to avoid the bias that caused by Z Chromosomes, we only analyzed
autosomes in our study. Finally, we obtained 39,251 autosome windows, and the mean Fst between the
wild and domesticated ducks was 0.061. Two peaks on chromosome 16 and chromosome 8 exceeded
0.2. The maximum Fst value was 0.22 at chromosome 16:300001-350001, which overlapped with
TMEM132B gene, and second peak was at chromosome 8:19750001-19800001, overlapping with
LOC101797367, also known as CLAC2 (Figure 2). Then, we extracted genes overlapping with top 1%
window or adjacent windows. We identi�ed 541 candidate genes and 260 genes mapped to human
genome. Metascape was used to gene function annotation [26]. The results showed that many GO items
were related to metabolism and cellular energy conversion (Figure 3a). Interestingly, one GO item
GO:0001501 showed signi�cantly correlated to skeleton system development, and 14 genes were
contained in this item (Figure 3b).

We also calculated Fst and pi values for each SNP, and the SNPs with pi less than 0.1 and Fst higher than
0.8 were considered as candidates. Totally, 22 SNPs were identi�ed as candidate variants, and the 11
annotated genes were found (table 1). FGF14 gene containing 2 candidate SNPs were found and FGF14
was found to be a bone development gene and lead to �ightlessness in many other birds [27-30].

DEGs predominantly enriched in bone developmental processes by RNA-seq data

Gene function can be present by RNA transcription level in speci�c time. In our study, breast muscle, liver
and brain from the wild and domesticated male ducks were collected for transcriptomic analysis. We
compared the expression levels between the wild ducks (mallard) and the domesticated ducks. The reads
number for each gene was standardized by FPKM algorithm [31], and differentially expressed genes
(DEGs) were identi�ed by fold change and p value. After �ltration, we identi�ed 128 genes in liver, 28
genes in brain and 200 genes in breast muscle to be DEGs. The number of DEGs in breast muscle was
signi�cantly higher than brain and liver. It indicated that arti�cial selection of domesticated duck changed
muscular structure more signi�cantly. Furtherly, gene ontology (GO) analysis was used for the DEGs of
breast muscle, and many of them were categorized on ossi�cation and bone development GO items
(Figure 3b). Fibroblast growth factor (FGF) family in the items was reported to be associated with limb
development and �ight capacity in many species. Three other genes, TMEM132B, FGF14 and FGF6, were
expressed in breast muscle as twice high as those in the domestic duck (p<0.05) (Figure 4), but the
expression level of CLCA2 gene which was identi�ed as a diverged gene by our Fst test, did not show
signi�cant different expression levels in all 3 tissues between the wild and the domestic ducks.

Discussion
Domestication including captivity and arti�cial selection has brought great morphological changes in
ducks. Meanwhile, breeding also introduced large number of variants into domesticated duck genome. In
our study, the wild and domesticated ducks could be distinguished by �rst principal component (Fig. 1a),
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and it showed that long-term arti�cial selection brought tremendous variation of duck genomes. In
previous study, the differences mainly re�ected in agronomic traits, such as egg production, growth rate
and fat deposition [8, 22]. The domestic ducks were clustered into two groups by second principal
component, corresponding to its biological origin place. Our results suggested that genetic distances in
Chinese indigenous duck are related to geographical distances, and indigenous ducks in southern China
may originate from a common ancestor.

In our study, the Fst algorithm was employed to identify the diverged genomic regions or genes between
the wild and domesticated ducks. In total, 542 genes were identi�ed and 1 GO item contains 14 genes
was found related to bone development. Furthermore, the differentially expressed genes (DEGs) in breast
muscle also showed that changes of bone development related genes played a key role in the differences
between the wild and domestic ducks. Many studies suggested that loss of �ight in birds was always
accompanied with limb modi�cation and skeletal changes [18, 19, 32].

Beyond that, we noticed EIF2AK3 gene on chromosome 4 also under selection, and we found EIF2AK3
gene is associated with body size, abnormal skeleton morphology and abnormal hind limb morphology in
mouse [33–35]. Morphological changes could contribute to loss of �ight in birds. Compared to their
�ightless relatives, �ight birds always have a lighter mass, higher wing area and longer bone length [18,
32, 36]. This change is consistent with the breeding goal of domesticated ducks as body weight is a
major breeding goal in ducks. For example, as one of most famous meat-type ducks in the world, the
Peking ducks was bred to growth rate and fat deposition, and its body weight can up to 3.1 kg at 35 day
old while the adult mallard is only 1.1 to 1.2 kg [37–40]. Breeding greatly increased the body weight of
ducks, and long-term captivity weakened the importance of wings, which is accompany with the
physiologic change. The change may include in �ight muscle atrophy, bone strength, relative size of
wings (limbs). Therefore, EIF2AK3 gene could be involved in the body weight and limb development and
partially lead to �ightlessness in ducks.

Considering that slide window algorithm might produce both false positive and false negative results, we
also calculated Fst and pi values for each SNP. By this method, 22 SNPs and 11 genes were identi�ed to
be diverged. It is noteworthy that one SNP is in a TMTM family gene and 2 SNPs are in FGF14 gene.
FGF14 is �broblast growth factor 14, and the protein encoded by FGF14 is a member of the �broblast
growth factor (FGF) family. FGF family gene has been widely reported associated with �ight in animals.
Weatherbee et al. found FGF8 gene displayed unique expression in forelimb and hindlimb at embryonic
stage, BMP and FGF signaling had a role in the inhibition of interdigital apoptosis [41]. Tokita et al. found
FGF10 signaling was involved in wing membrane development and patterning of the wing muscles [42].
Interestingly, previous studies found that FGF10 emanated from the prospective limb mesoderm in birds
to serve as an endogenous initiator for limb bud formation, which is associated with the loss of �ight in
emu (Dromaius novaehollandiae) [43, 44]. In drosophila, components of FGF signaling are expressed in
myoblasts, a series of experiments show that FGF is a key factor of the development of �ight muscle in
drosophila [45, 46]. Therefore, FGF14 very likely plays an important role in loss of �ight in domesticated
ducks.
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We also detected the expression level for the diverged genes in liver, breast, and brain. We found that the
expression levels of FGF14, FGF6 and TMEM132B in wild ducks were all higher than those in
domesticated ducks. This unusual expression difference furtherly supports our hypothesis. We also
checked the RNA-seq data for expression levels of the genes including DYRK1A, IFT122, CUX1 and
ACOT7, which have previously been identi�ed to be associated with �ight in other birds [18, 32, 47, 48].
We did not �nd expression differences of the genes between the wild and domesticated ducks in our
samples (data not shown here). One of explanations is that the genetic mechanisms of loss of �ight is
different in different species, and it also could be attribute to gene expression spatio-temporal, and many
morphology related genes only expressed at embryonic stage.

In our study, by comparing the two ancestral duck species to the domesticated ducks by both genomic
and transcriptomic data, we found morphologic genes, especially bone developmental genes, were both
positively selected and expressively enriched during domestication, which on one hand satis�ed human
requirements for food and husbandry, one the other hand led to loss of �ight in domestication ducks.

Method
sampling, genomic and transcriptomic sequencing

In total, 8 domesticated duck populations and 2 ancestral wild duck populations, mallard (Anas
platyrhynchos) and spot-billed ducks (Anas zonorhyncha) were used in our study, and the domesticated
duck populations involved Peking duck (n=8, PK), Cherry Valley duck (n=8, ML), Maple Leaf duck (n=8,
ML), Jinding duck (n=8, JD), Shaoxing duck (n=8, SX), Mei duck (n=10, Mei), Shan Ma duck (n=8, SM),
Gaoyou duck (n=8, GY), and the wild ducks included Mallard (n=21,MD) and Spot-billed duck (n=8, SB).
Mei, a Chinese indigenous duck, was got from Anhui province, China, and SB was collected from Ningxia
province, China. Sample collection was performed by using strict protocols approved by the Animal
Welfare Committee of China Agricultural University. The rest of ducks are all from our previous study [8].
Our genomic DNA samples of newly collected samples were extracted using the standard
phenol/chloroform extraction method and two paired-end libraries (150bp) were constructed in Illumina
Hiseq 2500 sequencing platform. In addition, the tissues of liver, brain and breast muscle from 14 adult
male ducks (MD, n = 7; PK, n = 1; CV, n = 1; ML, n = 1; JD, n = 1; SM, n = 1; SX, n =1; GY, n = 1) were chosen
for RNA-seq. The detail samples information and sequencing methods can be found in our previous
study [8].

Pretreatment of genomic data

The raw genome data were �rstly processed by fastp (v0.20.0) to �lter adapter contamination and low
quantity reads [49]. Then the clean data were aligned to duck genome (https://www.ncbi.nlm.nih.gov/,
accession: GCF_003850225.1) by BWA-MEM (v0.7.15) [50]. Picard
(http://broadinstitute.github.io/picard/) was used to sort the aligned data and to remove duplicate reads.
Genome Analysis Toolkit v3.6 (GATK, https://gatk.broadinstitute.org/) was used to variant calling and
variant �lter. SNPs were �ltered by following rules: a) QUAL >30.0; b) QD >5.0; c) FS <60.0; d) MQ >40.0; e)
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MQRankSum >-12.5; and f) ReadPosRankSum >-8.0. Additionally, if there were more than 3 SNPs
clustered in a 10-bpwindow, all 3 SNPs were considered as false positives and removed [51]. Finally, the
highly credible SNPs with VCF format were kept for next analysis [51].

Population structure and phylogenetic trees

After the SNP �le was converted to plink format by VCFtools (v0.1.13)[52], we excluded low quality SNPs
with missing rate higher than 0.1 and p-value for Hardy-Weinberg Equilibrium test less than 0.01 [53].
Principal component analysis (PCA) was conducted by plink [54], and top 20 components were used for
the population relationship analysis. SNPs that overlapping with CDS region were extracted to construct
phylogenetic tree. The SNP �le was converted to a phylip �le by vcf2phylip (v2.0) [55], and the maximum
likelihood phylogenetic tree was constructed by RAxML-NG (v1.0.0) [56]. iTOl was used to visualize the
phylogenetic tree [57].

Selective-sweep analysis

Flight is the most obvious difference between wild and domesticated ducks. In this study, the wild ducks
(MD and SB) were put into a group and the rest were clustered into the other group. To minimal the false
negative, we used two strategies to identity the candidate diverged genes between them. Firstly, �xation
index (Fst) was calculated with 50kb windows and slide with 25kb step, genome regions overlapping with
upstream and downstream 50kb of top 1% Fst windows was considered as candidate region, and gene
that overlapping candidate region was consider as candidate selected gene. Then, we estimated pi and
Fst values for each SNP, and genes that containing both top 0.01% Fst and pi value were considered as
candidate genes. Fst and pi values were calculated by VCFtools (v0.1.13) [52].

RNA-seq data analysis

The raw transcriptome data were �rstly processed by fastp (v0.20.0)[49]. Then the clean data were
aligned to duck genome (https://www.ncbi.nlm.nih.gov/, accession: GCF_003850225.1) by HISAT2 (v
2.1.0) [58]. The aligned �le was sorted by samtools (v 1.9)[50]. Reads number for each gene was counted
by featureCounts (1.6.4)[59]. The reads count �les were merged by tissue, and the standardization of
expression level was calculated by DESeq2 [60]. Genes with absolute value of expression level fold
change more than 1.5 and adjusted p value less than 0.05 were considered as differentially expressed
genes (DEGs). Metascape was used for gene enrichment analysis [26].

Abbreviations
CDS: Coding sequences; FST: F-statistics (Fixation indices); DEGs: Differentially expressed genes
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Chromosome Position Fst
value

Pi value for
wild ducks

Pi value for
domesticated  ducks

gene

NC_040047.1 117517559 1.00 0.00 0.00 FAM110B

NC_040059.1 13649779 0.98 0.03 0.00 LOC101797191

NC_040059.1 13664091 0.95 0.08 0.00  

NC_040046.1 140162105 0.90 0.09 0.08 WASHC1

NC_040059.1 14882712 1.00 0.00 0.00 ETF1

NC_040047.1 151884726 1.00 0.00 0.00 TRAPPC9

NC_040054.1 17983955 1.00 0.00 0.00 OTOS

NC_040053.1 18334829 0.96 0.06 0.00  

NC_040059.1 18701490 1.00 0.00 0.00  

NC_040059.1 18703887 0.95 0.06 0.00  

NC_040048.1 24832756 1.00 0.00 0.00 LOC106018338

NC_040046.1 26670458 1.00 0.00 0.00 TMEM272

NC_040047.1 32308688 0.96 0.06 0.00 ABCB5

NC_040069.1 3371512 1.00 0.00 0.00  

NC_040048.1 38299125 0.96 0.06 0.00 THADA

NC_040059.1 4696939 1.00 0.00 0.00 UBE2B

NC_040046.1 46978636 0.95 0.04 0.07  

NC_040046.1 55294716 0.94 0.07 0.00 FGF14

NC_040046.1 55299005 0.90 0.10 0.08 FGF14

NC_040072.1 5755676 1.00 0.00 0.00 UBE2T

NC_040059.1 735649 0.93 0.05 0.09 LOC113845140

NC_040047.1 95954650 1.00 0.00 0.00 LOC113842815

Figures
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Figure 1

Population structure of ducks. (A) The PCA plot of ducks, the inner dot plot represents eigenvalue of top
20 principal component. (B) The maximum likelihood phylogenetic tree of all ducks.

Figure 2

The Manhattan plot and genes that overlapping with sweep peaks.
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Figure 3

Gene enrichment analysis for DEGs. (A) GO analysis for slide windows algorithm. (B) GO analysis for
DEGs in breast muscle.
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Figure 4

Expression levels of FGF14, FGF6 and TMEM132B in breast muscle between the wild (Wild) and
domesticated ducks (Dome).


