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Abstract

The mandarin duck, Aix galericulata, is popular in East Asian cultures and displays exaggerated sexual dimorphism, especially
in feather traits during breeding seasons. We generated and annotated the first mandarin duck de novo assembly, which was
1.08 Gb in size and encoded 16,615 proteins. Using a phylogenomic approach calibrated with fossils and molecular
divergences, we inferred that the last common ancestor of ducks occurred 13.3-26.7 Ma. The majority of the mandarin
duck genome repetitive sequences belonged to the chicken repeat 1 (CR1) retroposon CR1-J2_Pass, which underwent a
duck lineage-specific burst. Synteny analyses among ducks revealed infrequent chromosomal rearrangements in which
breaks were enriched in LINE retrotransposons and DNA transposons. The calculation of the dy/ds ratio revealed that the ma-
jority of duck genes were under strong purifying selection. The expanded gene families in the mandarin duck are primarily
involved in olfactory perception as well as the development and morphogenesis of feather and branching structures. This new
reference genome will improve our understanding of the morphological and physiological characteristics of ducks and pro-
vide a valuable resource for functional genomics studies to investigate the feather traits of the mandarin duck.

Significance

The mandarin duck is known for its flamboyant plumages in males and nesting in tree holes. We present the first de novo
genome assembly and annotation for the species. By comparing 12 representative bird genomes, we found that the mandarin
duck genome exhibits many features that are conserved across multiple duck genomes, and our test for selection showed that
the entire lineage was under strong negative selection genome-wide. We identified several gene families that were expanded
in the mandarin duck that may play a role in its feather morphology such as branching structures. This new reference genome
will promote advances in our understanding of feather diversification and sexual dimorphism in ducks.
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Introduction

The mandarin duck (Aix galericulata), a species in the family
Anatidae in the order Anseriformes, is a perching duck that
mainly inhabits the East Palearctic (Carboneras and Kirwan
2020). Mandarin ducks are highly social animals that usual-
ly breed in wooded areas near shallow lakes, marshes,
ponds, swamps, rivers, and fast-flowing streams, where
they nest in cavities in tree trunks (Carboneras and
Kirwan 2020). In traditional Chinese, Japanese, and
Korean cultures, mandarin ducks are imagined to be life-
long couples, symbolizing love, romance, devotion, affec-
tion, and fidelity, and are often featured in oriental arts
and poetry and other forms of the literature. Because of
their beautiful and elaborate plumage, the mandarin
duck is also a popular aviary bird and common in zoos. It
is closely related to the North American wood duck (Aix
sponsa) (Livezey 1991; Johnson and Sorenson 1999; Liu
et al. 2014); however, hybridization between these species
has rarely been found in the wild (Johnsgard 1968).

Mandarin ducks are in fact serially monogamous in
which they engage to reproduce but may pair with differ-
entindividuals in the next mating season (Sun Y-H, personal
communications). Male mandarin ducks have a bright yel-
low—orange or red bill, large white crescent above the
eye, purple breast, and long orange whiskers on their red-
dish face, whereas female ducks have a gray bill and a white
eye-ring (Shurtleff and Savage 1996). Both males and fe-
males have crests, which are purple and more pronounced
in males. The male has two orange sail-feathers—elon-
gated tertial feathers—on its wings. The flamboyant plum-
age of the male is crucial to its elaborate courtship ritual, in
which the male raises its crest and orange sails, then dis-
plays ritual drinking and preening behind the sail. Males
molt after the breeding season into eclipse plumage.
After molting, they are brown and gray in color and look
similar to the females, except for their yellow—orange or
red bill. Seasonal plumage changes in males may be regu-
lated by the interaction between sexual hormones and day-
light durations, but the underlying molecular mechanisms
remain largely unknown.

The colors of the mandarin duck’s plumage during their
breeding seasons attract lots of attention. The male manda-
rin duck’s plumage is red, orange, brown, copper, green,
and purple. This array of colors comes from both the feath-
ers’ pigments and their structures (Burns et al. 2017; Caro
et al. 2017; Price-Waldman and Stoddard 2021).
Pigment-based coloration is the result of a specific wave-
length range of diffusely scattered light being absorbed
(Shawkey and D’Alba 2017). Carotenoids frequently give
rise to red and yellow hues in birds, and black and brown
plumages are associated with eumelanin and pheomelanin

pigments (McGraw et al. 2005; Mills and Patterson 2009;
Galvan and Solano 2016). Structural coloration, on the
other hand, occurs when light is reflected by or experiences
constructive interference from quasi-ordered spongy struc-
tures in the feather barbs and melanosomes in feather bar-
bules (Prum et al. 1998; Vinther et al. 2010; Shawkey and
D’Alba 2017; Babarovic et al. 2019). While these pigments
are understood from a physics perspective, the molecular,
cellular, and genomic mechanisms that shape this extrava-
gant, ornate plumage phenotype are poorly understood.
Mandarin ducks possess a large variety of pigmented and
structural colors in their plumage, along with highly sexual
dimorphism, providing an excellent model to study feather
evolution and sexual selection.

Asian populations of mandarin duck are usually migra-
tory, but a resident population was established in Taiwan
(Sun et al. 2011). Adult annual survival rates of 74-80%
for males and 44-50% for females were recorded in
Taiwanese populations (Sun et al. 2011, 2014).
Population sizes of mandarin ducks were estimated to be
about 20,000 in China, 5,000 in Korea, and 40,000 in
Japan using winter data exclusively in early 2000s (Kear
2005). Relatively small numbers (about 300-500 birds)
were found in central Taiwan (Sun et al. 2011). Habitat de-
struction of mandarin duck in Asia was mainly caused by ur-
banization, road construction, water pollution, and
expansion of mining, agriculture and other industry (Kear
2005; Lever 2013). Besides habitat losses, nest desertion
(72.8%), and human disturbance (11.1%) have been re-
ported as main causes for reproductive failures (Deng
etal. 2011). Although Mandarin ducks are not considered
as globally threatened, many aspects of its breeding and
population ecology remain little understood.

New genomic tools have opened doors to studying the
evolution, ecology, and population genomics of nonmodel
animals (Thomson et al. 2010; Ekblom and Galindo 2011;
Ekblom and Wolf 2014). Many bird genome assemblies
have been generated in recent years (Jarvis et al. 2014,
2015; OBrien et al. 2014; Zhang et al. 2014a, 2014b;
Eory et al. 2015; Koepfli et al. 2015; Jarvis 2016; Feng
etal. 2020; Bravo et al. 2021), but there is still no reference
genome sequence for the mandarin duck. Having a refer-
ence genome is important because it will facilitate studies
on the evolution of feathers in Anseriformes, particularly
as mandarin ducks can be easily kept in captivity. Another
species of Aix is the wood duck (A. sponsa), which also
has similar plumage, habitat, courtship, and nesting beha-
viors. Also, the reference genome of A. galericulata can fa-
cilitate the ecological and evolutionary genetic studies of
this species. In this study, we sequenced, assembled, and
annotated the genome of a female mandarin duck from
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Fic. 1.—A species tree of 13 bird species constructed from 3,232 single-copy orthologs. Bootstrap support values were from the ASTRAL (Zhang et al.

2018a) inferred species phylogeny based on coalescence approach.

Taiwan using lllumina paired-end (PE) and mate-pair (MP)
sequencing and reference scaffolding using the mallard
duck genome. We then reconstructed the phylogenetic re-
lationships among ducks and some other birds, analyzed
the evolution of the mandarin duck’s gene families, and de-
tected signatures of selection in its genome.

Results and Discussions

Genome Assembly and Annotation

The mandarin duck has an estimated genome size of
1.085 Gb based on GenomeScope (Ranallo-Benavidez
et al. 2020). We generated a total of 186x and 44 x gen-
ome coverage of PE and MP lllumina reads, respectively,
from a 1-year-old female mandarin duck (supplementary
table 1). An initial assembly was produced using Masurca
(Zimin et al. 2013). This assembly was iteratively corrected,
re-scaffolded, and its gaps closed with REAPR (Hunt et al.
2013), SSPACE (Boetzer et al. 2011), and GapFiller
(Nadalin et al. 2012), respectively, yielding a final 1.08 Gb
assembly of 5,267 scaffolds with N50=6.3 Mb
(supplementary table 2). A total of 16,615 protein-coding
gene models were annotated using the MAKER2 pipeline
aided by reference bird protein homology support and tran-
scriptome  sequencing from regenerating feathers
(supplementary table 1). The predicted gene models of
the assembly was estimated to be 91.2% complete based
on BUSCO (Benchmarking Universal Single-Copy
Orthologs) (Seppey et al. 2019) assessment, which is com-
parable to the completeness of other sequenced bird spe-
cies (supplementary table 2). Additionally, 90.7%
(15,074) of gene models could be functionally assigned
with a gene ontology term using eggnog-mapper
(Huerta-Cepas et al. 2017). Of these, 87.6%, 85.7%, and
92.3% of the gene models were orthologous to mallard

duck (14,105), chicken (13,784), and at least one other
bird species, respectively, indicating that mandarin duck
genes have been largely conserved among these bird
species.

Orthologue clustering was inferred using OrthoFinder
(Emms and Kelly 2019) with 12 representative bird gen-
omes. With ostrich (Struthio camelus) as the outgroup,
OrthoFinder yielded 27,436 orthologous groups (OGs).
Using 3,232 single-copy orthologues, we constructed a
maximum-likelihood phylogeny based on a concatenated
alignment of these single-copy orthologues and a
coalescent-based phylogeny of individual gene trees
(Zhang et al. 2018a). Both phylogenies produced the
same topology showing the mandarin duck’s close relation-
ship with the mallard duck (fig. 1). Incorporating
MCMCtree (Yang 2007) with five fossil and one molecular
calibration, we calculated that ducks’ most recent common
ancestor occurred 13.3 to 26.7 Ma, during the Cenozoic
(fig. 1). This is consistent with previous estimates based
on mitochondrial genomes (Sun et al. 2017).

Characteristics of the Mandarin Duck Genome

To understand the evolution of the mandarin duck genome
structure, synteny relationships among the mandarin duck,
mallard duck, and chicken were inferred using DAGchainer
(Haas et al. 2004). Based on 13,595 ortholog pairs, 95.6%
and 93.4% of the mallard duck genome were in synteny
with those of the mandarin duck and chicken, respectively,
which recapitulated their evolutionary relationships. A total
of 1,244 scaffolds were found to display one-to-one rela-
tionships with mallard duck chromosomes, and we scaf-
folded the mandarin duck assembly with the Anas
platyrhynchos genome as the reference (Li et al. 2021)
using Ragtag (Alonge et al. 2021) to produce a final refer-
ence genome in which 98.7% of the assembly was
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contained in 33 chromosomes (supplementary table 2) in-
cluding both sex chromosomes. The distribution of single-
copy orthologs between the two duck genomes shows
that chromosome synteny has been well preserved and
that inter-chromosomal rearrangements were rare in ducks
(fig. 2a).

The mandarin duck has an average heterozygosity of
0.23% (one heterozygous single nucleotide polymorphism
every 422 bp). Pairwise sequentially Markovian coalescent
(PSMC) analysis (Li and Durbin 201 1) based on these bialle-
lic SNP densities revealed an expansion followed by a sharp
decline in effective population size ~25,866 and 19,763
years ago (fig. 2b). The habitat of mandarin duck could
be affected as Late Pleistocene environments became drier
during the Last Glacial Maximum (LGM, ca. 21-18 kya)
in eastern Asia (Li et al. 2019; Dennell et al. 2020), causing

depopulation of mandarin ducks. For comparison,
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domesticated mallard ducks exhibited a similar pattern,
but its population peaked much earlier—around 162,045
years ago (fig. 2b). Global mandarin duck populations now-
adays are declared to be healthy, but reliable and long-term
measures of its populations are required to evaluate prop-
erly the effects of habitat changes. This reference genome
provides an essential material for population genomic stud-
ies to learn about reproductive ecology and population
biology of mandarin duck and its closely related species.
In addition, we identified long runs of homozygosity re-
gions in the mandarin duck autosomes, which appeared to
be distributed randomly across the chromosomes (fig. 2¢),
consistent with patterns reflecting recent bottlenecks, pos-
sibly due to anthropogenic selective pressures (Zhang et al.
2018b) or inbreeding in the wild. Genes enriched in
the large loss of heterozygosity region (LOH) of Chr 1

(fig. 2c; supplementary table 3) include female gonad
5
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Fic. 2—Characteristics of the mandarin duck genome. (a) Mapping of one-to-one orthologs between mandarin duck and mallard duck assemblies. The
clustering pattern shows that most reference-guided chromosomes in mandarin duck can be unambiguously assigned to mallard duck chromosomes. The dot
size indicates numbers of one-to-one orthologs between the two ducks and different color denote different chromosome types. (b) Past effective population
sizes of the two ducks. (c) Heterozygosity of mandarin genome along 200 kb nonoverlapping windows. The sex chromosome was excluded because female

reads were used and contained only one copy of chromosome.
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development (GO:0008585). Three homologs of round-
about (ROBO; Mandarin_00247000, Mandarin_00247100,
and Mandarin_00247200) family were identified in tandem
at this LOH and were involved in the follicular development
of hen ovary (Qin et al. 2015), suggesting that they may
be under strong positive selection in the Taiwanese popula-
tion of mandarin ducks. One member, ROBO2, in the ROBO
family has also been found to have undergone highly select-
ive sweeps in chickens (Fan et al. 2013), implying similar se-
lection patterns in Galloanserae.

Transposable Element Dynamics Were Similar Amongst
Ducks

Like other bird species, long interspersed elements (LINEs)
were the most abundant repeat class, making up 5.2% of
the mandarin duck assembly, followed by simple repeats
and other transposon families (fig. 3a). Such a markup of
repeats is similar to what has been observed in other bird
species such as chicken and zebra-finch (Chalopin et al.
2015). Consistent with other duck species, the chicken re-
peat 1 (CR1) retroposon CR1-J2_Pass is the most abundant
LINE family in mandarin duck that was retained after a duck
lineage-specific burst (Li et al. 2021). CR1-J2_Pass is not dis-
tributed uniformly across the genome and clusters (defined
by >10% repeat family content in 100 kb windows) are
present in macrochromosomes (fig. 3b). These clusters
are found to be enriched in chromosome centers and
arms (fig. 3¢). Strikingly, we observed a much higher TE
composition in chromosome W compared to other chro-
mosomes (47.1% vs. 5.1%; fig. 3b and c), which is consist-
ent to the 46.5% reported in the mallard duck genome (Li
etal. 2021). In addition, we did not detect CR1-J2_Pass re-
peat clusters in microchromosomes or minichromosomes
(fig. 3b), suggesting that centromeric repeats were likely
different in these chromosomes and may play a role in
the spatial segregations of these chromosomes, as in other
birds (Zlotina et al. 2019; Li et al. 2021).

Genomic rearrangements, particularly inversions, have
played important roles in the local adaptation and speci-
ation of birds (Jiang et al. 2021; Li et al. 2021; Zhu et al.
2021). The orientations of syntenic regions were further
classified into inversions for each pairwise genome com-
parison. Large-scale studies of chromosome inversion
were done in passerine birds (Knief et al. 2016; Hooper
and Price 2017). The 35.5% of genomes were inversions
between wild ducks and chickens, indicating that this
kind of rearrangement events may also be prevalentin non-
passerine birds (fig 4a). In contrast, only 5.7% were identi-
fied to be inversion regions between the two duck species
(supplementary table 4), and the breaks between synteny
regions contained significantly longer DNA and LINE trans-
poson elements (Wilcoxon rank-sum test; P<<0.001, fig.
4b), suggesting that these inversions were recent and

that these repeats play a role in mediating genome re-
arrangement events. The scarcity of genomic inversions ob-
served between duck genomes suggests that newly arisen
inversions may get purged or reduced in frequency as a
consequence of genetic drift and/or selection (Hoffmann
and Rieseberg 2008).

The average ratio of nonsynonymous to synonymous sub-
stitution rates (d\/ds) between 9,956 mandarin and mallard
duck single-copy orthologs was 0.2 (fig. 5a), suggesting
strong purifying selection on duck proteins. Fifty-two genes
displayed signals of balancing or positive selection (dy/ds >
1; supplementary table 5). In addition, we compared the se-
lective pressure of 3,232 single-copy orthologs using PAML
(Yang 2007) between duck species (mandarin and mallard
ducks) and a group of 11 other birds used in the species phyl-
ogeny (fig. 1). The distribution of dy/ds was significantly low-
er in the duck group compared with the other bird lineages
(Wilcoxon rank-sum test, P<<0.001, fig. 5b) because of ap-
proximately three times higher synonymous substitution
rates (ds median 0.102 in the 2 ducks vs. 0.038 in the 11
other birds), which was also observed previously (Lanfear
etal. 2010). Despite the rates of both ds and nonsynonymous
substitutions (dy) in the duck group were estimated to be
higher than those of the 11 other birds (fig. 5b), the overall
lower dy/ds suggests that the proteome of the duck lineage
has been better maintained by purifying selection since it di-
verged from other bird groups. It is interesting to further in-
vestigate if the proteome of Antidae is especially conserved.

Specialization of Mandarin Duck Proteins

By detecting using HMMER (Mistry et al. 2013) and com-
paring the copy number distribution of protein domains
(Pfam) among 13 birds, we inferred the specific domains
in the mandarin duck (fig. 6). A total of 287 expanded
and 154 constructed protein domains were found in
the mandarin duck compared with the other 12 birds
(supplementary table 6). The expanded cytochromes P450
(CYPs) genes were observed in the mandarin duck, which
is consistent with the inhibited formation of aflatoxin B1
in turkeys (Rawal and Coulombe 2011). In contrast, domes-
tic ducks are more sensitive to aflatoxins and less able to
detoxify and eliminate this mycotoxin than chickens
(Ostrowski-Meissner 1983). The P450 expansion in manda-
rin ducks may imply that they are exposed to aflatoxin B1 in
their environment and thus adapted to the compound.
In addition, we found that the mandarin duck is enriched
in neurotransmitter sodium symporter (SNF) domains,
which are associated with the re-uptake and recycling of
neurotransmitters (Shi et al. 2008). The BRCA1 C terminus
(BRCT) domain—which is a protein—protein interaction mo-
tif that binds phosphorylated proteins in the DNA damage
response system (Wu et al. 2010)—was lost in the manda-
rin duck. Losses or mutations of BRCT impair the function of
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BRCA1 (Vallon-Christersson et al. 2001; Williams et al.
2003), so it is interesting to further investigate if
mandarin duck evolved a different mechanism of DNA
repair if the loss of BRCT is confirmed to be fixed in
this species.

Atotal of 629 OGs were found to be expanded in the man-
darin duck by a Bayesian method (Liu et al. 2011; fig 1).
Similar numbers were obtained in the duck lineage using a
maximum-likelihood approach implemented in CAFE
(supplementary fig. 1) (Hahn et al. 2005) The enrichment of
GO terms from the expanded families revealed several fea-
tures that are associated with the lifestyle and morphogenesis
of feathers in mandarin ducks (supplementary table 7).
Fifteen genes belonging to the GO term “development of
primary male sexual characteristics” (GO:0046546) were
enriched, which might partially explain the extreme sexual di-
morphism in mandarin ducks. Eighty-three and 27 genes
belonging to GO terms related to actin cytoskeleton
organization (G0O:0030036) and striated muscle contraction
(GO:0006941), respectively, were enriched, indicating that
cell movement might have adaptive fitness in this lineage.
At least eight genes in the GO term “development of
primary male sexual characteristics” (GO:0046546) have
known functions in feather development. The beta-catenin
pathway modulates epithelial morphogenesis, initiates fea-
ther follicle development in embryonic skin, and is required
for the subsequent morphogenesis of the feather bud
(Mandarin_00850000 and Mandarin_00029800) (Noramly
et al. 1999; Widelitz et al. 2000).

On the branch leading to the duck lineages, which in-
cludes the mandarin duck and mallard duck (Anas platyr-
hynchos), a total of 146 OGs were significantly expanded
(supplementary fig. 1). Among them, a total of 22 ortholo-
gues responsible for olfactory receptor were enriched in the
GO term involving detection of the chemical stimulus in-
volved in the perception of smell (supplementary table 8).
GO terms related to vertebrate eye function were also en-
riched. These findings indicate that smell and the visual per-
ception of colors may contribute to the sexual dimorphism
in this lineage, or these sensory cues are important for for-
aging and/or food selection in ducks.

Genes and Gene Families Related to Development of
Feather and Branching Structure

One of the iconic features in mandarin ducks is exaggerated
feather traits especially in males (Shurtleff and Savage
1996) and expanded gene families may provide more gen-
etic materials for generating unigue plumage characters. At
least one gene involved in male sexual characteristics devel-
opment has a central role in hair development in mammals
and may be important in feather morphogenesis of
mandarin duck since some molecules and signaling
pathway in development of hair and feather are somewhat
similar (Dhouailly 2009; Lowe et al. 2015). TBX3 plays
important roles in initial stages of mammary placode mor-
phogenesis (Eblaghie et al. 2004; Carroll and Capecchi
2015), its regulatory mutations also cause radially
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asymmetric deposition of pigment in the growing hair of
horses (Mandarin_01039200, Mandarin_01039300, and
Mandarin_01029700) (Imsland et al. 2016). Furthermore,
we also sought to identify several additional genes that may
be involved in feather development in mandarin ducks.
Matrix metalloproteinases (MMP) play essential roles in both
proliferation of mesenchymal cells and invagination of epithe-
lium during feather morphogenesis (Mandarin_01257700
and Mandarin_01618700) (Jiang et al. 2011). Bone morpho-
genetic protein 6 (BMP6) may play a role in the apoptosis
of keratinocytes in the secondary feather follicles
morphogenesis in Anser cygnoides (Mandarin_00326000
and Mandarin_00325900) (Wu et al. 2019).

The enriched GO term of branching involved in mam-
mary gland duct morphogenesis (GO:0060444;
supplementary table 7) is also particularly interesting, be-
cause both feathers and mammary glands undergo exten-
sive branching (Widelitz et al. 2007; Chuong et al. 2014).
Some genes in this GO term are known to be involved in
feather development or morphogenesis. The WNT signal-
ing is involved in multiple critical roles on feather morpho-
genesis (Mandarin_01257700 and Mandarin_01030300)
(Widelitz 2008). Expressions of Eph receptors and
ephrins are found in chicken feather morphogenesis
(Mandarin_01261900 and Mandarin_00927000) (Ji et al.
2021) and they are involved in boundary stabilization
during feather morphogenesis (Suksaweang et al.
2012). Although several other genes involved in mammary
gland duct morphogenesis have no known functions in
feather development, they play essential roles of

mammary gland development and could be important for
developing the extravagant ornate plumage of mandarin
duck. Impaired Discoidin domain receptor 1 tyrosine
kinase can cause hyperproliferation and abnormal
branching of mammary ducts (Mandarin_01602200 and
Mandarin_01643800) (Vogel et al. 2001). Promyelocytic
leukemia protein (PML) is required for functional differenti-
ation of mammary epithelia for ductal and alveolar
development (Mandarin_00706700, Mandarin_00707100,
Mandarin_00707000, and Mandarin_00706700) (Li et al.
2009a, 2009b); there were four PML copies in tandem on
chromosome 11 presumably as a result of duplication.
Functional validations using RCAS and/or lentivirus transgenic
systems (Hughes 2004; Scott and Lois 2005) are required to
verify these findings.

Conclusion

The mandarin duck genome that we present in this study
will be useful for functional gene mapping of plumage
traits to identify interesting genes or gene families, as
well as for genome comparisons in evolutionary studies of
Anatidae. We also found that the mandarin duck went
through many gene expansions and a population bottle-
neck in its evolutionary history, warranting further investi-
gations into the wild population genetic diversity of this
iconic bird species.
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Materials and Methods

Extraction and Sequencing of Genomic DNA and RNA

The female mandarin duck (ID#: NCHU-2012, NCBI:
txid8832) used in this study was a captive and undomesti-
cated individual which had been derived from a wild popu-
lation and kept alive in the aviary of National Chung Hsing
University (NCHU), Taichung, Taiwan, when the blood was
drawn (supplementary fig. 1). The use of mandarin ducks
for genomic research was approved by the Institutional
Animal Care and Use Committee (IJUCAC) of NCHU (no.
100-88, December 28, 2011). Genomic DNAs were ex-
tracted from peripheral venous blood using the
QIAGEN-Gentra Puregene Cell Kit (Qiagen, Venlo, The
Netherlands). The purified DNA was assessed for purity
and quality by NanoDrop (Thermo Fisher Scientific,
Waltham, MA, USA), Qubit (Invitrogen Corp., Carlsbad,
CA, USA), and gel electrophoresis. High-quality genomic
DNA was then selected for PE) library preparation following
the manufacturer’s protocol (lllumina Inc., San Diego, CA,
USA). Seven 185 bp PE libraries with insert size ~238 bp to-
taling 201.5 Gb were constructed using the TruSeq DNA
Preparation Kit with the standard protocol (lllumina) and
sequenced by Illlumina HiSeq 2000 (supplementary
table 1). Four MP 150 bp libraries of various insert sizes
(2,4, 6, and 9 kb) totaling 48.8 Gb were constructed using
the Nextera Mate Pair Sample Preparation Kit and se-
guenced by lllumina HiSeq 2000. Sequencing of genomic
DNA was performed at the NGS High Throughput
Genomics Core of Biodiversity Research Center,
Academia Sinica, Taiwan (supplementary table 1).

The feather follicle tissue of sail feathers was incubated
at 4°C overnight for penetration by RNALater solution
and then transferred to —20°C before further isolation of
total RNA. Epithelium was dissected from the follicle tissue
and separated from the mesenchyme in Calcium-
Magnesium-Free Saline (CMFS 2 x) on ice (Chuong 2000).
Total RNA from feather epithelium was extracted using
Trizol reagent (Invitrogen, Waltham, MA, USA). Libraries
were prepared using the standard protocol (Wu et al.
2015). mRNA sequencing was performed using HiSeq
2000 or NextSeq 500 at the University of Southern
California Epigenome Center. mRNA-seq library prepar-
ation and sequencing were performed as described (Wu
et al. 2018).

Assembly and Annotation of the Mandarin Duck
Genome

Genome size was estimated from one lane of Illumina
sequence reads using GenomeScope (Vurture et al.
2017). PE and MP reads were quality and adaptor
trimmed using Trimmomatic (version 0.35; parameter:
2:30:10 LEADING:15 TRAILING:15 SLIDINGWINDOW:4:15

MINLEN:36) (Bolger et al. 2014) and NextClip (version
1.1; parameter -m 50) (Leggett et al. 2014), respectively.
An initial assembly was produced with both PE and MP
reads using Masurca (Zimin et al. 2013). Redundant scaf-
folds were removed based on MUMMER4 (Marcais et al.
2018) alignments of the assembly itself. Regions indicative
of mis-assembly were detected by remapping 9 kb MP
reads to the assembly using REAPR (version 1.0.16) (Hunt
et al. 2013). These regions were broken and re-scaffolded
using all the MP reads with SSPACE (version 2.1) (Boetzer
et al. 2011). Gaps within scaffolds were closed with
lllumina reads using GapCloser (Nadalin et al. 2012) and
reference scaffolded against the Anas platyrhynchos gen-
ome as the reference (Li et al. 2021) using Ragtag
(Alonge et al. 2021). The mitochondrial genome was as-
sembled separately using MITObim (Hahn et al. 2013)
with the published A. galericulata mitochondrion
(GenBank: KJ169568) as the seed sequence.

The MAKER2 (version 2.31.9) pipeline (Holt and Yandell
2011) was used to generate the protein gene predictions
from the mandarin duck assembly. MAKER2 combined
four sources as evidence hints and invoked the gene predic-
tors Augustus (Stanke et al. 2006) and SNAP, which were
iteratively trained to generate a final set of gene annota-
tions. The three sources of evidence hints were: (1) tran-
scripts that were assembled from RNA-seq reads using
Trinity (Haas et al. 2013) (using a reference-guided ap-
proach; version 2.5.1), and filtered using MIKADO (version
1.1) (Venturini et al. 2018); (2) proteomes from representa-
tive reference bird species downloaded from Ensembl
(Aken et al. 2017) birds (version 87); (3) de novo predictions
from BUSCO; and (4) predictions from BRAKER1 (Hoff et al.
2016) with RNA-seq reads as guides. The amino acid se-
guences from the predicted gene models were functionally
annotated using Blast2GO (Conesa et al. 2005) for product
descriptions and gene ontology terms using eggnog-
mapper (Huerta-Cepas et al. 2017).

To characterize repetitive elements, a consensus library
was built by merging the output from RepeatModeler
(Flynn et al. 2020), TransposonPSI (version 1.0.0; https:/
github.com/NBISweden/TransposotrGnPSl), LTRharvest
(Ellinghaus et al. 2008), and EDTA (version 2.0.0) using
USEARCH (Ou et al. 2019). The detailed parameters were
described in Berriman et al. (2018). The CR1 retroposon se-
guences that was reported to be expanded in several duck
lineages (Li et al. 2021) was searched in the merged repeat
library and updated. Repetitive elements of the assembly
were masked using Repeatmasker with the merged library.

Comparative Genome Analysis

We downloaded the amino acid and nucleotide sequences
of five bird species from Ensembl (Release 101)—Anas pla-
tyrhynchos, Gallus gallus, Melopsittacus undulatus,
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S. camelus, and Taeniopygia guttata—and seven species
from NCBI—Aptenodytes forsteri GCF_000699145.1,
Balearica requlorum GCF_000709895.1, Egretta garzetta
GCF_000687185.1, Nipponia nippon GCF_000708225.1,
Pelecanus crispus GCF_000687375.1, Phalacrocorax
carbo  GCF_000699105.1, and Pygoscelis adeliae
GCF_000699105.1. Functional protein domains (Pfam) in
each bird species were annotated using HMMER against
the Pfam database (version 31) (Punta et al. 2012) with
an e-value of <0.001. The predicted results were further
converted into a copy number distribution matrix, and the
matrix was converted to a z-score to compute significance.
Mandarin duck z-scores >1.96 were inferred to be signifi-
cantly enriched; mandarin ducks with z-scores <—1.96
were inferred to be significantly reduced.

Orthologs and gene families were assigned using
OrthoFinder (version 2.2.7) (Emms and Kelly 2019). For
the 3,232 orthogroups that contained only a single-copy
gene from each bird species, MAFFT (version 7.310)
(Katoh et al. 2002) and TranslatorX (version 1.1) (Abascal
et al. 2010) was used to construct protein and codon se-
guence alignments, respectively. A maximum-likelihood
phylogeny with 500 bootstrap replicates was constructed
from alignments of each orthogroup or a concatenated
alignment of all single-copy orthogroups using RAXML (ver-
sion 8.2.3) (Stamatakis 2014). A consensus species tree was
inferred using ASTRAL-IIl (version 5.6.3) (Zhang et al.
2018a). Divergence times for this species tree were inferred
using MCMCtree in the PAML package (version 4.9j) (Yang
2007) using fossil calibrations—Stem  Galloanserae
66.7-72.1 Ma (Field et al. 2020), stem Gruiformes 53.9—
66.5 Ma (Musser et al. 2019), stem Sphenisciformes
60.5-72.1 Ma (Ksepka et al. 2006; Slack et al. 2006),
Stem Threskiornithidae (Threskiornithidae—Pelecanidae/
Ardeidae split) 53.9-66.5 Ma (Mayr and Bertelli 2011;
Smith  and Ksepka 2015), and Psittacopasserae
(Psittaciformes and Passeriformes split) 53.9-66.5 Ma
(Mayr 2008, 2015). Minimal and maximal ages of fossils
mentioned above were referred as described (Kimball
et al. 2019). We also used a molecular calibration for the
Pygoscelis/Aptenodytes split 19.06-25.19 Ma (Vianna
et al. 2020). After excluding three gene families with
>100 gene copies, 15,022 gene family dynamics across
the 13 bird species in this study were inferred using CAFE
(version 4.2.1; lambda command) (Hahn et al. 2005) and
an alternative Bayesian implementation estimation (unlink
option) (Liu et al. 2011) with the time-calibrated species
tree.

To infer past effective population size and heterozygos-
ity, lllumina genomic reads were first aligned to the assem-
bly using BWA (version 0.7.17-r1188) (Li and Durbin 2010)
and heterozygous SNPs were predicted using BCFtools
(version 1.10.2) (Li 2011). Heterozygosity along 200 kb
nonoverlapping windows was estimated using BEDTools

(version 2.27) (Quinlan and Hall 2010). Population size his-
tory between mandarin and mallard were inferred using
PSMC tools (version 0.6.5-r67, parameter: g=2, u=2.3e
x 107%) (Nadachowska-Brzyska et al. 2016); the gener-
ation of duck per year and the mutation of duck per site
per year were referred by the previously measured muta-
tion rates in birds (Smeds et al. 2016). Synonymous (ds)
and nonsynonymous (dy) substitutions rates were calcu-
lated using PAML (version 4.9e, parameter: runmode =2,
segtype =1, CodonFreq =2, fix_omega=0) (Yang 2007).

Supplementary Material

Supplementary data are available from Genome Biology
and Evolution online.
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