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Abstract 

Bac kgr ound: Plumage color ation is a distincti v e tr ait in duc ks, and the Lianc heng duc k, c har acterized by its white plumage and black 
beak and webbed feet, serves as an excellent subject for such studies. However, academic comprehension of the genetic mechanisms 
underl ying duck pluma ge coloration r emains limited. To this end, the Liancheng duck genome (GCA_039998735.1) was hereby de novo 
assembled using HiFi reads, and F2 se gre gating populations were generated from Liancheng and Pekin ducks. The aim was to identify 
the genetic mechanism of white plumage in Liancheng ducks. 

Results: In this study, 1.29 Gb Lianc heng duc k genome was de novo assemb led, inv olving a contig N50 of 12.17 Mb and a scaffold N50 of 
83.98 Mb. Beyond the epistatic effect of the MITF g ene, g enome-wide association study analysis pinpointed a 0.8-Mb genomic region 

encompassing the PMEL gene. This gene encoded a protein specific to pigment cells and was essential for the formation of fibrillar 
sheets within melanosomes, the organelles r esponsib le for pigmentation. Additionall y, linka ge disequilibrium anal ysis r ev ealed 2 
candidate single-n ucleotide pol ymorphisms (Chr33: 5,303,994A > G; 5,303,997A > G) that might alter PMEL transcription, potentiall y 
influencing plumage coloration in Liancheng ducks. 

Conclusions: Our study has assembled a high-quality genome for the Liancheng duck and has presented compelling evidence that 
the white plumage c har acteristic of this breed is attributa b le to the PMEL gene . Over all, these findings offer significant insights and 

direction for future studies and breeding programs aimed at understanding and manipulating avian plumage coloration. 

Ke yw or ds: duc k, genome assemb l y, pluma ge color, PMEL , melanin 
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Bac kgr ound 

Pluma ge color ation, a div erse and conspicuous tr ait among bird 

species, is a valuable attribute for investigating natural and ar- 
tificial selection. Melanin, the predominant pigment in avian 

plumage, occurs as a mix of eumelanin and phaeomelanin across 
various tissues, leading to the extensive color variation observed 

in birds [ 1 , 2 ]. Eumelanin deposition in plumage is responsible 
for black and brown coloration, constituting the predominant pig- 
ment in bird feathers [ 3 ]. Extensive research on eumelanin- and 

melanin-related genes has significantly enhanced public under- 
standing of avian pluma ge color ation, whic h is a ca ptiv ating or- 
namental feature . T he duc k ( Anas platyrhync hos ) (NCBI: txid8839),
widel y distributed globall y, displays a continuum of plumage col- 
ors spanning white to blac k, possibl y as an adaptation to varied 

ecological en vironments . T hose div erse pluma ge color patterns 
make ducks a key animal model for pigmentation studies. Despite 
advancements in understanding the biological and evolutionary 
aspects of pluma ge color ation, the genetic basis of these colors in 

duc ks r emains poorl y understood. 
The Lianc heng (LC) duc k possesses a distinctiv e phenotype 

marked by white feathers, black beak, and black webbed feet. It is 
recognized for its significant melanin deposition in the beak and 

webbed feet, primarily due to the involvement of eumelanin as 
the main pigment [ 4 ]. The biosynthesis of eumelanin is a complex 
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rocess that involves 3 critical steps: initially, tyrosinase catalyzes 
he oxidation of tyrosine to dihydr oxyphen ylalanine (DOPA). Sub-
equently, an oxidase enzyme converts DOPA into dopaquinone.
ltimatel y, dopaquinone under goes a series of cyclic transforma- 

ions, resulting in the production of pigment and the formation
f melanin [ 5 ]. This synthetic pathway holds m uc h significance in
umelanin synthesis, particularly in the pigmentation of skin and 

eathers in ducks. In this process, MITF serves as a k e y target of
 arious signal tr ansduction pathwa ys , also the main regulator of
elanin production. Ho w ever, the genetic basis of melanin depo-

ition and the specific genes involved in the formation of white
eathers in LC ducks remain to be further explored. 

The initial draft of the duck assembly was first reported in 2013
 6 ]. Refinements to the Pekin (PK) duck genome have achieved a
caffold N50 length of up to 76.3 Mb by 2020, which now serves
s a foundational resource for duck genome analysis [ 7 ]. The high
uality and variety of the genome assemblies of other birds, es-
ecially the one for c hic kens, necessitate further impr ov ements

n duc k assembl y quality. Pr e vious r esearc h on animal br eeding
nd genetics in ducks has primarily focused on meat quality [ 8 ],
dipose tissue deposition [ 9 ], and muscle weight [ 10 ]. Howe v er,
enetic mechanisms of plumage coloration remain largely un- 
xplor ed, and no r efer ence genome of the famous LC duc k has
een published, making an upgr aded LC duc k genome necessar-
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ly important to provide foundational data for relevant future
tudies . T he accuracy of gene localization greatly depends on the
uality of the genome assembly [ 9 ]. A recent study leveraging
he widely utilized duck genome assembly (GCA_003850225.1) has
inpointed a 6.6-kb intronic insertion within MITF . This insertion

s suspected to influence splicing e v ents, consequentl y r esulting
n the white feather phenotype observed in ducks [ 11 ]. Addition-
lly, another study has uncovered 4 new single-nucleotide poly-
orphisms (SNPs) in the MC1R regulator region associated with

lac k pluma ge in duc ks [ 12 ]. This partiall y explains the mec ha-
ism of melanin formation in duck feathers. Ho w ever, questions
egarding feather coloration remain unanswered. Long-read se-
uencing technology, also known as third-generation sequencing,

s capable of generating reads exceeding 10 kb in length. This ca-
ability allows it to span highly re petiti ve genomic regions and
 esolv e assembl y ga ps pr e viousl y intr actable, ther eby enhancing
he continuity of genomic assemblies. As an alternative to rely-
ng on short-read data polishing, P acBio intr oduces high-fidelity
 eads (HiFi r eads), whic h can pr ovide mor e accur ate , continuous ,
nd complete genetic information. It has thus become a k e y tech-
ology for r esearc h [ 13 ]. Meanwhile, adv ancements in gene c hips
nd genome resequencing technologies have made genome-wide
ssociation studies (GWAS) po w erful tools for identifying genetic
ariations linked to phenotypes. GWAS analysis has uncovered
utations in the MuPKS gene responsible for y ello w and blue

luma ge in parr ots [ 14 ]. Additionall y, GWAS has localized a non-
ense mutation (W49X) in the SLC2A11B gene, which is associated
ith the white eye trait in pigeons [ 15 ]. To this end, the pres-

nce of the PMEL gene, which was previously considered “miss-
ng” gene in Pekin ducks, was her eby explor ed based on a high-
uality de novo genome by HiFi sequencing. Building on pr e vious
ndings, this r esearc h identified 2 closel y linked SNPs in the reg-
latory region that might influence PMEL transcription, leading to
he white plumage observed in LC ducks. Overall, this investiga-
ion provides a valuable genome assembly, molecular markers for
uc k br eeding, and offers insights into pluma ge color patterns in
 vian species . 

ata Description 

o understand the genetic basis of the unique plumage pheno-
ype of Liancheng ducks, a high-quality de novo assembly of the
ianc heng duc k genome (GCA_039998735.1) was her eby utilized,
nd 4 different plumage color phenotypes were collected from a
r ossbr eeding population involving LC and PK ducks . Meanwhile ,
hole-genome resequencing of 366 ducks was performed, and the
 esequencing data wer e aligned to our assembled Lianc heng duc k
 efer ence genome for variation calling and subsequently GWAS
nal ysis. In the pr esent study, the PMEL gene associated with
luma ge color ation in Lianc heng duc ks was successfull y identi-
ed thr ough tr anscriptome sequencing anal ysis acr oss blac k- and
hite-feather ed duc ks and 9 duc k tissues, and the genetic mecha-
isms underlying the formation of duck plumage coloration were
 videntl y elucidated. 

aterials and Methods 

ucks and sampling 

erein, all animal procedures adhered to the guidelines for
he care and use of experimental animals set by the Chinese
cademy of Agricultural Sciences (IAS2022-105). The study was
 ppr ov ed by the Ethics Committee of the Chinese Academy of
gricultural Sciences. A blood sample was obtained from a fe-
ale Lianc heng duc k for the pur pose of conducting a de novo

enome assembly. A total of 366 parental and intercross popula-
ion duck plumage color phenotypes were recorded from a previ-
us gradient consanguinity population [ 6 ]. These included 117 PK
uc ks, 59 LC duc ks, 38 white-feather ed duc ks with y ello w beaks

WY), 42 white-feather ed duc ks with blac k beaks (WB), 67 gr ay-
eather ed duc ks with blac k beaks (GF), and 41 blac k-feather ed
ucks with black beaks (BF). All underwent whole-genome re-
equencing ( Supplementary Table S1 ). Additionally, genome data
r om 23 blac k-feather ed duc ks, comprising 20 Mallards (MD) and
 Putian (PT) duc ks, wer e used for compar ativ e anal ysis [ 2 ]. 

For transcriptomics analysis, skin tissues from LC ducks were
ollected at embryonic stages of 12 da ys , 15 da ys , 20 da ys , 28 da ys ,
nd 1 week after birth. Each sample group, except for the four 12-
ay embryo samples, consisted of 3 biological re plicates. Ad dition-
ll y, tissues fr om an 8-week-old blac k-feather ed MD duc k, includ-
ng heart, fat, muscle, brain, spleen, lung, liver, kidney, and skin,
ere collected, with 1 replicate per tissue ( Supplementary Table
2 ) [ 2 ]. Feather bulb specimens were also collected from feather
ollicle from 1-week-old black-feathered MD ducks, LC ducks, PK
uc ks, and WB duc ks, with 3 biological replicates in each sample
roup [ 16 , 17 ]. A total of 37 samples were used for RNA sequenc-
ng (RNA-seq) ( Supplementary Table S2 ). For the imm unofluor es-
ence assay, skins containing hair follicles from three 1-week-
ld MD ducks and 3 LC ducks were collected for protein analy-
is. 

enome assembly and gene annotation 

 combination of PacBio long-read HiFi sequencing and High-
hr ough c hr omosome conformation ca ptur e (Hi-C) tec hnologies
 as hereb y utilized to conduct the de novo assembly of the
ianc heng duc k genome. Long-r ead and long-HiFi ( RRID:SCR _
21966 ) sequencing data (PacBio) were used for the species as-
embly [ 18 ]. Sequencing was performed on the PacBio Sequel II
latform, and genome assembly was conducted using the hifiasm
ersions (v0.19.3 NOV-2023) for contig generation. The 3D-DNA
ipeline ( RRID:SCR _ 017227 ) (NOV-2023) was utilized for manual
uration and to orient the genome sequences based on the Hi-C
ontact ma p [ 19–21 ]. Ultimatel y, B USCO was used to e v aluate the
ompleteness and quality of Liancheng duck genome assembly
IASCAAS_Lianc hengWhiteDuc k, GCA_039998735.1) [ 22 ]. 

Protein-coding genes were predicted via the combination of
 vidence-based pr ediction and de novo prediction. RNA-seq data
ere used for evidence-based annotation through Maker2 (Ver-

ion 2.31.10) (i.e., a po w erful open-sour ce genome annotation
ool). RN A-seq data w er e aligned a gainst the genome using Pro-
ram to Assemble Spliced Alignments (PASA) ( RRID:SCR _ 014656 )
o construct a training model for Augustus ( RRID:SCR _ 008417 ), a
ool designed to predict genes in eukaryotic genomic sequences.
ubsequently, de novo annotation of the genome was performed
tilizing Augustus . De novo genome assembly refers to a method
f piecing together a complete sequence of a ne w genome, r ather
han comparing it based on a known genome. Subsequently, the
esults of the RNA-seq–based annotation and the de novo–based
nnotation were integrated on the principle that the evidence
 esults wer e better than the pr ediction ones. In the final step,
enes wer e filter ed to r etain those with less than 50% repeated se-
uences, encoding proteins longer than 50 amino acids, and hav-

ng at least 1 count of expression. Functional annotation of genes
as performed using eggNOG software ( RRID:SCR _ 002456 ) [ 23 ]. 
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Whole genome resequencing 

A total of 366 samples, consisting of Pekin duc ks, Lianc heng duc ks,
and intercross populations, were hereby selected for resequencing 
( Supplementary Table S1 ). The genome data of 23 blac k-feather ed 

ducks included 20 Mallards and 3 Putian ducks. DNA-eligible sam- 
ples were identified for further testing. Libr aries wer e established,
in volving an a v er a ge r ead length of 150 bp for all samples. Subse- 
quentl y, they wer e sequenced on an Illumina HiSeq X-Ten plat- 
form, and an av er a ge r aw r ead sequence cov er a ge of 5 × was 
yielded. This 5 × cov er a ge ensur ed the accur acy of v ariant calling 
and genotyping when linking back to the Lianc heng duc k r efer- 
ence genome (IASCAAS_Lianc hengWhiteDuc k, GCA_039998735.1) 
[ 6 ]. Following the elimination of read pairs containing adapter se- 
quences, a quality assessment of the raw reads was performed 

using TRIMMOMATIC ( RRID:SCR _ 011848 ) (version 0.36) and Cu- 
tadapt [ 24 , 25 ]. Following that, the high-quality r eads wer e aligned 

to the Liancheng duck reference genome using the Burrows–
Wheeler aligner (BWA-aln) with parameter “bwa aln genome.fa 
sample .fastq > sample .sai, bwa sampe genome .fa sample .sai 
sample .fastq > sample .sam” [ 26 ]. Besides , genetic v ariants wer e 
identified from the sequencing data in this study using the 
Genome Analysis Toolkit (GATK) [ 27 ]. SNPs underwent filtration 

based on the following criteria: (i) SNPs with minor allele fre- 
quency (MAF) > 0.05, (ii) the maximum missing rate per SNP set 
at < 0.7, and (iii) SNPs restricted to possessing only 2 alleles. 

Genome-wide association analysis 

The GWAS was conducted utilizing a mixed linear model im- 
plemented through the EMMAX program ( RRID:SCR _ 024012 ) [ 28 ] 
with genome-wide SNP data and the plumage color phenotype ob- 
served in 366 individuals from the resequencing population. The 
analytical model adopted the form y = Xb + Ga + e, with y rep- 
resenting the phenotypic value (plumage color of each duck), X 

denoting the matrix corresponding to fixed effects, and b signify- 
ing the magnitude of the fixed effects . T he fixed effects included 

sex-r elated influences. G r epr esents the genetic matrix associated 

with population kinship, while e stands for the random residual.
Furthermor e, principal component anal ysis (PCA) was executed 

using all SNPs, with the top 3 components incor por ated as fixed 

effects within the mixed model to adjust for population strati- 
fication. A Bonferr oni corr ection thr eshold of 0.01/N ( −log 10 P = 

8.95) was established to pinpoint significant sites in the GWAS 
findings [ 2 , 8 , 29 ], where N indicates the total number of whole 
genome SNPs (8,887,194). In addition, fine-mapped analyses were 
conducted in 328 ducks via identity by descent (IBD) analysis, for 
the efficiency of Identity By Descent (IBD) fr a gments in reflect- 
ing the genetic relationship between individuals and detecting 
tr ait v ariation. The corr elation between IBD fr a gments and phe- 
notype was used to identify regions affecting trait variation in the 
genome [ 28 , 30 ]. For this analysis, the filtered SNPs ( n = 117) met 
the standard allele frequency difference ( �AF) > 0.8 between the 
Lianc heng duc ks and Pekin duc ks. In the candidate r egion (Chr33: 
5.1–5.5 Mb), 4 recombination breakpoints were identified across 
the 36 SNPs, and the segregating individuals were subsequently 
classified using these 4 recombinant breakpoints. 

Transcriptome sequencing and analysis 

Skin tissues from LC ducks were collected at embryonic stages of 
12 da ys , 15 da ys , 20 da ys , 28 da ys , and 1 week after birth. Addi-
tionally, tissues including heart, fat, muscle, brain, spleen, lung,
li ver, kidne y, and skin were collected from an 8-week-old black- 
feather ed MD duc k. Feather bulb specimens wer e also obtained 
rom feather follicles of 1-week-old black-feathered MD ducks,
C ducks, PK ducks , and WB ducks . T he total RN A w as initially
xtr acted fr om the abov e tissues using Trizol r ea gent (Vazyme).
he RNase enzyme was inactivated by adding pyrrole diethyl car-
onate. Final RNA-seq libraries wer e pr epar ed for the experiment
nd sequenced on an Illumina platform using the 150-bp paired-
nd sequencing module . T he effective read length was increased
y Illumina sequencing, yielding an av er a ge pr oduction of 6 Gb
er library. Using TopHat ( RRID:SCR _ 013035 ), RNA-seq paired-end
 eads fr om eac h libr ary wer e ma pped to the afor ementioned r efer-
nce genome of the Liancheng duck. Besides, the expression was
alculated by using TopHat, and read counts per million (CPM)
alues for the genes were obtained running htseq-count in the
igshare database (10.6084/m9.figshare.27311937) [ 6 , 31 ]. 

uantitati v e PCR analysis on PMEL in feather 
ulb specimens 

omplementary DN A (DN A) from feather bulb specimens, includ-
ng those of blac k-feather ed, gr ay-feather ed, Lianc heng, and Pekin
uc ks, was r e v ersel y tr anscribed using HiScript III All-in-One RT
uperMix Perfect for qPCR (Vazyme). The quantitative PCR (qPCR) 
as conducted in a total volume of 10 μL, which included 5 μL Tap
r o Univ ersal SYBR qPCR Master Mix (Vazyme), 0.8 μL forw ar d and
 e v erse primers, 0.5 μL cDNA, and 3.7 μL distilled water. β-Actin
as selected as the internal r efer ence gene . T he primer sequence

s shown in Supplementary Table S3 . All reactions were run in trip-
icate . T he r elativ e messenger RN A (mRN A) expr ession le v els wer e
alculated using the normalized r elativ e quantification method,
ollo w ed b y the 2 −��CT calculation [ 32 ]. 

mmunofluorescence experiment 
he skin samples of ducks with black and white feathers were em-
edded in paraffin, fixed in 4% buffered paraformaldehyde, and 

ectioned into 5- μm slices . Upon o vernight fixation at 4 ◦C, the du-
ation was k e pt within 24 hours to ensure effective preservation
f tissue integrity . Subsequently , the sections were dewaxed and
 ehydr ated to enhance adhesion and facilitate the dewaxing pro-
ess. Antigen r etrie v al was performed by incubating the sections
n EDTA (Servicebio) at 100 ◦C for 20 minutes. Following r etrie v al,
ntigens were fixed with Tris-EDTA, and sections were washed 

hrice in phosphate-buffered saline (PBS), follo w ed b y a further
inse. For immunostaining, sections were incubated with a PMEL 
ntibody (ABclonal) at 4 ◦C for 12 hours after pr etr eatment with
% bovine serum albumin (Solarbio) for 30 minutes. The PMEL
ntibody, an anti-rabbit species, was hereby utilized for immun- 
detection. Ultimately, feather follicle tissues displaying diverse 
lumage colors were counterstained with DAPI. 

ausati v e m utation screening and identification 

he candidate regions (Chr33: 5.24–5.32 Mb) among 117 Pekin 

uc ks, 59 Lianc heng duc ks, and 152 intercr oss population duc ks
excepting 38 WY ducks) were compared based on the Liancheng
uck genome. Among the candidate IBD fragments, only regions 
eaturing consistent genotypes and phenotypes were further in- 
estigated as Rr candidate regions. To eliminate variations with 

 lo w er likelihood of being causall y involv ed, the following 3-step
r ocedur es wer e conducted: first, the genotype and phenotype in-
ormation from the 328 parents and intercross ducks was utilized
o exclude SNPs based on the standard F ST < 0.8 (LC vs. PK duck).
econd, information from 117 Pekin ducks, 59 Liancheng ducks,
0 Mallards, 42 WB ducks, 43 BF ducks, and 3 Putian ducks was
 pplied. Candidate r egions wer e selected based on the highest F ST 
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 alues shar ed between Lianc heng duc ks and other br eeds . T hird,
nly genotypes that were completely concordant with the pheno-
ypes from the Mallard and Putian duck populations were retained
s candidate causative mutations. Subsequently, all indels within
he candidate regions were excluded using the method described
bo ve . Ultimately, only 2 SNP variations that sho w ed genotype–
henotype concordance across multiple duck breeds were con-
ider ed causativ e v ariations for the Rr locus. 

i-C sequencing and analysis 

kin fat tissue samples from a Liancheng duck were subjected to
ross-linking in 20 mL of fresh ice-cold nuclear isolation buffer.
he c hr omatin extr action methodology adher ed to pr e vious pr o-
ocols [ 2 ]. Subsequently, the purified DN A underw ent digestion
nd fr a gmentation using the DpnII r estriction enzyme, follo w ed
y a repair of the DNA ends, and biotin-labeled DNA fr a gments
ere then isolated using streptavidin C1 beads. Afterw ar d, library
r epar ation was conducted utilizing an Illumina TruSeq DNA
ample Prep Kit following the manufacturer’s guidelines. Quality
ssessment of the Hi-C library was performed through TaqMan
rbitration (TA) cloning, and the Hi-C libr aries wer e sequenced
n an Illumina HiSeq X Ten system. The Hi-C experiments were
erformed independently on 2 occasions, with the experimental
nd sequencing pr ocedur es executed by Gene Tec hnology Co., Ltd.

Raw Hi-C data were processed to eliminate low-quality reads
nd trim adapters using TRIMMOMATIC ( RRID:SCR _ 011848 ) [ 24 ].
ll reads were trimmed to 150 bp, and clean reads were aligned

o the duck genome using a 2-step a ppr oac h integr ated into the
iC-Pro ( RRID:SCR _ 017643 ) software [ 33 ]. Reads of low mapping
uality, m ultiple ma ppings, and singletons were excluded. Sub-
equentl y, uniquel y ma pped r eads wer e consolidated into a single
le. Read pairs were filtered out if they did not align near a restric-
ion site or did not meet the expected fr a gment size after shear-
ng. Subsequent filtering steps were applied to eliminate read
airs derived from invalid ligation products, such as dangling-end
nd self-ligation products, as well as PCR artifacts. The remaining
 alid r ead pairs wer e categorized into intr ac hr omosomal and in-
erc hr omosomal pairs, and contact ma ps wer e then gener ated us-
ng c hr omosome bins of uniform sizes r anging fr om 3 kb to 1 Mb.
he initial contact maps were normalized using a sparse-based

ter ation corr ection method within HiC-Pr o and visualized utiliz-
ng HiCPlotter [ 34 ]. Finall y, r egions r esembling topologicall y asso-
iated domains (TADs) and boundaries were delineated using the
efault algorithm within HiCPlotter at a resolution of 5 kb [ 34 ]. 

tructur al v aria tion detection 

n the GWAS candidate region, all copy number variation (CNV)
tructur al v ariations in the selected populations wer e anal yzed,
ncluding Pekin duc ks, Lianc heng duc ks, WB duc ks, GF duc ks, and
F duc ks. Duc ks fr om these different feather gr oups wer e r an-
omly selected, and the genotype of all individual CNVs was in-
estigated using CNVcaller ( RRID:SCR _ 015752 ) software (version
.11) [ 35 ]. The CNV calling and genotyping pr ocedur es wer e con-
istent with those pr e viousl y described [ 36 ]. Log 2 fold change val-
es reflected the ratio of sequencing read depths in the 1,000-bp
indow region to that of Pekin duc k r eads . T her efor e, the distri-
ution of all CNV genotypes in the aforementioned populations
 as examined. Cop y numbers of 1, 0.5, 0, 1.5, and 2 corresponded

o normal diploidy, loss of heterozygosity, homozygous loss, het-
rozygous duplication, and homozygous duplication, r espectiv el y.
bsolute copy numbers above 2 suggested the presence of com-
lex duplications [ 36 ]. 
uciferase reporter assay 

erein, a total of 4 haplotypes of candidate variations SNP1 and
NP2, along with their upstream and do wnstream regions, w ere
loned into the pGL3-basic and pGL3-promoter vector. The XhoI
nd KpnI restriction sites were utilized as insertion points in the
GL3-basic vector for promoter activity analysis, whereas the
amHI and SalI sites wer e c hosen in the pGL3-pr omoter v ector for
nhancer activity assessment. A375 and duck embryo fibroblast
DEF) cells were plated in 48-well plates at a density of 0.5 × 10 5

er well and cultured for 24 hours in Dulbecco’s modified Eagle’s
edium (Pricella) mixed with 10% fetal bovine serum (Pricella).

ubsequentl y, the cells wer e tr ansfected using Lipofectamine 8000
Beyotime), with each well receiving an equal amount of DNA
237.5 ng), encompassing the 4 sequences that included the SNP1
nd SNP2 sites . Meanwhile , 12.5 ng pRL-TK vector was added to
ach w ell. Follo wing the manufactur er’s pr otocol, cell l ysates wer e
arv ested postl ysis, and lucifer ase activity was measur ed using
he Veritas Microplate Luminometer (Promega). Each sample was
ssa yed in triplicate , with Renilla luciferase activity emplo y ed to
ormalize the firefly luciferase readings [ 12 , 37 ]. 

nalyses 

 ne wl y assembled high-quality Lianc heng duc k 

enome 

o facilitate a compr ehensiv e anal ysis of the white plumage
ianc heng duc k, a de novo genome was constructed utilizing
iFi long-read sequencing data, achieving an 88 × genome cov-
r a ge, and 584.72 Gb of Hi-C data were generated ( Supplementary
able S4 ). These datasets were then utilized for de novo as-
embly for Liancheng duck genome with contig N50 of 12.17
b. The contigs were further scaffolded, corrected, and or-

ered based on Hi-C contact map with scaffold N50 of 83.98
b (IASCAAS_Lianc hengWhiteDuc k, GCA_039998735.1) (Fig. 1 A,

upplementary Table S5 ). Finally, our de novo assembled 1.29 Gb
ianc heng duc k genome exhibited perfect collinearity with Mal-
ards (GCA_008746955.3), and the Pekin duc k r efer ence genome
GCA_015476345.1) demonstrated the high quality of our genome
ssembly (Fig. 1 B). The length of scaffold N50 in our Liancheng
uc k genome assembl y was the longest among all pr e viousl y pub-

ished duck ( Anas platyrhynchos ) genomes, indicating high continu-
ty of our assembly (Fig. 1 C, D, Supplementary Table S6 ). BUSCO
nalysis ( RRID:SCR _ 015008 ) [ 8 ] revealed 96.7% universal single-
opy orthologs, suggesting high completeness of our genome as-
embly ( Supplementary Table S7 ). Based on the high-quality de
ovo assembled of our Liancheng duck genome, a total of 18,819
enes were predicted ( Supplementary Table S8 ). 

nheritance of F2 population traits conforming to 

he law of independent assortment 
 cr ossbr eeding study involving 30 Pekin and 120 Liancheng
ucks was conducted. All F1 individuals (1,260) displayed a gray
lumage color and pattern. In the F2 populations, 4 phenotypes
er e observ ed: BF , GF , WB, and WY ducks (Fig. 2 ). The ratio of
F/GF/WB/WY ducks in the F2 population was 235:452:234:360,
hic h closel y a ppr oximated the theor etical r atio of 3:6:3:4 (Table 1
nd Supplementary Fig. S1 ). The phenotypic r atio observ ed fol-
o w ed Mendel’s law of independent assortment for 2 genes. It was
ypothesized that the genetic mechanism controlling plumage
olor in Liancheng ducks was governed by 2 sites ( Bb and Rr sites),
ith the allele at the Rr site, in interaction with the Bb site, deter-
ining white plumage in Liancheng ducks (Table 1 ). Within the

https://scicrunch.org/resolver/RRID:SCR_011848
https://scicrunch.org/resolver/RRID:SCR_017643
https://scicrunch.org/resolver/RRID:SCR_015752
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae114#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae114#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae114#supplementary-data
https://scicrunch.org/resolver/RRID:SCR_015008
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae114#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae114#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae114#supplementary-data


PMEL gene causing white plumage in ducks | 5 

Figure 1: Ov ervie w of the assembl y quality and c har acteristics of the Lianc heng duc k genome. (A) Circular dia gr am illustr ating the c har acteristics of 
the genome assembly. The tracks from the inner to outer circles represent the following: chromosomes, gene density, SNP density, GC content (%), and 
read count. The window size of each circle was 200 kb. (B) Genome synteny analysis between the Liancheng duck and Mallard, as well as Pekin duck. 
Chromosomes 1–33, as well as the 2 sex chromosomes. (C) Genome statistics for the hifiasm genome assemblies of the Liancheng duck genome in this 
study. (D) The length of scaffold N50 (Mb) of Liancheng duck in this study (GCA_039998735.1) was compared with all previously published duck ( Anas 
platyrhynchos ) genomes. 

Figur e 2: T he dia gr am depicted the segr egation of pluma ge colors in the 
F2 population. The Liancheng duck sho w ed the white-feathered ducks 
with black beaks (WB), whereas the Pekin duck exhibited the 
white-feather ed duc ks with y ello w beaks (WY). The F1 generation 
displayed the gr ay-feather ed duc ks with blac k beaks (GF). In the 
subsequent F2 gener ations, duc ks wer e observ ed with phenotypes, 
including blac k-feather ed duc ks with blac k beaks (BF), GF, WB, and WY 

ducks. 
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F2 population, 2 alleles ( B , dominant, enabling melanin synthesis,
and b , r ecessiv e, inhibiting melanin synthesis) segr egated at the 
Bb locus . T he other locus , denoted as Rr , possessed 2 alleles that 
regulated melanin accumulation in the feather: R (dominant, al- 
owing melanin synthesis in the feather) and r (r ecessiv e, r epr ess-
ng melanin synthesis). The B allele at the Bb locus displayed an
pistatic effect, while the R allele at the Rr locus demonstrated an
ncomplete dominance effect. The cross between the Liancheng 
uck ( BBrr ) and the Pekin duck ( bbRR ) resulted in the production
f gray feather ducks ( BbRr ), with the genotypes of BF , GF , WB, and
Y being B_RR , B_Rr , B_rr , and bb_ _ , r espectiv el y (Table 1 , Fig. 2 ).

mportantl y, no significant differ ence was observ ed between the
ctual and expected numbers within the F2 population ( n = 1,281,
 = 0.345), with a squared value of 3.322 ( χ2 0.05(3) = 7.81, χ2 0.01(3) =
1.34). The Bb locus had pr e viousl y been identified as the primary
ene responsible for white plumage in ducks [ 2 ]. 

enome-wide association analysis for 
egrega ting popula tion duck plumage color 
he duck samples were resequenced with the average depth of
 ×. A cohort of 188 duc ks fr om a segregating population de-
iv ed fr om Lianc heng duc ks and Pekin ducks was hereby selected
or GWAS anal ysis. Initiall y, using the genome of the Lianc heng
uck as a reference, the present study identified 2 sites control-

ing the white feather phenotype on c hr omosomes 13 and 33
Fig. 3 A). This r esearc h highlighted a specific gene on c hr omo-
ome 13 that regulated melanin synthesis in Liancheng ducks 
 Supplementary Figs. S2 , S3 ). Given that the white plumage phe-
otype in Liancheng ducks did not show sex-related patterns,
ytoplasmic inheritance considerations for white plumage were 
eemed unnecessary . Subsequently , the Rr gene was pinpointed
o the 5.24–5.32Mb region of c hr omosome 33 in Liancheng ducks
Fig. 3 B), which contained potential candidate genes such as PMEL ,
AB5B , IKZF4 , ERBB3 , PA2G4 , ZC3H10 , and ESYT1 (Fig. 3 C). Within

https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae114#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae114#supplementary-data
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Table 1: The number of F2 populations in different phenotypes and the chi-squared test 

Comparison BF duck ( B_RR ) GF duck ( B_Rr ) WB duck ( B_rr ) WY duck ( bb_ _ ) Ratios χ2 value P value 

Observed number 235 452 234 360 3:5.8:3:4.6 3 .322 0 .345 (ns) 
Expected number 240 481 240 320 3:6:3:4 

Note: BF r epr esents blac k-feather ed duc ks with blac k beaks in the F2 population; GF r epr esents gr ay-feather ed duc ks with blac k beaks in the F2 population; WB 
r epr esents white-feather ed duc ks with blac k beaks in the F2 population; WY r epr esents white-feather ed duc ks with y ello w beaks in the F2 population. χ2 

0.05(3) = 

7.81, χ2 
0.01(3) = 11.34; ns, no significant difference. 

Figure 3: Screening for the candidate region associated with the white plumage of Liancheng ducks involved a GWAS on a cohort of 188 ducks from a 
cross between Pekin ducks and Liancheng ducks. (A) A Manhattan plot sho w ed the genetic effects on plumage color. (B) Locuszoom in of the regions on 
c hr omosome 33 (5.21–5.37 Mb) linked to white plumage in Liancheng ducks. Genotypic SNPs were identified based on linkage imbalance values 
compared to the leading SNP in the intercross population duck (Chr33: 5,303,413). (C) Candidate genes in the region (5.24–5.32 Mb) were identified, 
with white and black arrows indicating gene orientation and chromosome 33 direction, respectively. (D) IBD analysis used color schemes to refine 
candidate regions, with blue for Pekin ducks and black-feathered ducks , gra y for Liancheng ducks and white-feathered black beak ducks, and y ello w 

for gray plumage ducks (LC vs. PK, F ST > 0.8). (E) Genome div er gence anal ysis among 6 duc k br eeds, including LC v ersus PK duc ks, BF duc ks, Mallards 
(MD), and Putian (PT) ducks within the candidate region (Chr33: 5.29–5.32 Mb), with averaged F ST values in a 10-kb region in each comparison group. 
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he candidate region (Chr33: 5.24–5.32 Mb), 4 minimal recom-
ination haplotypes were identified based on the parents and
egregating populations from 117 SNPs with an F ST > 0.8 (PK
s. LC ducks). Only the haplotypes in block 4 (Chr33: 5,303,111–
,304,416,101,305 bp) located upstream of the PMEL gene corre-
ponded to the observed phenotypes (Fig. 3 D). Additionally, a sig-
ificantly high peak in the F ST value was observed in the RR versus
r duck populations within the selected candidate region, while no
eak was spotted in rr versus rr duck populations (Fig. 3 E). 

MEL causes melanin deposition in duck 

lumages 

he region on chromosome 13 was found to encompass the MITF
ene in the GWAS analysis ( Supplementary Fig. S2 ). Compari-
on with the Pekin duck genome assembly (GCA_003850225.1) re-
ealed a 6.6-kb insertion in the MITF gene, strongly associated with
elanin synthesis in ducks ( Supplementary Table S9 ). Following

he exclusion of the MITF signal, subsequent GWAS analysis iden-
 L
ified a single signal on c hr omosome 33 ( Supplementary Fig. S3 ).
andidate region included PMEL , RAB5B , IKZF4 , ERBB3 , PA2G4 ,
C3H10 , and ESYT1 . Results indicated that only the PMEL gene
ho w ed significant differential expression (Fig. 4 A, B), with higher
xpr ession le v els in blac k-feather ed duc ks compar ed to gr ay-
eather ed duc ks ( −Log10( p ) > 30). RNA-seq r esults sho w ed no ex-
ression of the PMEL gene in feather bulb specimens of white-
eather ed duc ks (Fig. 4 C, D). Other genes within the GWAS can-
idate range (Chr33: 5.24–5.32 Mb) were excluded due to similar
ene expr ession le v els in differ ent pluma ge populations or in-
onsistent gene expression patterns related to melanin regula-
ion. Furthermor e, qPCR r esults confirmed PMEL as the Rr gene
Fig. 4 C). Notably, the PMEL gene exhibited an elevated average GC
ontent of 72.4% ( Supplementary Fig. S4 ). Additionally, the PMEL
ene expression correlated with the plumage color phenotype of
ianc heng duc ks at v arious de v elopmental sta ges, with high ex-
r ession le v els observ ed in the skin tissue (Fig. 4 B), further under-
coring the importance of establishing a high-quality genome for
ianc heng duc ks. 

https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae114#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae114#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae114#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae114#supplementary-data
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Figure 4: Identification of the candidate gene for white plumage in Liancheng ducks (A) Gene expression of 7 GWAS candidate region genes ( PMEL , 
RAB5B , IKZF4 , ERBB3 , PA2G4 , ZC3H10 , ESYT1 ) in 1-week-old feather follicle samples of white- and blac k-feather ed duc ks, with 3 r eplicates per sample. 
Log 2 (FC) values were used to analyze gene expression differences in blue, and values where −Log 10 ( p ) values were shown in green. (B) Analysis of the 
expr ession le v els of the 7 candidate genes in skin tissues of Lianc heng duc ks at differ ent de v elopmental sta ges. E12d, E15d, E20d, and E28d (also the 
first day of birth) r epr esent 12, 15, 20, and 28 days of the embryonic period, r espectiv el y. Data ar e sho wn as mean ± standar d error ( n = 3). (C) CPM and 
qPCR results of PMEL in 1-week-old feather bulb samples of ducks. Data are presented as mean ± standard error ( n = 3). ∗∗P < 0.01, ∗∗∗P < 0.001. (D) 
Imm unofluor escence r esults showing PMEL distribution in feather bulb specimens of blac k- and white-feather ed duc ks. Blac k (Mallards) and white 
(Lianc heng duc ks). 
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Rr v aria tion being fine mapped to PMEL 

upstream regulatory region 

The results of the IBD analysis indicated that only the haplotypes 
in block 4 (Chr33: 5,303,111–5,304,416,101,305 bp), positioned up- 
stream of the PMEL gene, were associated with the observed phe- 
notypes (Fig. 3 D). Mor eov er, a pr onounced peak was observ ed in 

the RR versus rr duck populations within the candidate region 

(Fig. 3 E), further substantiating this segment (Chr33: 5,303,111–
5,304,416,101,305 bp) as the Rr locus. Among the identified can- 
didate variations in this region, 1 CNV ( Supplementary Figs. S5 
and S6 ) was initially excluded. Only 12 SNP variants and 2 in- 
dels were retained after applying a threshold of F ST > 0.8 (PK 

vs. LC ducks) ( Supplementary Table S10 ). It should be noted that 
all 12 SNP were found in the upstream regulatory region of the 
PMEL gene (Chr33: 5,239,969–5,244,318). Finally, 2 SNPs (Chr33: 
5,303,994A > G; 5,303,997A > G) were hereby identified as the poten- 
tial causal variants across all duck breeds ( Supplementary Table 
S10 ). Intriguingly, these 2 SNPs were observed to be in complete 
linka ge disequilibrium. Additionall y, Hi-C data r e v ealed that the 
PMEL gene, along with its upstr eam r egion harboring the 2 candi- 
date SNPs, resided within a TAD (Fig. 5 ). 

Functional analysis of 2 candidate SNPs 

Considering the location of the 2 candidate SNPs (SNP1 and SNP2) 
(Chr33: 5,303,994A > G; 5,303,997A > G) in the noncoding upstream 

region of the PMEL gene, their promoter and enhancer effects were 
assessed using pGL3 luciferase vectors (Fig. 6 A, B). Both pGL3 vec- 
ors (pGL3-basic-white and pGL3-basic-black) with inserts sho w ed 

inimal luciferase activity in DEF cells and human melanoma 
ells (A375) (Fig. 6 C), indicating no promoter activity at these SNP
ites. Ho w e v er, for enhancer activity, those vectors with inserts
pGL3-promoter-white and pGL3-promoter-black) displayed sig- 
ificantl y differ ent lucifer ase activity in DEF cells and A375 cells

analysis of variance [ANOVA], P < 0.01). Notably,results revealed 

he higher luciferase activity of both pGL3-promoter-white-1mut 
nd pGL3-pr omoter-white-2m ut compar ed with pGL3-pr omoter- 
hite (Fig. 6 D). This indicated a synergistic enhancement activity
y the black alleles of variations SNP1 and SNP2. 

Analysis on the JASPAR transcription prediction website re- 
 ealed that m ultiple tr anscription factors might bind differ-
ntly to sequences surrounding candidate SNPs located at Chr33: 
,303,944–5,304,098. The results suggested that variations in SNP1 
nd SNP2 could impact the binding of various transcription fac-
ors, as illustrated in Supplementary Fig. S7 . Furthermore, differ-
ntial expression of the SOX5 transcription factor was observed 

n the feather follicles of white- and blac k-feather ed duc ks. It was
hereby hypothesized through these findings that variations in 

NP1 and SNP2 could potentially be k e y m utations r esponsible
or the white feather phenotype. 

iscussion 

he white plumage phenotype is considered a common trait in
arious a vian species , such as chickens [ 38 , 39 ], peafowl [ 40 ],

https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae114#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae114#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae114#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae114#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae114#supplementary-data
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Figure 5: High-through chromosome conformation capture (Hi-C) result of the end of chromosome 33 (4.75–5.8 Mb) in skin fat of Liancheng ducks. (A) 
Log 2 (interaction matrix) analysis of Chr33 (resolution: 5 kb). Strong contacts are shown in red, and weak contacts are shown in white . T he heatmap 
shows a normalized contact matrix in 5-kb bins. Light green indicates the Rr site candidate region by GWAS analysis. (B) Triangular result of Log 2 
(interaction matrix) of Chr33 (4.75–5.75 Mb) and the (C) TAD-like and boundary-like regions were identified with the default algorithm built in 
HiCPlotter at a resolution of 5 kb. (D) Log 2 (interaction matrix) of Chr33 (5.235–5.325 Mb). Candidate regions identified from Chr33: 5.24–5.32 Mb by 
GWAS result and genes within it (light green regions). 
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eese [ 41 ], and ducks [ 2 , 42 ]. The unique white plumage pheno-
ype of Liancheng ducks has been extensively delved into [ 42–
4 ], but the genetic mechanisms behind it remain unclear. The
resent findings suggested that the inheritance of the plumage
olor phenotype in Lianc heng duc ks was likel y gov erned by
 autosomal genes, independent of the sex c hr omosomes (Ta-
le 1 ). Despite using the pr e vious Pekin duck reference genome

IASC AAS_PekingDuck_PBH1.5, GC A_003850225.1), 3 signals were
dentified through the current GWAS analysis ( Supplementary
ig. S8 ), which was considered to be attributed to an incomplete
enome assembly. To further investigate the white feather phe-
otype of Liancheng ducks, a high-quality genome was therefore
rst established for Liancheng ducks (Fig. 1 ). This new reference
enome featured a size of 1.29 Gb, with contig and scaffold N50
alues of 12.17 and 83.98 Mb, r espectiv el y ( Supplementary Table
5 ). The scaffold N50 length of the Liancheng duck genome was
igher than that of other duck genomes [ 45–48 ], representing a
ore complete and better continuity of the duck genome assem-

ly. Ho w ever, the chromosomes number identified from this newly
enome should still be further impr ov ed compar ed to those of the
uscovy duck and crested duck [ 49 , 50 ]. Further pan-genome and

unctional gene-mining analysis could be conducted in the future
 29 , 47 , 51 ]. Taken together, these findings r epr esent the first con-
truction of the Liancheng duck genome, resulting in enhanced
enome contiguity compared to previous duck genomes. 

MITF is a k e y regulator of melanin synthesis, controlling the
xpression of enzymes involved in this process as well as recep-
ors critical to melanocyte function [ 52–54 ]. This gene produces
 ultiple isoforms thr ough the use of alternativ e pr omoters, whic h

hare coding exons but feature different amino termini [ 55 ]. While
ITF v ariants ar e known to influence melanin r egulation, the r eg-
lation of these isoforms remains to be explor ed. Her ein, the ex-
ression of 2 MITF isoforms, MITF-B and MITF-M , were discovered

n duc ks, with onl y the latter being crucial for melanin synthesis
n duck plumage [ 2 , 9 , 56 ]. MITF-M isoforms have also been shown
o regulate white coloration in the fur of dogs [ 57 ], llamas [ 58 ],
nd mice [ 59 ]. SNPs , indels , and structur al v ariants wer e pr e vi-
usly found in MITF as possible causes of white plumage in ducks
 60 ]. Two synonymous SNPs (c.114T > G and c.147T > C) and a 14-bp
ndel (GCTGC AAAC AGATG) in intron 7 of duck MITF were signif-
cantly associated with the black- and white-colored breeds ( P <
.001) [ 61 ]. One variant in the 5 ′ UTR of MITF was significantly as-
ociated with feather color phenotypes in geese [ 62 ]. A 6.6-kb in-
ertion within the MITF gene demonstrated a strong correlation
ith melanin production in ducks [ 2 ] and indicated the on/off

ole of MITF in the melanin generation pathway of Pekin ducks.
ITF could promote differentiation-related functions, including

egulation of genes involved in pigmentation, such as PMEL , TYR ,
YRP1 , DCT , MLANA , SILV , and SLC24A5 [ 60 ]. In the years follow-

ng the separation of the MITF gene, the number of potential tar-
et genes increased sharply. Based on GWAS analysis, the role of
he MITF gene as an epistatic gene controlling melanin synthesis
n Lianc heng duc ks was her eby confirmed, aligning with pr e vious
 esearc h findings [ 44 ]. Ov er all, this highlights the significant r eg-
latory role of MITF in melanin synthesis in Lianc heng duc ks and
nderscores its importance as a k e y genetic factor in pigmenta-
ion. 

PMEL, a type I tr ansmembr ane tr ansport gl ycopr otein, is syn-
hesized in the endoplasmic reticulum and plays a crucial role in
myloid fiber formation during stages I and II of melanosome for-
ation in the L-dopa pathwa y [ 63 , 64 ]. Upon synthesis , PMEL is

ransported to the melanosomes, where it undergoes proteolytic

https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae114#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae114#supplementary-data
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Figure 6: Functional analysis of the candidate variation controlling the white plumage phenotype of Liancheng duck. (A) Diagram of 6 pGL3 vectors for 
the luciferase reporter gene experiment. Candidate SNP1 and SNP2 (Chr33: 5,303,994A > G and 5,303,997A > G) of Liancheng duck and Pekin duck were 
inserted into empty pGL3-basic and pGL3-promoter vectors . pGL3-basic , pGL3-pr omoter, and pGL3-contr ol wer e used as negativ e and positiv e contr ol. 
Insertion fr a gments ar e marked in y ello w and blue in pGL3-basic to v erify the pr omoter activity. The y ello w and blue bo xes re presents insertion 
fr a gment of the pGL3-promoter to verify enhancer acti vity. Ad ditionally, vectors also contained a green box (luciferase reporter gene), grey box 
(pr omoter r egion) and a blue arr ow (tr anscription site). (B) Genotype distribution of SNP1 and SNP2 in Lianc heng duc k (AA_AA, n = 59) and Pekin duc k 
(GG_GG, n = 117). (C) Validation of promoter activity of homozygous wild-type (AA_AA) and homozygous mutation (GG_GG) in DEF cells and A375 
cells. Data are presented as mean ± standard error ( n = 8) (ANOVA, P > 0.05). (D) Enhancer activity of AA_AA, GG_GG, GG_AA, and AA_GG vectors in 
DEF cells and A375 cells. Data are presented as mean ± standard error ( n = 8) (ANOVA, ∗∗P < 0.01). 
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processing to form fibrils [ 65 ]. These fibrils act as a scaffold for the 
deposition of melanin pigments, catalyzed by enzymes like tyrosi- 
nase [ 66 , 67 ]. Mutations in the PMEL gene can lead to abnormali- 
ties in melanosome formation and melanin deposition, impacting 
pluma ge color ation in v arious bird species, including c hic kens [ 38 ,
68 ], Junco hyemalis [ 69 ], Japanese quail [ 70 ], and Indian peafowl 
[ 40 ]. To date, only 21 bird species have annotated the PMEL gene 
among 120 bird genomes ( Supplementary Table S11 ). Ho w e v er, the 
association between the PMEL gene and duck plumage color phe- 
notype has not been pr e viousl y r eported. 

In this study, the PMEL gene was found to be significantly differ- 
entiall y expr essed between the feather bulb specimens of white- 
and blac k-feather ed duc ks (ANOVA, P < 0.001). The imm unoflu- 
r escence r esults indicated high expr ession of the PMEL pr otein
n feather follicle specimens of black and gray plumage ducks,
ontrasting with low expression in white plumage ducks. Many 
ther studies suggested the possible involvement of the PMEL gene
n the deposition of feather melanin [ 69 , 71–73 ]. Meanwhile, the
MEL gene is also implicated in the formation of white feathers in
uail [ 74 ] and in the white feathers of c hic kens at the hatc h sta ge
 75 ]. Endogenous PMEL expression is regulated by MITF , with alter-
tions observed in melanoma cells [ 76 ]. Ho w ever, the specific in-
erplay between these 2 genes in determining the plumage color
f Lianc heng duc ks r equir es further inv estigation. Ov er all, this r e-
earch has annotated the PMEL gene in the domestic duck genome
 Supplementary Fig. S4 , Supplementary Table S12 ), a gene pr e vi-

https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae114#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae114#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae114#supplementary-data
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usly thought to be absent in Pekin ducks. MITF , a k e y regulator
f melanin production in ducks, was also identified. The inactiva-
ion of PMEL in feather bulb specimens led to the distinct white
nd black feathering characteristic of Liancheng ducks. 

In the candidate region identified through GWAS analysis, a to-
al of 12 SNPs, 2 indel variations, and 1 CNV variation were in-
estigated ( Supplementary Table S10 , Supplementary Figs. S7 and
8 ). Among these v ariants, onl y 2 SNPs (Chr33: 5,303,994A > G and
,303,997A > G) were found to be consistently associated with the
bserv ed pluma ge color phenotypes acr oss m ultiple br eeds. Data
r om pr omoter activity assays indicated that the SNPs in question
er e unlikel y to serv e as dir ect PMEL pr omoters for gene expr es-

ion (Fig. 6 C). Instead, the present genetic findings indicated that
hese 2 linked SNP variations, located in the upstr eam r egion of
he PMEL gene, exhibited functional enhancer activity that might
 emotel y r egulate PMEL gene expression ( Supplementary Figs. S5
nd S6 ). The long-r ange r egulation pr obabl y modulates PMEL gene
xpression, affecting the black feather pigmentation in ducks,
ligning with the melanin phenotype of duck feathers. 

Remote regulation elements are thought to engage with target
r omoters thr ough physical pr oximity [ 77 ], yet the pr ecise func-
ional implications of this proximity are not well defined. In the
urr ent r esearc h, potential r egions encompassing PMEL and 2 can-
idate SNPs were identified within a single topologically associ-
ted domain region (Fig. 5 ), demonstrating this area as a possi-
le part of a genomic region with frequent interactions . T he pro-
ess of loop extrusion not only promoted interactions within the
AD but also shielded the TAD from external influences [ 78 ]. Fur-
hermor e, enhancer–pr omoter inter actions might intensify dur-
ng mammalian de v elopment [ 79 ], potentiall y accounting for the
 ariation in pluma ge colors of Lianc heng duc ks fr om embryonic
o postnatal stages. It was also noted that only SOX5, the pre-
icted transcription factor, displayed varying expression levels in
eather bulbs of different plumage colors ( Supplementary Fig. S7 ).
otabl y, other tr anscription factors might also contribute to the
 egulatory mec hanism. Mor eov er, the gr ay pluma ge, an interme-
iate phenotype observed in this study, could be related to a hap-

oinsufficiency effect [ 80 ]. 
Feather phenotype is a complex trait that encompasses a series

f interlinked modules [ 81 ]. Birds exhibit a wide array of elaborate
igmentation patterns, which serve various functions such as at-
racting mates or providing camouflage or intimidation against
redators. Melanin is a crucial pigment in feather coloration, and

ts role is mediated through the regulated presence, distribution,
nd differentiation of these melanocytes. Recent studies have re-
orted that the variation of MITF , PMEL , TYR , EDNRB2 , SLC45A2 ,
nd MC1R genes and Agouti signaling protein can regulate the pro-
uction of feather melanin in ducks [ 2 , 82 ]. Ho w ever, the role of the
MEL gene in feather melanin formation in ducks has not been
onfirmed. The present study makes the meaningful attempt to
lucidate the role of the PMEL gene in pigmentation within duck
eathers, offering valuable insights into the genetic mechanisms
ehind pluma ge color ation. It also holds pr actical implications for
electiv e br eeding and conserv ation initiativ es. 
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