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Abstract

Background Silkie is a traditional Chinese chicken breed characterized by its unique combination of specialized
morphological traits. While previous studies have focused on the genetic basis of these traits, the overall genomic
characteristics of the Silkie breed remain largely unexplored. In this study, we employed whole genome resequencing
data to examine the genetic diversity, selective signals and demographic history of the Silkie breed through compara-
tive analyses with seven other Chinese indigenous breeds (IDGBs), a commercial breed, and the wild ancestor Red
Jungle Fowl.

Results In total, 20.8 million high-quality single nucleotide polymorphisms and 86 large structural variations were
obtained. We discovered that Silkie exhibits a relatively high level of inbreeding and is genetically distinct from other
IDGBs. Furthermore, our analysis indicated that Silkie has experienced a stronger historical population bottleneck
and has a smaller effective population size compared with other IDGBs. We identified 45 putatively selected genes
that are enriched in the melanogenesis pathway, which probably is related to the feather color. Among these genes,
LMBR1 and PDSS2 have been previously associated with the extra toe and the hookless feathers, respectively. Six

of the selected genes (KITLG, GSK3B, SOBP, CTBP1, ELMO2, SNRPN) are known to be associated with neurodevelop-
ment and mental diseases in human, and are possibly related to the distinct behavior of Silkie. We further identi-
fied structural variants in Silkie and found previously reported variants linked to hyperpigmentation (END3), muff
and beard (HOXB8), and Rose-comb phenotype (MNR2). Additionally, we found a 0.61 Mb inversion overlapping
with the GMDS gene, which was previously linked to neurodevelopmental defects in zebrafish and humans. This may
also be related to the behavior distinctiveness of Silkie.

Conclusions Our study revealed that Silkie is genetically distinct and relatively highly inbred compared to other IDGB
chicken populations, possibly attributed to more prolong population bottlenecks and selective breeding practice.
These results enhance our understanding of how domestication and selective breeding have shaped the genome

of Silkie. These findings contribute to the broader field of domestication and avian genomics, and have implications
for the future conservation and breeding efforts.
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Introduction

The modern chicken was domesticated from Red Jun-
gle Fowls (Gallus gallus) in the mid-early Holocene with
genomic contributions from other Gallus species [1, 2].
The domestic chicken is probably the most widely dis-
tributed bird on Earth and exhibits an incredible scale
of phenotypic variations due to different population his-
tories, adaptation to diverse geographic conditions, and
artificial selection for different purposes, including meat
and egg production, companionship, ornamentation and
gaming. Commercial breeds of boilers and layers were
established in the last century through intensified artifi-
cial selection. Over a thousand breeds around the world
provide valuable resources for studying phenotype-geno-
type relationships, as well as how artificial selection could
shape the patterns of genomic diversity [3—5]. These
insights could, in turn, help inform future breeding pro-
grams, build breed standards, and prioritize conservation
of important genomic resources.
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Silkie (SK) is one of the most well-known Chinese
breeds with a long breeding history. It is reported to
have originated in Jiangxi Province of China [6] and was
described by Marco Polo in the thirteenth century for
its peculiar appearance that is not often seen in other
chicken breeds [7]. A typical Silkie chicken has distinctive
characteristics, including black skin, bones and sheaths
of internal organs, five toes on each foot, turquoise ear-
lobes, feathered shanks, muffs, beards, and hookless
white feathers that make their plumage furry (Fig. 1a).
These unique qualities contribute to their importance
in the poultry market of China, where they are valued
both for their meat and as traditional Chinese medicine.
In addition to its distinctive morphological traits, Silkie
is renowned for its docile nature, which has contributed
to its global popularity as a pet chicken breed. Due to
its uniqueness, Silkie has been officially recognized and
listed as a chicken breed with high conservation prior-
ity in China [6], and represents one of the three chicken
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breeds used to generate the first genome-wide genetic
variation map as early as 2004 [8].

Several studies have examined the underlying genetic
basis of distinct morphological traits of Silkie through
QTL analyses using single nucleotide polymorphism
(SNP) arrays. For example, hyperpigmentation in exterior
skin and internal connective tissue is found to be associ-
ated with EDN3 duplication [9]. The loss of feather hook-
lets is caused by a substitution in the 5 UTR of PDSS2
[10]. Facial feathers and rose comb phenotypes are the
results of complex structural rearrangements [11, 12].

Apart from its unique phenotypes, Silkie is also geneti-
cally distinctive from other Chinese indigenous chicken
breeds (IDGBs), or even those from the same province
[13-15]. Several studies that have focused on other Chi-
nese IDGBs have included Silkie as a representative breed
in their sample panels for comparisons [16—18]. These
studies have reported that Silkie exhibits one of the low-
est levels of genetic diversity and heterozygosity among
Chinese IDGBs, suggesting that it might undergo more
intensive artificial selection compared to most IDGBs
[16]. Additionally, Silkie appears as a population with a
relatively low level of genetic admixture, although wide-
spread genetic introgression from commercial chickens
and Gallus species and subspecies into IDGBs has been
suggested [14, 16].

These findings emphasized the uniqueness and the con-
servation importance of the Silke breed. However, high-
coverage genome resequencing data for Silkie are still
limited, and a focused investigation into the domestica-
tion history, genomic diversity, and artificial selection of
this special breed has not been performed. In this study,
we generated high-coverage whole genome sequencing
(WGS) data for 10 Silkie individuals. Combined with
public data of Silkie and other breeds, we examined the
demographic history, genomic characteristics, and selec-
tive signals of the Silkie breed.

Results

Genomic data

Ten male Silkie chickens were sampled in a poultry farm
in Taihe, Jiangxi Province, China (Fig. la, Table S1).
Sequencing libraries were prepared using DNA
extracted from blood samples, and 840 million pairs of
clean reads was obtained in total. The average sequenc-
ing depth for each sample was 19.2X, ranging from
16.1xto 21.1x (PRJNA896380; Table S1). To examine
the genomic features of Silkie in comparison with other
breeds, we also selected publicly available sequenc-
ing data from 98 samples with a mean depth of 18.25%,
including 13 additional Silkie samples [16, 19, 20], chick-
en’s wild ancestor Red Jungle Fowl (RJF) [16, 17], a highly
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commercialized breed White Leghorn (WLH) [18, 21],
and seven other representative Chinese IDGBs, includ-
ing village chicken (Yunnan village chicken,YVC) [17],
local chicken (Dulong chicken, DULO; Tibetan chicken,
TBC; Wuhua yellow chicken,WHYC) [17, 19, 22, 23] and
gamecocks (Tulufan gamecock, TLF; Luxi gamecock,
LX; Xishuangbanna gamecock, YNLC) [16, 17] (see
Methods for selection criteria; Table 1; Table S2). After
trial runs of SNP calling, one RJF were removed due to
an extremely low rate of polymorphism (see SNP discov-
ery, Method). Together, we detected over 22.38 million
biallelic autosomal variants, including 1,561,952 small
IDNELs and 20,826,932 SNPs, that passed our quality
filters and were genotyped in more than 90% of the 107
samples from 10 populations.

Relatively high inbreeding level of Silkie

Among the sampled populations, genome-wide nucleo-
tide diversity (i) is estimated to be 0.00318 — 0.00531,
which is comparable with previous estimates [23,
24]. Watterson’s 6(6,) ranges from 0.00240 to 0.00532
(Fig. 1b). For all domestic populations, genome-wide 6, is
smaller than m, indicating an excess of rare variants pos-
sibly resulting from a quick population expansion after
the domestication bottleneck. As expected, both m and 6,
are highest for RJF and lowest for WLH. Among IDGBs,
Silkie has the lowest 1 and 6,,, suggesting that this breed
is more inbred compared to the rest of the IDGB chick-
ens (Fig. 1b).

We quantified and compared inbreeding levels of Silkie
and other populations using the inbreeding coefficient
(F) and total length of runs of homozygosity (ROH).
Silkie has one of the highest F among IDGB populations,
not significantly different from TBC and LX, but signifi-
cantly higher than the rest of IDGB populations (Fig. 1c).
One TBC individual shows an extremely negative F due
to a large number of heterozygous sites. As expected,
WLH has the highest F, and RJF is among the populations
that have the lowest F.

The average total length of ROH in each population
ranges from 53.3 Mb to 415.8 Mb (Table 1; Table S3).
WLH has the longest total length of ROH (415.8 +
140.8 Mb). We found that Silkie has significantly longer
ROH (202.5+60.1 Mb) than the rest of the IDGB popu-
lations and RJF (Fig. 1c). We further divided ROH into
three categories by length, i.e. short (100 kb~300 kb),
long (300 kb~1 Mb) and mega (>1 Mb) ROH. Silkie
has the greatest number of ROH in all three categories
among IDGBs (Table S3). Both F and ROH suggest that
Silkie has a relatively higher inbreeding level and possibly
a more prolonged inbreeding compared to other Chinese
IDGB populations.
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Table 1 Summary of populations used in this study
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Categories Population  Abbreviation Samplesize Average F Total ROH Loci number SNPs number
depth length (Mb)
(x)
Commercial - White Leg- WLH 13 26.74 0.507 415.80 7,053,534 7,871,583
Chicken horn (+0.140) (£140.76)
Chinese - Silkie SK 23 13.73 0.283 202.49 9,738,445 10,243,177
Indigenous (+0.078) (+60.11)
Chicken Local Tibetan TBC 8 1318 0165 101.96 10717015 11,074,543
(IDGB) Chicken Chicken (+0.206) (&73.12)
Wuhua Yel- WHYC 12 17.51 0.055 5333 10,815,603 11,183,173
low Chicken (+0.037) (+26.63)
Dulong DULO 10 14.56 0.093 7443 10,459,827 10,880,179
Chicken (+0.037) (£35.69)
Gamecocks Xishuang- YNLC 8 16.05 0.080 54.63 11,055,996 11,397,277
banna (+0.097) (+£21.62)
Gamecock
Luxi Game-  LX 10 9.54 0.219 104.09 10,136,046 10,562,268
cock (+0.026) (+40.16)
Tulufan TLF 6 33.05 0.032 66.26 (£5.99) 9,804,838 10,291,383
Gamecock (£0.012)
Village Yunnan Vil- YVC 8 19.24 0117 78.67 11,466,496 11,792,816
Chicken lage Chicken (+0.118) (+60.88)
Wild Chicken - Red Jungle RJF 9 26.04 0014 65.62 14,081,816 14,371,524
Fowl (+0.079) (£32.78)

Genetic distinctiveness of Silkie
Principal component analysis (PCA) was performed to
identify population structure [25]. The first two prin-
cipal components account for 8.35% and 4.85% of the
total genetic variation and reveal clear clustering pat-
terns. WLH individuals are first separated from all IDGB
populations and RJF on PC1 (Fig. 2a). Silkie samples,
including 10 samples that we sequenced and 13 publicly
available samples, form a distinct cluster and are sepa-
rated on PC2 from other IDGB chicken populations and
RJF (Fig. 2a), indicating that Silkie is a highly differenti-
ated breed. The remaining IDGB populations and RJF
cluster together, suggesting a higher level of genetic simi-
larity to each other than to WLH or Silkie. Breeds from
different geographic locations all form distinct groups,
such as WHYC (Guangdong Province), LX (Shangdong
Province), and TLF (Xinjiang Province). Most samples
from Yunnan Province (YNLC, DULQO, and YVC) and
some RJF and TBC individuals do not form clearly sepa-
rated clusters, which is consistent with the previous study
[16] and possibly due to their close geographical proxim-
ity. PCA without Silkie and WLH samples shows that all
populations form separated clusters, except for one TBC
individual that overlaps with the YVC cluster (Fig. 2a).
We also used ADMIXUTRE analysis (v1.3.0) to infer
population structure (Fig. 2c; Figure S1) [26]. When
K=2, WLH is first identified as a distinct group, and
when K =3, Silkie is separated from all other populations

(Fig. 2c), consistent with the PCA results. The best K is
determined to be 3 with the smallest cross-validation
error rate, where WLH and Silkie are distinctive from all
other populations. This pattern is consistent with K from
3 to 8 (Figure S1). With the increase of K, the three game-
cock breeds (LX, TLF, and YNLC) show high similarity
until K=7, although they are from geographically distant
regions (Figure S1). Two RJF individuals seem to resem-
ble individuals in the YVC population, consistent with
the PCA result and possibly due to recent hybridization.

Pairwise F¢p between populations ranges from 0.028
to 0.301 (Fig. 2b). The comparisons between WLH
and other chicken populations exhibit the highest Fgp
(0.209 - 0.301). When considering only IDGBs, Fg¢p
between Silkie and any other IDGB are the highest
among all pairwise comparisons. Together with the pop-
ulation structure analysis, our results suggest that the
Silkie breed is genetically the most differentiated com-
pared to other Chinese IDGB:s.

A population bottleneck in Silkie

Genome-wide linkage disequilibrium (LD) decreases as
the physical distance between SNPs increases (Fig. 3a).
LD decays the fastest in RJF compared to all domes-
ticated chicken populations, which corresponds with
its larger effective population size (Ne) as the wild pro-
genitor of domesticated chicken. In contrast, LD decays
the slowest in WLH compared to all IDGBs, which is
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consistent with intensive commercial inbreeding of this
breed and a persistently small Ne. Among IDGBs, TLF
has the slowest decay of LD. Silkie shows a faster decay
of LD than TLF but slower decay of LD compared to the
rest of IDGBs.

We used SMC++ [28], which takes a hidden Markov
Model approach, to infer the demographic history of
Silkie and other populations. Our results show that the
ancestral population of chicken and RJF experienced a
decline in effective population size (Ne) starting at about
150 kya,which has been reported by previous studies and
coincides with the Last Glacial Period (~125 — 10 kya)
[17]. Ne of RJF declined at a slower rate and eventually
recovered around 10 kya (Fig. 3b). At the same time, the
Ne for other chicken populations continued to decrease,
possibly reflecting the domestication event as a separated
demographic path from their wild ancestor. YNLC and
YVC populations lack sufficient data points to infer their

Ne in more recent history. Among these nine domesti-
cated chicken populations, the bottleneck is much more
severe and lasts longer for Silkie and WLH.

To investigate gene flow across populations, we applied
a maximum likelihood (ML) approach with different
numbers of migration events using TreeMix (v1.13) [29]
(Fig. 3; Figure S2). RJF served as the outgroup for all
IDGBs, and WLH was excluded from this analysis due
to its distant origin. The model without migration dem-
onstrated a poor fit when compared to models incorpo-
rating migration events (Fig. 3d). The model with one
migration event inferred gene flow from Silkie to LX,
with 96.92% of total genetic variation explained (Fig. 3¢;
Figure S2). When increasing the number of migration
events, model fit improved and residuals decreased in
general. The model with two migratory events accounted
for 98.67% of total genetic variation, and models with
more than two migratory edges showed only marginal
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improvements in fit (Fig. 3d). In the model with two
migration events, the three gamecock populations
(YNLC, LX and TLF) were grouped together while Silkie
and WHYC formed the closest sister groups. Gene flow
was supported from Silkie to LX, and from the com-
mon ancestor of LX and TLF to the common ancestor of
WHYC and Silkie (Fig. 3c).

Taken together, our results suggest that Silkie has
experienced a relatively more pronounced popula-
tion bottleneck in comparison to other IDGB popula-
tions. Furthermore, there is evidence of possibly genetic

introgression from Silkie to other IDGB populations, but
no discernible introgression from other populations to
Silkie.

Identification of loci under selection in Silkie

We employed a combination of three statistics, namely
XP-EHH, pairwise Fg; and the ratio of nucleotide diver-
sity (Tm,.0), to detect selective signals in Silkie in com-
parison to other domestic chicken populations. These
statistics were calculated in sliding windows of 20 kb, and
genomic windows with more than 50% missing sites or
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fewer than five SNPs were excluded from further analy-
ses. Of the remaining 45,553 windows, we identified can-
didate windows with the most extreme values of each
statistic, using thresholds of top 1% of Fgy, top 1% of XP-
EHH, and bottom 1% of 1, (Zggr =341, Z,; 1440 < -3.05,
Zyp-ern > 3.07; Fig. 4a; Figure S3). We obtained a final set
of 62 windows (Table S4), which contain 45 genes that

are significantly enriched in the melanogenesis pathway
(adjusted p-value =1.20 x 10~%) (Table S5).

Three of the 45 candidate genes, PDSS2, LMBR1 and
TYR, were prevsiously associated with Silkie phenotypes.
Specifically, a point mutation upstream of PDSS2 leads
to hookless feathers [10]. A mutation in the ZRS (zone of
polarising activity regulatory sequence) region of LMBR1
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Table 2 Candidate genes under selection in Silkie
Selected region Gene name Related phenotypes/diseases Reference
1:43,000,001-43020000 KITLG Pigmentation abnormality, sensorineural hearing loss, Waardenburg [33-37]
syndrome type 2
1:80,820,001-80840000 GSK3B Parkinson'’s Disease, Alzheimer Disease, Depressive disorder [38-40]
1:189,180,001-189200000 TYR Recessive white phenotype [32]
2:8,520,001-8540000 LMBR1 Polydactyly (30,41,42]
3:67,820,001-67840000 SOBP Intellectual disability [43]
3:67,840,001-67860000 PDSS2 Hookless feathers [10]
4:84,720,001-84740000 CTBP1 Prader-Willi syndrome, Wolf-Hirschhorn syndrome [44, 45]
20:10,740,001-10760000 ELMO2 Ramon Syndrome [46]
20:10,740,001-10760000 SNRPN Autism, Prader-Willi syndrome [47-49]

has been linked to the polydactyly phenotype [30, 31].
TYR codes for a key enzyme tyrosinase in melanogenesis,
and a homozygous retroviral insertion in the TYR intron
leads to white plumage [32]. One candidate region with
strong signatures of selection contains both PDSS2 and
SOBP (Fig. 4b). The window with the most extreme sta-
tistics is in closer proximity to SOBP. The haplotype of
this region in Silkie is distinctive from other populations,
and three upstream variants of both SOBP and PDSS2
are fixed in all Silkie samples (Fig. 4c). Interestingly, there
are several candidate genes associated with human neu-
rological and psychological diseases, including SOBP,
KITLG (receptor tyrosine kinase ligand), GSK3B (Glyco-
gen synthase kinase-3 beta), ELMO2 (Engulfment And
Cell Motility 2), CTBP1 (C-Terminal Binding Protein 1)
and SNRPN (Small Nuclear Ribonucleoprotein Polypep-
tide N) (Table 2).

High frequency structural variants in Silkie

Several structural variants (SV) have been previously
related to Silkie-specific phenotypes. These include the
inversion on Chr7 and the MNR gene for the rose comb
[11], the inversion duplication on Chr20 and the EDN3
gene for skin hyperpigmentation [9, 50], the complex
duplication on Chr27 and the HOXS8 gene for the muff
and beard [12], and a 17.7 kb deletion on Chr13 and the
PITX1 gene attributed to the feathered shank phenotype
[51]. To detect additional SVs in Silkie, we chose three
software, LUMPY [52], Manta [53] and GRIDSS [54],
based on their performance in calling SV using short-
reads data [55]. Only SVs detected by at least two of the
three methods were further investigated.

In total, 86 large SVs were discovered with high allele
frequencies of at least 0.70 in the Silkie breed but not
in other populations (Table S6). We manually exam-
ined alignments to confirm each SV and identified genes
whose functions may be influenced by each SV. We suc-
cessfully recovered all four aforementioned SVs in the

Silkie breed. All but four of the remaining SVs are dele-
tions. Forty-one deletions contain at least one gene, and
three deletions overlap with exons of protein-coding
genes UBASH3A, TNFRSF19, and HOXB7 (Table S6).
Breakends of a possibly 600 kb inversion on Chr2
(67,174,958 — 67,785,951) overlap with genes GMDS and
VPS4B. Twenty-two of 23 Silkie samples carry this inver-
sion while only 24.4% of IDGB samples share this SV.

Discussion

In this study, we generated WGS data and investigated
how domestication and selective breeding have shaped
the genome of Silkie, a Chinese chicken breed with dis-
tinct phenotypical traits. Silkie samples sequenced in
our study cluster with those published in previous stud-
ies, distinct from other IDGB populations. Compared
to other IDGBs, the Silkie genome has lower genetic
diversity and a higher level of inbreeding. Demographic
analysis indicates a sustained decline in the effective pop-
ulation size, and a more pronounced bottleneck in their
history of domestication, in comparison to other IDGB
chicken. This decline in Ne more closely resembles that
of WLH which is highly commercialized. This pattern
may be attributed to the intense artificial selection and
the strict breeding program aimed at selecting and pre-
serving the special traits of Silkie. A genome-wide scan of
selective signals and high-frequency SV in Silkie identi-
fied several candidates that may be associated with artifi-
cial selection during the domestication process of Silkie,
including ones that have previously been reported to
underlie Silkie-specific phenotypes.

In population structure analysis using all sam-
ples, Silkie and WLH form distict clusters that are well
separated from their wild progenitor RJF and other Chi-
nese IDGBs examined, while clusters of RJF and other
other Chinese IDGBs are closer (Fig. 2a). This is probably
due to the long-term breeding and intense artificial selec-
tion in Silkie and WLH. Similar PCA pattern had been
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observed in several previous studies [4, 14]. This pattern
in PCA is also supported by the stronger correlation of
Omt between RJF and other native chicken breed com-
pared to that between RJF and Silkie (Figure S4).

Compared with other IDGBs, Silkie exhibits lower
genetic diversity and higher inbreeding level character-
ized by significant portions of its genome being ROH of
various lengths (Fig. 1c; Table S3). ROH refers to contigu-
ous genome segments with homozygous genotypes due
to haplotype identity by descent. Since ROH are slowly
broken down by recombination, the length distribu-
tion of ROH reflects the timing of historical inbreeding
events. Longer ROH are usually results of recent inbreed-
ing events, while shorter ROH indicate relatively ancient
inbreeding [56]. Among the Chinese IDGBs we included,
Silkie possesses the longest average ROH segment length,
the largest average ROH segment number, and as a result,
the largest average total ROH length. Interestingly, Silkie
has higher average segment numbers for both mega and
short ROH compared to all other IDGBs, implying a long
and persistent inbreeding process (Table S3).

As suggested by many studies and anecdotal references,
hybridization between domestic species and their wild
ancestor was common [16, 57, 58], and a recent study
has discovered significant introgression from Gallus gal-
lus jabouillei to many Chinese chicken populations [1].
Chicken, being small-sized farm animals, can be easily
transported by humans during long-distance migration,
thus gene flows between chicken or wild populations
were not unusual. At the same time, hybridization is also
a common practice in the farming industry for obtain-
ing advantageous traits or creating novel breeds [14, 59].
Looking at a closer time frame within chicken popula-
tions, a possible gene flow from Silkie to LX is inferred
by introgression analysis, but not from other sampled
populations to Silkie. Silkie has a long breeding history.
One possibility is that this breed has been used to bring
preferred trait to other IDGB populations. Another pos-
sibility is that because we only include a limited number
of IDGB populations, the precise direction of gene flow
may be influenced by unsampled sister breeds.

Several previous studies used genotype—phenotype
association to identify genes underlying specific morpho-
logical traits of Silkie [9-12, 50, 51]. Although we did not
collect phenotye data, our scan of genomic regions under
selection, as well as high frequency SV in Silkie, identi-
fied both known and new candidate regions and genes
that may be linked to unique phenotypes of Silkie. The
identified regions under selection harbor 45 candidate
genes that are enriched in melanogenesis pathway, which
is probably associated with the recessive white plumage.
These candidate regions also overlap with previously
reported QTLs associated Silkie-specific phenotypes,
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such as polydactyly, color of skin and comb, feather
pigmentation,as well as general poultry domestication
phenotypes, including egg number and yolk weight [60].
Several candidate genes we identified have been reported
to be under selection in previous studies [3, 32, 50]. One
study also reported different regions under selection [61],
which is at least partially due to a different experimental
design and dataset used.

In addition to the morphological diversity among
chicken breeds, there are also notable behavioral dif-
ferences, although these have been given less attention
in research. For instance, Silkie chickens are renowned
for their docility and considered as one of the gentlest
breeds. In our genome-wide scan of selective signals, we
identified several candidate regions that contain genes
associated with neurological and psychological diseases
in human (Table 2). One candidate region with strong
signatures of selection contains both PDSS2 and SOBP,
as well as their 5 upstream regions (Fig. 4b). PDSS2
was previously linked to hookless feathers in Silkie [10].
SOBP was reported to be involved in brain activity and
cognition ability, and a disruptive mutation could cause
autosomal recessive mental retardation and intellectual
disability [43]. Recent studies also showed a higher level
of SOBP expression in Silkie’s heart and brain relative
to other organs [10, 62]. It is worth future investigation
whether the selected haplotype in Silkie leads to both
hookless feathers and mild temper, and whether genetic
hitchhiking in selection of one trait leads to changes in
the other. Additionally, both CTBP1 and SNRPN are
related to the Prader-Willi syndrome (PWS) [44, 47, 48].
The psychiatric and behavioral symptoms of the PWS
include unstable mood bursts, aggressiveness, impulsive
behavior, and a limited ability to cope with changes [63].
CTBP1 might also be related to the Wolf-Hirschhorn
syndrome (WHS), of which patients usually exhibited
mental retardation, seizures, and developmental defects
[45, 64]. Future functional validation or genotype—phe-
notype association studies are needed to establish a
direct link between these variants to distinct behavioral
phenotype in Silkie.

We discovered several new SVs with high frequency
in the Silkie breed, including an inversion on Chr2
(67,174,958 — 67,785,951), which could potentially influ-
ence the expression of the GMDS gene. GMDS encodes
GDP-mannose 4,6 dehydratase in the protein fucosyla-
tion pathway. A missense mutation in GMDS had been
shown to cause neural development defects in zebrafish
[65]. Disruption of GMDS expression, along with
alteration in other genes due to chromosomal abnor-
mality, can lead to immunodeficiencies, congenital mal-
formations in various organs and mental retardation
in human patients [66—68]. Another deletion (Chrl:



Huang et al. BMC Genomics (2024) 25:754

178,824,081 — 178,824,670) intersects with an exon of
TNEFRSF19 (TNF Receptor Superfamily Member 19).
TNEFRSF19 is widely expressed during human embryo-
genesis, as well as in the adult brain, hair and follicles
[69], and has been shown to regulate tumor cells prolifer-
ation and migration [70, 71] and melanoma growth [72].
In addition, we found a 17.7 kb deletion on Chr13 that
was associated with the feathered shank phenotype [51].
Another independent dominant locus that contributes to
the feathered shank phenotype is a SNP 25 kb upstream
of TBX5 on Chrl5 (12,573,054) [51]. This variant is pre-
sent at a frequency of 71.7% (33/46) in our Silkie samples,
but not found in any other chicken population.

We selected relatively high-quality resequencing sam-
ples using criteria such as sequencing depth and the
number of available samples per population, thus the
total breed variety is limited, and this sampling strategy
may influence some of our analysis. Moreover, inferences
on introgression may be inconclusive due to potential
hybridization with unsampled chicken populations, other
RJF subspecies or Gallus species. Furthermore, many
of the selected regions do not cover annotated genes or
known epigenetic markers, which limits our understand-
ing of these regions. Additionally, the power to detect
large SVs is restricted when only short reads are available.
Future studies should incorporate long-read sequencing
technology to examine the SVs in the genome of Silkie
and other chicken populations.

Extreme artificial selection and long-term inbreed-
ing could lead to inbreeding depression and an excess
of genetic burden on the genome of a species. Selective
breeding, especially of fancy breeds, inevitably involves
inbreeding to consolidate preferred phenotypes. Many
studies have shown that domesticated populations often
bear more genetic diseases than natural populations [73,
74]. An elevated genetic load was observed in domesti-
cated chicken compared with RJF [24]. Investigations on
genomic signatures of domesticated breeds, including
our study, could provide useful information for establish-
ing protocols for sustainability and genetic conservation
of the Silkie breed.

Conclusion

This study conducted a comprehensive analysis of the
Silkie genome using comparative methods with seven
other IDGBs (YVC,YNLC, TBC, DULO, WHYC, LX and
TLF), a commercial line (WLH) and the wild ancestor
of the domesticated chicken (RJF). Our results showed
that Silkie exhibits lower genetic diversity and a relatively
higher inbreeding level and is substantially differenti-
ated from other domestic chicken. Demographic history
analysis indicated a prolong decline in effective popula-
tion size, and the observed genomic characteristics in the
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Silkie genome are likely attributed to the enduring bot-
tlenecks and strong artificial selection processes. Fur-
thermore, this study identified genomic regions under
selection and high-frequency structural variants in Silkie.
In addition to several previously reported genes that have
been associated with Silkie-specific phenotypes, several
new candidate genes were uncovered that may be asso-
ciated with artificial selection during the domestication
of Silkie. These findings enhance our comprehension of
the influence of domestication and selective breeding on
the genome of Silkie, offering valuable insights to inform
future conservation and breeding efforts.

Materials and methods
Sample collection, DNA extraction and genomic data
Ten male Silkie chicken were sampled from a poultry
farm in Taihe, Jiangxi Province, China (Table S1). Blood
samples were obtained from the brachial vein underneath
the wing by venipuncture and stored in EDTA tubes at
-80 °C before DNA extraction. DNA was extracted from
each sample using DNeasy Blood & Tissue Kit (QIAGEN,
Germany), and a sequencing library with an insertion
size of 350 bp was prepared using NEB Next® Ultra™ Kit
(NEB, USA). Whole genome resequencing (WGS) was
performed on an Illumina NovaSeq 6000 platform using
a pair-end library and read length of 150 bp. The average
sequencing depth is 19.2x (16.06x ~21.06x; Table S1).
We retrieved publicly available WGS data of 13 Silkie
individuals from three previous studies, with the mean
sequencing depth at 9.58% (Table 1; Table S2) 16, 19, 20].
WGS data from RJF [16, 17] and other domestic chicken
breeds were selected based on breed variety, individual
sequencing depth (minimum of 8x), and population sam-
ple size (minimum of 8 individuals per population, except
for TLF with six samples available) (Table S2). In total,
our dataset consisted of WGS data from 108 samples
(Table 1).

SNP discovery

WGS data were processed following the GATK (v4.0.2.0)
Best Practices for calling germline SNPs and small inser-
tions/deletions (INDEL) [75]. Prior to analysis, the qual-
ity of the raw reads for each individual was assessed using
FastQC (v0.11.8) [76]. Adaptor sequences and low-qual-
ity reads were trimmed with Trimmomatic (0.39) using
default parameters except for MINLEN: 51 [77]. Filtered
reads were aligned to the chicken reference genome Gal-
gal6 (GCA_000002315.5, Ensembl [78]) using Burrows-
Wheeler-Aligner (bwa 0.7.16a) [79], and duplicated reads
were marked using Picard “MarkDuplicates” (v2.19.0)
[80]. Base recalibration and variant calling were per-
formed using “BaseRecalibrator” and GATK joint-calling
pipeline “HaplotypeCaller” and “GenotypeGVCFs” [75].
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The output VCF file was filtered with Read Depth
(DP)<4, QualByDepth (QD)<4, Quality (QUAL)<30,
Symmetric Odds Ratio of 2Xx2 contingency table to
detect strand bias (SOR)>3, Fisher Strand (FS)>60,
MappingQuality (MQ)<40, MQRankSum<-12.5 and
ReadPosRankSum < -8. Biallelic autosomal (Chr1-Chr28)
variants with>90% genotyping rate across all 108 sam-
ples were retained. SNPs in repetitive regions were
removed based on UCSC annotation (https://genome.
ucsc.edu/). One RJF sample was removed because of its
unusual homozygosity for ancestral alleles, as it had only
1/10 the number of variants compared to other samples,
despite having high-quality data. Consequently, 107 indi-
viduals were included in the downstream analysis.

Genetic diversity and population structure

We estimated several summary statistics of population
genetic diversity, including pairwise nucleotide diver-
sity (;m) and Watterson’s theta (6,,) [81] for each popu-
lation using pixy (vl.1.1beta) [82] and custom scripts.
The inbreeding level for each sample was estimated by
inbreeding coefficient (F) and runs of homozygosity
(ROH) with PLINK (v1.9) [83]. The parameters used for
calling ROH are --homozyg-density 50, --homozyg-kb
100, --homozyg-snp 33. Linkage disequilibrium (LD) for
each population was estimated by calculating genotype
correlation coefficient (%), using PopLDdecay with a set-
ting of -MAF 0.05 [84].

Principal component analysis (PCA) and ADMIX-
TURE (v1.3.0) were used to infer population struc-
ture, and pairwise fixation indices (Fgp) were calculated
to quantify population genomic differentiation [25,
26]. For all three analyses, variant sites with>2% miss-
ing data were removed. R packages gdsfmt and SNPrel-
ate were used for both PCA and Fg calculation [25]. For
ADMIXTURE, SNPs were further pruned using PLINK
v1.9 with parameters “--indep-pairwise 50 10 0.2” to gen-
erate the required input BED file [83]. The analysis was
performed for K=2 to 8 and the best K was determined
by comparing cross-validation errors.

Demographic history inference

SMC++ (ver 1.15.2) [28] was used to characterize the
historical effective population size (Ne) of each chicken
population with the standard pipeline and additional
“--spline cubic” in “estimate” step for a smoother graphic
presentation.

Population splits and gene flows were inferred using
the maximum likelihood method in TreeMix (v1.13)
[29]. The phylogenetic tree was rooted with RJF as the
outgroup, and WLH was excluded from the model. Up
to 9 migration events were modeled without sample
size correction (-noss) and with blocks of 500 SNPs for
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bootstrapping. The resulting trees were plotted using the
plotting func.R in the TreeMix program.

For both analyses, the mutation rate was set as
1.8x 107 per site per year, and the generation time was
assumed to be one year [27].

Genome-wide scan for selective signals

Three methods were employed to detect positively
selected regions in Silkie, i.e. cross population extended
haplotype homozygosity (XP-EHH) [85], ratio of nucleo-
tide diversity (1,,;,) and pairwise Fgr. In all three meth-
ods, Silkie was set as the focal population and all other
domesticated chickens (excluding RJF) were combined
as the reference population. All three methods were per-
formed using a sliding-window approach with non-over-
lapping 20 kb windows across autosomal regions of the
chicken genome. After filtering windows with less than 5
SNPs or more than 50% of the sites missing, 45,553 win-
dows (911.06 Mb, 96.5% of autosomal region) remained
for the selective signal analyses.

XP-EHH detects loci with reduced haplotype diver-
sity caused by recent positive selection, which drives the
favored haplotype towards fixation faster than the back-
ground recombination [85]. VCEF files of Silkie and other
domesticated chickens were first phased with Beagle (ver.
25Nov19.28d) [86]. XP-EHH was then calculated for each
locus using selscan (ver 1.2.0a) [87], and averaged across
loci in each 20 kb window.

Fgr and m statistics were calculated using pixy
vl.1.1beta, which provides an unbiased estimation of
population diversity and divergence while accounting
for missing data [82]. Raw GVCEF files were processed
with VCFtools and filtered with “--max-maf 0 --minQ
30 --remove-indels --max-missing 0.5 --min-meanDP 4”
for invariant sites. Repetitive regions were also excluded
based on the UCSC annotation. Invariant and variant
sites were combined using “bcftools concat --allow-over-
laps” [88]. T4 €quals Tgjie/Mhon-sikier Where non-Silkie
includes rest of the IDGBs and WLH individuals.

Raw statistics were normalized by Zx=(x-pt)/0, where
x is the raw statistic value, and p and o are the mean and
standard deviation of that statistic, respectively. The dis-
tributions of Zpgr, Zm,,;, and Zyppyy were shown in
Figure S3. We used cut-offs of the top 1% for F¢ and XP-
EHH, and the bottom 1% for m,,. Windows captured
by all three methods were considered positively selected
windows.

Structural variants discovery

Three software, i.e. LUMPY [52], Manta [53] and GRIDSS
[54], were used to detect structural variants (SV) using
default parameters. These software were chosen based
on their overall performance in detecting SVs form short
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reads sequencing data [55]. BAM files from the above
GATK BaseRecalibrator step were used as input files. The
output VCF files from each method of all samples were
merged using SURVIVOR v1.0.3 [89]. Intra-autosomal
SVs longer than 50 bp, identified by at least two of three
methods, were investigated with additional filters includ-
ing frequency > 70% in Silkie individuals and < 50% in
all other domesticated populations. For each deletion or
breakends of SV, genes that overlapped or were closest to
the SV were identified.
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