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Genes with sex-biased expression are thought to underlie
sexually dimorphic phenotypes and are therefore subject to
different selection pressures in males and females. Many
authors have proposed that sexual conflict leads to the
evolution of sex-biased expression, which allows males and
females to reach separate phenotypic and fitness optima. The
selection pressures associated with domestication may cause
changes in population architectures and mating systems, which
in turn can alter their direction and strength. We compared
sex-biased expression and genetic signatures in wild and
domestic ducks (Anas platyrhynchos), and observed changes of
sexual selection and identified the genomic divergence affected
by selection forces. The extent of sex-biased expression in both
sexes is positively correlated with the level of both dN/dS
and nucleotide diversity. This observed changing pattern may
mainly be owing to relaxed genetic constraints. We also
demonstrate a clear link between domestication and sex-biased
evolutionary rate in a comparative framework. Decreased
polymorphism and evolutionary rate in domesticated
populations generally matched life-history phenotypes known
to experience artificial selection. Taken together, our work
suggests the important implications of domestication in sex-
biased evolution and the roles of artificial selection and sexual
selection for shaping the diversity and evolutionary rate of the
genome.
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1. Introduction
In most sexually reproducing animals, evolutionary conflicts of interest arise whenever males and
females interact and their routes to fitness maximization differ, often termed sexual conflict [1–4].
When this conflict revolves around which individuals enjoy priority mating rights, how many
offspring are produced, when they are produced, and how much each parent invests into these
offspring, sexual selection has also begun to play a role in sexual evolution [5–7]. Sexual selection is
selected for traits of one sex, and therefore may be a decisive force in shaping sexual dimorphism
[8,9]. We can understand many sexual evolutionary phenomena in a closed-loop way, sexual conflict
is the driving force behind sexual selection, and sexual selection shapes phenotypic sexual
dimorphism and expression bias, ultimately resolving conflicts of interest between males and females.
As mentioned above, sex-biased genes allow each sex to reach separate optima. However, genetic
constraints, as a ‘hinderance’, often prevent the resolution of sexual conflict, that is, this evolutionary
force seems to be trying to reduce sexual dimorphism, and it also seems to be affecting the sequence
characteristics and evolutionary pattern of the genome [10,11]. Concretely, such constraints are
generally considered to be related to the diversity and evolution of sex-biased expression, because the
biased expression is thought to reduce constraints and thereby enable rapid adaptive evolution and
more variation [12,13].

Clearly, a tug-of-war involving many evolutionary factors shapes the unique genetic properties of
biased genes. There is no evidence that a directional link exists between sexual selection and sequence
evolution, however, proteins encoded by sex-biased genes do show greater amino acid sequence
divergence [14,15]. It is foreseeable that as the degree of sex bias (fold change; FC) becomes more
extreme, the intensity of sexual selection will increase, while the trend of constraints is the
opposite. The existence of genetic signatures such as changes in genetic diversity is the result of a
trade-off of multiple evolutionary forces, which means that it is challenging to analyse each
evolutionary force independently. When we try to research the populations that already exist in
nature, because of the time spans that allow us to observe evolutionary effects, the problem seems
to be on the verge of being solved. Domestication has the potential to greatly alter sexual conflict
and sexual selection via an altered mating system, and we might expect this to quickly affect sex-
biased gene expression and associated population genomic characteristics [16–18]. Both monogamy
(having one mate) and polygamy (having several mates) exist in mallard (Anas platyrhynchos), and
mate choice is ultimately up to the female. This mating system results in male–male competition
for mating opportunities and thus leads to more intense sexual selection in wild populations,
although it also exists among females [19,20], males are subjected to strong sexual selection [21].
Duck domestication occurred initially roughly 2200 years ago, and controlled breeding by humans
has weakened or eliminated male–male competition, female choice and sperm competition, thereby
leading to relaxed sexual selection compared to wild populations [16]. During domestication,
genes are expected to experience both high-intensity artificial selection and relaxed sexual
selection, it is hard but relative roles and the genetic signatures of these selective forces is yet to be
untangled [22].

We chose male and female RNA-seq data from gonadal and liver tissue from one wild breed (mallard
duck, MD), one meat-type breed (Pekin duck, PK) and one egg-type breed (Gaoyou duck, GY) to assess
the effects of domestication on expression at the early development stage. Both the two domesticated
breeds, GY and PK, have experienced a common domestication event, but subsequently they
underwent varying sex-specific selection regimens, allowing us to observe the evolutionary effects of
artificial selection. These two varying sex-specific selection regimens are caused by artificial selection
for different purposes. Many duck breeds (like GY) have been selected explicitly for increased female
fecundity, resulting in these breeds that produce numerous and large eggs. Therefore, these breeds
result from elevated female-specific selection compared with the mallard ancestor. On the contrary,
the meat-type duck (like PK) is artificially selected to be larger in size, more muscular and faster in
growth, which corresponds to a stronger male-specific selection compared with the mallard ancestor.
Populations that have experienced domestication were selected in order to identify whether the
magnitude of sexual selection is associated with sex-biased evolution. Leaning on detailed information
on sequence diversity and evolutionary rate, we have determined the evolutionary effect of shaping
genome signature intra-breeds and during domestication. Our results provide a clear link between
sex-biased gene evolution and domestication through comprehensive population genetic analysis.
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Figure 1. Sexual size dimorphism (SSD) is associated with domestication in ducks. dimorphism in ducks. SSD is calculated as the
ratio between the average body weight of males compared to the total average weight (males and females). Z-tests for two
independent samples were used so that individual weight data and sample size were both taken into consideration. Significant
difference between SSD of three breeds is indicated (Z-test, �p < 0.05, ��p < 0.01, ���p < 0.001).

Table 1. Description of sex-biased gene expression in the gonad and liver.

tissue
no. of genes
expressed

no. of sex-biased
gene of MD

no. of sex-biased
gene of GY

no. of sex-biased
gene of PK

total,
males,
females

proportion
(%)

total,
males,
females

proportion
(%)

total,
males,
females

proportion
(%)

gonad 11 033 2583 1330

1253

23.41 2316 810

1506

20.99 1566 901

665

14.19

liver 9189 389 160

229

4.23 67 26 39 0.73 85 32 53 0.93
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2. Results
2.1. Changes of sexual size dimorphism owing to domestication
The extent of the sexual size dimorphism (SSD) is thought to be an indicator of sexual selection [23,24],
and we, therefore, assessed the potential changes in phenotypic dimorphism associated with
domestication. We calculated the SSD parameter of the three breeds (figure 1), and the magnitude of
SSD correlates with mean body weight, which is one of the most striking examples of sex differences
in animals [25]. Although there are two sets of data from different sources for GY and MD (figure 1;
electronic supplementary material, table S3), after a one-to-one test, there are significant SSD
differences between the two domestic duck populations and the wild population (PK: 51.65%,
GY: 51.13% and 51.82%, MD: 53.17% and 53.47%, p = 0.00067, Z-test). Specifically, MD show more
significant male-skewed SSD even though males are larger than females in all observed breeds.
2.2. Sex-biased expression on the autosomes
We quantified the extent of the sex-biased gene expression in two different tissues (gonad and liver)
collected at the embryonic stage (table 1; electronic supplementary material, figure S1), focusing on
autosomal loci owing to the complexity of incomplete Z chromosome dosage compensation in birds.
We defined sex-bias as greater than 2 FC and a significant difference in expression between the sexes
(false discovery rate (FDR) < 0.05). As expected, the gonad showed a higher proportion of sex-biased
genes compared to the liver. We observed large differences in the direction of sex-biased expression in
the gonad of domesticates, possibly owing to significant differences in sex-specific selection between
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Figure 2. Heatmaps and hierarchical clustering of gene expression for (a) all samples; (b) gonad; and (c) liver. Shown is the average
relative expression for all autosomal expressed genes from two tissues (L, liver; G, gonad) of M (male) and F (female) in three
breeds (MD, PK and GY).
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Figure 3. Dynamic changes of sex-biased genes in three breeds. (a) Three categories of sex-biased expression changes among wild
duck and domesticated duck. (b) A Venn diagram illustrating statistical results of sex-biased expression in three breeds. (c) The three
categories of sex-biased changes and their numbers and proportions.

royalsocietypublishing.org/journal/rsos
R.Soc.Open

Sci.10:221313
4

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

06
 A

pr
il 

20
23

 

egg-type and meat-type ducks (Z-test, p = 0.032). Specifically, PK shows a greater proportion of male-
biased genes (n = 901, 57% of sex-biased genes), while female-biased genes are more prevalent in GY
(n = 1506, 65% of sex-biased genes). For the liver of all three breeds, less than 5% of genes showed a
significant sex bias, even in the two domesticated breeds, this proportion is less than 1%. Wild
populations showed a significantly greater level of sex-biased expression compared to domestics for
both male-biased and female-biased genes (Mann Whitney U-test, p < 0.05) (electronic supplementary
material, figure S2).

We next used hierarchical clustering of expression levels for all samples of two tissues (figure 2). All
samples are clustered by tissue, sex-biased expression was most evident in the gonad, where samples
largely cluster first by sex, in contrast to liver samples which clustered first by breed, and there were
881 sex-biased genes in all breeds (figure 3b). Genes that are sex-biased in MD but unbiased in both
domestic ducks are termed as bias-lost genes (BLGs) (figure 3a). We observed 898 BLGs in the gonad
(figure 3b,c). We observed 76 bias-acquired genes (BAGs), which are unbiased in MD but sex-biased
in both domestic ducks, and 10 bias-converted genes (BCGs), which are sex-biased in both three
breeds but reverse the direction in domestic ducks (figure 3a,c).

For the top 10 gene ontology (GO) terms of male-biased pattern, biological processes involved in
reproduction, muscle development and embryonic development were identified (electronic
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Figure 4. Average ratio of nonsynonymous substitutions (dN) to synonymous substitutions (dS) for male-biased, female-biased and
unbiased genes in three breeds. (a) Relationship between dN/dS and extent of sex-biased expression in gonads of three breeds,
‘high’, ‘medium’ and ‘low’ below the x-axis are shorthand for ‘high biased expression’, ‘medium biased expression’ and ‘low
biased expression’, respectively. (b) Differences in dN/dS among breeds for three biased categories. Displayed significance scores
are �p < 0.05, ��p < 0.01 and ���p < 0.001.
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supplementary material, table S1). Genes that were universally female-biased were enriched for
regulatory processes of reproduction and fear response (electronic supplementary material, table S1).
For bias-lost expression, genes were enriched for behaviour and morphogenesis, which could be
indicative of relaxed sexual selection (electronic supplementary material, table S2).
2.3. Coding sequence evolution during domestication
To explore the impact of domestication on sequence evolution rate, and determine whether the overall
pattern of selection is distinct in different sex-biased categories, we visualized the relationship
between mean dN/dS and the extent of sex-biased expression in gonads of three breeds for male-
biased and female-biased genes (figure 4a) [26,27]. We observed that the mean dN/dS of sex-biased
genes, especially male-biased genes, was higher within breeds than those genes with unbiased
expression. We also observed a strong positive relationship between the evolutionary rate and the
level of male bias, that is highly male-biased genes show greater divergence than lowly male-biased
genes and female-biased genes. Female-biased genes have a flatter rise in evolutionary speed than
male-biased genes.

Among three breeds, all genes in MD universally had higher dN/dS levels than those in two
domesticated breeds (figure 4b). Strongly male-biased genes show an elevated dN/dS between breeds,
and this divergence of evolution rate has been maximized (MD, 0.2093; PK, 0.1661; GY, 0.1409) when
FC is greater than 10 (high male-biased expression). Interestingly, with the increase of male directional
FC, the difference in the rate of sequence evolution between the two domesticated groups becomes
more obvious. Male-biased genes of all three categories in PK show a higher evolutionary rate than
GY, this may be related to relaxed purifying selection or enhanced positive selection.

We also evaluated the coding sequence evolution of BLGs to understand the effects of loss or reduced
sexual conflicts following domestication. The dN/dS ratio of BLGs in GY was statistically significantly
lower than MD and PK, while the difference between the latter two is not significant (p = 0.19;
electronic supplementary material, figure S3).
2.4. Sequence polymorphism of three breeds
The nucleotide diversity (π), was used as a measure of polymorphism, to reflect the imprint of selection
force on sequence diversity before and after domestication (figure 5) [28,29]. Given there are too few sex-
biased genes in the liver, and the gonads are subject to strong sexual selection through sperm
competition, we assessed the extent of the sequence diversity using the average π value corresponding
to different categories of sex-biased genes based on 10 kb sliding windows only in the gonad. Among
all sex-biased expression patterns among three breeds, genetic diversity was significantly higher in
MD. Specifically, the nucleotide diversity for sex-biased genes was significantly higher than unbiased
genes, and this was particularly pronounced for male-biased genes. Interestingly, the two
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domesticated breeds maintain a high degree of consistency in sequence polymorphism. This low genetic
diversity in two domesticated populations highlights the importance of artificial selection in affecting
sequence variation.

Finally, we assessed Tajima’s D for sex-biased genes [30], which summarizes the site-frequency
spectrum and reflects several potential evolutionary forces (figure 6). We observe elevated Tajima’s D
for both male- and female-biased genes across all breeds, although genome-wide estimates vary
markedly across breeds.
3. Discussion
Selection for domestication results in extreme evolutionary pressures, and changes in the mating system,
sperm competition and mate choice in domesticates have the potential to vastly shape sex-specific
selection. We assessed the potential for domestication to affect sex-specific selection within the
genome by assessing the changes in sex-biased gene expression at the embryonic stage, and its
sequence properties, in one wild and two domestic duck breeds. Consistent with phenotypic changes
in SSD (figure 1), we observe reduced overall proportions of sex-biased genes in the gonad in
domestics compared to wild ancestors (table 1). The gonad, as a reproductive tissue, has a higher
number of sex-biased genes than the liver as a somatic tissue in all three breeds. This result is
consistent with previous research, and can be explained by the fact that the gonads show much
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greater sexual dimorphism than other tissues [31–33], the result also reflects the decrease of gene
expression diversity during domestication events, this effect seems to be common in animals and
plants [34]. Our samples were taken from embryonic birds, and the amount of sex-biased gene
expression tends to increase during development, with low levels at embryonic stages and high levels
in sexually mature adults. Previous studies on birds indicate that 35%∼50% of genes show sex-biased
expression in adult gonad which is higher than the ratio in our study (less than 25%) [35,36]. We
insisted on used RNA-seq data obtained from the embryonic day 25 gonad for two key reasons. First,
we expected to remove interference from acquired factors and environmental effects. Second, female-
specific selection in birds is strongest during this developmental time point [35].

The earliest artificial selection may have been unconscious, and subsequent selection drove the
emergence of the entire domestication process [37,38]. In addition to purposeful selection, inbreeding of
populations and changes in the mating system also occur during and after domestication, and the latter
has led to relaxed sexual selection [39,40]. The reduced proportion of sex-biased genes in domestics may
result from the removal or reduction in sexual selection. Our results are somewhat different than
previous work in Drosophila which has shown that both males and females exhibit transcriptional
feminization after the removal of sexual selection [41]. It is not clear whether this discordance reflects
fundamental differences in selective pressures, or is a consequence of differences in study design. For
example, the Drosophila work was focused on adult samples while our research was based on
embryonic tissues [42], and there are major differences through development in the proportion, direction
and evolutionary signatures of sex-biased genes in both birds [35] and Drosophila [43].

We estimated the ratio of the nonsynonymous to the synonymous substitution rate (dN/dS) to
measure the rate of sequence evolution. Like many previous studies [44–47], we observe obviously
elevated rates of sequence evolution in male-biased genes, and, to a lesser extent, the female-biased
evolutionary rate also increased compared to unbiased genes (figure 4a,b), and this pattern is similar
and clear across all three breeds. Many sex-biased genes, especially the extremely biased ones, often
correspond to sex-specific phenotypes or functions and also show narrower expression patterns, so
these genes tend to evolve under more sexual selection and less constraint than unbiased genes. If
other evolutionary effects are stable, elevated sexual selection increases the rate at which genetic
diversity is lost, while relaxed constraint shows faster variant accumulation [48–50]. Thus, it is
possible to infer the efficacy of these forces through nucleotide diversity intra-breed. Our intra-breed
results suggest that the power of relaxed constraint rather than sexual selection is a major driver that
sex-biased genes accumulate variation faster than genes with unbiased expression. Notably, both
protein sequence evolutionary rate and genetic diversity of unbiased genes and biased genes differ
significantly between the three breeds, this pattern is not breed-specific. Artificial selection will lead to
the result that domesticated populations often show low diversity [37], apparently, this force is not
just on sex-biased genes. These inter-breed molecular hallmarks suggest that domestication plays a
major role in shaping genome diversity and sequence evolution via artificial selection compared with
other bias-related selection power (sexual selection and genetic constraint).

Although the inseparable relationship between domestication and relaxed sexual selection is entirely
reasonable at the theoretical level, we still found phenotype evidence to prove this crucial link. As an
indicator of the intensity of sexual selection, SSD is usually reflected by the male/female weight ratios,
and for most birds, including ducks, males are larger on average than females [51]. Our results
consistently show the same SSD pattern in which the male is heavier. However, the body size
differentiation between the sexes seems to be more extreme in the wild duck population (SSD ratio =
53.14%, p = 0.00067). Assimilation of body size among sexes in domesticated populations shows that the
sexual selection maintained by male–male competition or a special mating system is weakened after
domestication, which is consistent with our analysis that relaxed sexual selection does exist during
domestication. It is worth noting that an effective population ratio between sexes can also reflect sexual
selection intensity [52]. Previous studies about the effective sex ratio of mallard pointed to results that
males outnumber females [53,54]. The limited supply of females and the resulting competition for mates
are the root cause of strong sexual selection in mallards. Predictably, because of domestication and
subsequent artificial insemination, this male-skewed mode would decrease and even reverse.

Owing to the consistency of natural conditions and evolutionary processes, the differences in Tajima’s
D signify the diverse effect of many selection forces including sexual selection. Normally, Tajima’s D = 0
under neutrality while D > 0 indicates balancing selection to maintain multiple variants and D < 0
purifying selection or a recent selective sweep [47]. According to the value of Tajima’s D, we observed
that the category and extent of sex-biased genes determine the net effect of several selection processes.
Specifically, female-biased genes with an elevated D show signs of balancing selection or relaxed
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purifying selection within populations, the homogeneity trend observed in male-biased genes may also
indicate similar inferences. An intriguing observation was that the MD population corresponds to a lower
level of Tajima’s D compared with GY and PK, we had sufficient reasons to infer that this case was not
caused by relaxed sexual selection because it also seemed to exist in the whole genome rather than sex-
biased genes. This is somewhat surprising that in addition to strongly biased genes, MD showed negative
average values for Tajima’s D, and this result was contradictory to the high genetic diversity of mallard
breeds. This ‘illogicality’ also exists in domesticated ducks whose average Tajima’s D is always more than
0.5. This genome-wide extraordinary Tajima’s D results may be explained by the difference in the
effective population size (Ne) [55], which is much greater in MD than in GY and PK owing to the
strong genetic bottleneck associated with domestication. This bottleneck leads to a sudden decrease of
Ne in domesticated ducks, and the callback effect of subsequent population expansion events was
weak [56]. Another reason may be artificial balancing selection that exists in order to pursue heterosis
during the selection of local duck breeds.

The non-adaptive genetic drift, an evolutionary force that cannot be ignored during domestication,
makes a fast evolutionary rate at extremely male-biased genes. Previous research conjectured that
genetic drift rather than sexual selection promoted sex-biased sequence evolution [14]. In this research,
the effect of genetic drift or codon usage bias may be secondary. The faster sequence evolution rate is
mainly achieved by the increase of the non-synonymous mutation rate rather than the decrease of the
synonymous mutation rate. Given our results and the fact that sexual selection underlies sexual
dimorphism, sexual selection and the constraint do affect sequence evolution. Compared with genetic
drift and natural selection, sexual selection is directional and only acts on sex-biased genes. Our results
indicate that the effect of relaxed sexual selection to shape genomic diversity is counteracted and even
reversed by artificial selection during domestication inter-breed. Although our research has determined
the role of sexual selection and artificial selection during domestication, several evolutionary forces
apparently could push the populations towards a similar direction in this process, which was reflected
by the genetic architecture in the genome or transcriptome. For instance, genetic drift and artificial
selection can also lead to a decreased level of genetic diversity, while populations subject to balancing
selection will show an increase in diversity. Thereby, accurately identifying the effects of a certain
evolutionary force using a single detection indicator is hard to achieve. It can be foreseen that these
larger datasets, more ideal experimental models, and genetic indicators with multi-parameter and multi-
omics, are essential to interpret the complex patterns of evolutionary power and natural variation.

Compared with millions of years of natural selection, short-term domestication has only been
thousands of years, since the emergence of human civilization. However, the impact of human
intervention on the natural evolution of wild populations is far-reaching. On the one hand, directional
selection and small-group captive breeding have reduced biodiversity. On the other hand, the loss of
free mating rights has caused the original mating system to be overthrown and rebuilt, which also
affects sexual dimorphism and biodiversity. To conclude, we used a combination of a wild breed and
broad-time-scale animal models that have undergone a domestication event, to disentangle the
evolutionary power that can change genome architecture. Genome-wide evidences proved that
although the relaxed sexual selection is not a negligible causal factor for shaping sex-biased diversity,
artificial selection mainly explains these signatures of the genome. In addition, evolutionary events
such as founder effects, drift, and mixed ancestry undeniably occur during domestication, but equally
predictably, these effects are negligible compared to the high-intensity effect of artificial purposeful
modification and selection, do not affect our outcome orientation. Our results also implicate that
standing genetic variation and sequence evolution within populations represent the outcome of
several interacting processes, and in this scenario, domestication and genetic constraints as powerful
forces in shaping these special genomic patterns of sex-biased genes under different population
dimensions. Although sample size limitations limit the evidence to support only early developmental
stages of sex-biased expression, combining similar studies and conjectures, our conclusions should be
‘generally applicable’ throughout the developmental stages of the organism.
4. Material and methods
4.1. Sample collection and sequencing
We obtained fertilized eggs from two domesticated duck breeds. These ducks include one meat-type
breed, PK; and one egg-type breed, GY. We also obtained fertilized eggs of MD as wild ducks. The
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classification of production types follows the description of Animal Genetic Resources in China Poultry.
All eggs were kept under standard incubator conditions, qualified eggs were selected by observation of
vascular distribution at the early embryonic stage and periodic weighing. For each breed, the left gonad
and liver were dissected separately from five male and five female individuals in the laboratory setting
where there is an incubator and immediately placed in RNAlater (Invitrogen, Carlsbad, CA, USA) at 25
embryonic days (ed25). At this stage, the duck embryo has developed to the eve of hatching, the liver and
many organs have developed to the level of 0 days old, and the gonad is in the rapid development stage.
The female-specific selection is strong during this developmental time point [57,58]. RNA was prepared
with the Animal Tissue RNA Kit (Qiagen, Hilden, Germany). All tissue samples were sequenced using
Illumina NovaSeq 6000 (Illumina Inc., San Diego, CA, USA) as paired-end 150 bp reads at 10× coverage,
yielding a total of 685.02 Gb of paired-end reads.

Twenty-four adult individuals of three populations (PK, GY, MD; n = 8) were used to collect whole
blood from the brachial veins of ducks by standard venipuncture. The three groups came from three
provinces in China separated by more than 1000 km, of which PK came from Beijing, GY came from
Jiangsu province, and MD came from Ningxia province. Genomic DNA was extracted using the
standard phenol/chloroform method. We sequenced each sample at 5× depth in order to reduce the
false-negative rate of variants owing to our strict filter criteria. We randomly selected one individual for
10× coverage, except for the MD, where we sequenced seven individuals at 5 coverage and a random
one at 20× coverage. Finally, we generated 159 Gb of paired-end reads. We assessed the quality of both
re-sequencing data and RNA-seq data and conducted filtering with fastp v. 0.20. using default parameters.

4.2. RNA-seq and data processing
RNA-seq high-quality reads were mapped to the reference genome of A. platyrhynchos (GenBank
Accession GCA_003850225.1) [59] using HISAT2 v. 2.1.0 [60,61]. Transcript abundances for the
annotated genes were estimated using STRINGTIE v. 2.1.2 [62,63], where relative expressions are
expressed as fragments per kilobase of exon per million mapped reads (FPKM) values. Genes with
FPKM of less than 0.5 in all samples were considered not expressed and would be deleted. We
deleted all sex chromosome genes because the sex-biased expression is defined based on autosomes.
In addition, we also deleted all immune-related genes and the major histocompatibility complex gene
family located on duck micro chromosome 17, because these genes have some potential confounding
effects independent of sexual conflict [64–66].

4.3. Hierarchical clustering and heatmaps
Hierarchical clustering was performed using the pvclust package [67] of R, with bootstrap resampling
(1000 replicates) using Euclidean clustering with complete linkage. Heatmaps were separately
generated for all samples, liver and left gonad using log2 average expression of male and female
autosomal genes using the R package pheatmap v. 1.0.12.

4.4. Sex-biased gene expression
Normalized FPKM expression counts of autosomal genes for each sex were used to calculate sex bias,
with fold-change ratios between males and females, starting at unlogged twofold, and a significance
threshold of p < 0.05 after adjusting for multiple testing. The sex-biased genes were further divided
into four categories based on fold FC: low bias (2–4 FC), medium bias (4–10 FC) and high bias
(greater than 10 FC), resulting in three categories for male-biased genes, three categories for female-
biased genes, and an unbiased gene category (less than 2 FC). To further determine the dynamic
changes of sex-biased expression, we also identified three classes of genes of autosomal, BLGs, that is,
genes that show biased expression in wild breeds are lost in both two domesticated breeds. BAGs
refer to genes that only show sex-biased expression in domesticated breeds. BCGs reflect the reversal
of sex-biased expression patterns before and after domestication.

4.5. Estimation of sexual size dimorphism
We measured the phenotypes of body weight of 50 (25 males and 25 females) healthy adult PK (12 weeks
old) obtained from Beijing Golden Duck Co., Ltd (Beijing, China). Detailed weight data of adult MD and
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GY are collected from previous studies [68–70], sample information is presented in the electronic
supplementary material, table S3.

SSD refers to the differences between males and females of the same species, such as in body size, and
weight, and is critical for a better understanding of the dynamic changes of sexual selection. Body size
was the mean body mass in grams of adult males and adult females [71], and we calculated (adult male
weight/total weight) per cent to visualize SSD, Z-tests for two independent samples were used to test
whether the SSD is significantly different between three breeds.
ing.org/journal/rsos
R.Soc.Open

Sci.10:221313
4.6. Population genomics analysis
To assess the polymorphism and sequence evolutionary characteristics that may be caused by dynamic
changes in the long-term effects of sexual selection on domestication, we calculated multiple population
genetic parameters in the three breeds separately, including both the sex-biased genes and unbiased
genes. Compared with the liver and other tissues, the gonads are more sexually dimorphic, and more
phenotypic dimorphic tissues within the body exhibit greater levels of transcriptional dimorphism. We
therefore only focused on sex-biased genes in the gonad for the next analysis. Nucleotide diversity
was used as a measure of sequence diversity. We extract the corresponding gene sets from the
reference genome of A. platyrhynchos according to seven sex-biased gene categories (including
the unbiased genes). Nucleotide sequence for autosomal genes of three breeds was mapped to the
corresponding gene sets using BWA v. 0.7.17 [72]. PICARD TOOLS v. 2.26.0 was used to convert
the mapping file from Sam to Bam format. Duplicate reads were removed from individual
sample alignments using MARKDUPLICATES. The GENOME ANALYSIS TOOLKIT v. 4.2.1.0 (GATK)
REALIGNERTARGETCREATOR, and INDELREALIGNER protocol were used for global realignment of reads
around INDELs [73]. We filtered variants both per breed and per individual using GATK according to
the stringent filtering criteria. Finally, we obtained polymorphism results under the 10 kb window
through VCFTOOLS v. 0.1.13 [74]. The statistical data corresponding to the tail end of genes truncated
by 10 kb windows was removed, and then the average of π was extracted. This approach avoids the
problem of uncertainty of window statistics’ results, especially sex-biased genes that exist discretely in
the genome.

Variation in standing genetic variation within populations represents the outcome of several interacting
processes, notably balancing selection and purifying selection. To estimate the net effect of these processes,
we estimated Tajima’s D [30] using VCFTOOLS v. 0.1.13 for sex-biased genes in three breeds.

To further examine the potential explanatory power of relaxed sexual selection resulting from
domestication, we extracted the ratio of the non-synonymous to the synonymous substitution rate
(dN/dS). Gallus Gallus, as an outgroup, was used to find the orthologous genes. Sex-biased genes
would be identified that gene symbols are exactly the same, and these genes also satisfy reciprocal top
hits from a BLASTn with an e-value cutoff of 1×10−10 and a minimum percentage identity of 60%. We
identified variants of biased and unbiased genes using the previous method, Python scripts were
written to calculate dN/dS using VCF files. Specifically, we used the sequencing data of each
individual to compare to the reference genome and then get the VCF file. We used the mutation
information in the VCF file to deduce the base sequence of each individual target gene by our python
script (https://github.com/zhutao1009/dnds), and finally used the aligned fasta sequence file of
these genes to calculate the dN/dS of the sequence. The outliers that only appeared in a single breed
were removed, and then the average value of dN/dS was calculated.
4.7. Gene ontology
In order to determine the certain biological functions and pathways corresponding to bias-lost genes
(BLGs) and sex-biased genes, we conducted a GO enrichment analysis using the clusterProfiler
package [75] of R. Genes that have a universal bias pattern across all individuals are regarded as
high-confidence male-bias or female-biased genes. To make the enrichment results more meaningful,
we use the database human (Homo sapiens) rather than chicken (G. gallus) for annotation. Enrichment
was determined using an FDR-corrected significance threshold of 0.05.

Ethics. Our animal experiments were approved by the Animal Care and Use Committee of China Agricultural
University (approval ID: XXCB-20090209). All the animals were fed and handled according to the regulations and
guidelines established by this committee, and all efforts were made to minimize suffering.

https://github.com/zhutao1009/dnds
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