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Abstract 

Background  In day-old Hungarian white goose goslings, there is a noticeable difference in dorsal down coloration 
between males and females, with females having darker dorsal plumage and males having lighter plumage. The 
ability to autosex day-old goslings based on their dorsal down coloration is important for managing them efficiently 
and planning their nutrition in the poultry industry. The aim of this study was to determine the biological and genetic 
factors underlying this difference in dorsal down colorationthrough histological analysis, biochemical assays, tran-
scriptomic profiling, and q‒PCR analysis.

Results  Tissue analysis and biochemical assays revealed that compared with males, 17-day-old embryos and day-old 
goslings of female geese exhibited a greater density of melanin-containing feather follicles and a greater melanin 
concentration in these follicles during development. Both female and male goslings had lower melanin concentra-
tions in their dorsal skin compared to 17-day-old embryos. Transcriptome analysis identified a set of differentially 
expressed genes (DEGs) (MC1R, TYR​, TYRP1, DCT and MITF) associated with melanogenesis pathways that were 
downregulated or silenced specifically in the dorsal skin of day-old goslings compared to 17-day-old embryos, 
affecting melanin synthesis in feather follicles. Additionally, two key genes (MC1R and MITF) associated with feather 
coloration showed differences between males and females, with females having higher expression levels correlated 
with increased melanin synthesis and darker plumage.

Conclusion  The expression of multiple melanogenesis genes determines melanin synthesis in goose feather follicles. 
The dorsal down coloration of day-old Hungarian white goose goslings shows sexual dimorphism, likely due to differ-
ences in the expression of the MC1R and MITF genes between males and females. These results could help us better 
understand why male and female goslings exhibit different plumage patterns.
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Background
Sexual dimorphism in plumage coloration is common 
among avian species [1]. Among Hungarian white geese, 
this dimorphism is evident in the dorsal down colora-
tion of newly hatched goslings, with females having dark 
grey plumage and males displaying lighter shades of grey 
or light yellow. The sex determination of day-old gos-
lings can be largely performed by observing differences 
in dorsal down characteristics, although this method 
may not be 100% accurate [2]. Compared with vent sex-
ing, utilizing differences in feather phenotypes for auto-
matic sex identification is cost-effective and efficient, 
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providing faster results. Most commercial egg–laying 
strains can be sexed by their wing feathers at the day-old 
stage. However, color sexing cannot be applied to most 
goose breeds (both females and males are born with yel-
low fluff), except for the Hungarian white goose. There-
fore, the Hungarian white goose serves as an ideal model 
for studying sexual dimorphism in goose plumage col-
oration and could be an essential breeding material for 
generating additional autosexing strains based on feather 
phenotypes.

Animal coloration is primarily determined by pig-
ments, which play a crucial role in the vast array of color-
ation observed in the animal kingdom. Numerous studies 
have consistently demonstrated that color morphs in a 
wide range of bird species are primarily attributed to mel-
anins and carotenoids, with melanins being more preva-
lent [3, 4]. Although the genetic mechanisms underlying 
carotenoid-based coloration remain largely unexplored, 
melanin-based color traits offer a valuable model system 
for investigating the genetic basis of phenotypic diver-
sity [5]. Melanin, the most prevalent pigment in ani-
mal coloration, contributes to the vibrant feather colors 
observed in birds. Avian melanin pigmentation often 
shows widespread sexual dimorphism [6]. Therefore, our 
study focused on investigating the sexual dimorphism of 
melanin-based plumage coloration in goslings.

Bird plumage encompasses two main types of mela-
nin: eumelanin, which produces dark black, brown, or 
grey colors, and pheomelanin, which creates lighter 
yellowish to reddish hues [7]. Typically, avian feathers 
contain a blend of these melanins. Variations in mela-
nin-based color traits primarily arise from differences 
in the quantity, proportion, and distribution of eumela-
nin and pheomelanin, as well as through processes such 
as melanoblast migration, differentiation, and melano-
some structure and transport [5]. In avian species, white 
and yellow plumage lack detectable levels of eumelanin 
due to the absence of eumelanosomes required for its 
synthesis [8]. These findings suggest that the chemical 
composition and concentration of melanin play a crucial 
role in determining feather coloration in birds. Day-old 
goslings exhibit three distinct colors, namely pale yellow, 
light gray, and black with evident sexual dimorphism. 
However, the underlying mechanisms responsible for 
the development of sexually dimorphic plumage colora-
tion remain poorly understood and necessitate further 
investigation into the interplay between eumelanin and 
pheomelanin production in goslings.

Melanin synthesis is mediated by melanosomes located 
within melanocytes and is influenced by various extra-
cellular factors, including specific enzymes and other 
crucial regulatory and structural proteins. Tyrosinase 
and dopachrome tautomerase are the two most studied 

enzymes involved in melanogenesis. Tyrosinase, often 
considered the rate-limiting enzyme, is indispensable for 
melanin biosynthesis within melanocytes [5]. The genetic 
regulation of avian melanin biosynthesis involves the 
expression of key enzymes responsible for melanin syn-
thesis, along with other vital regulatory factors [7]. Exist-
ing research has sought to elucidate associations between 
variations in genotype and gene expression levels with 
phenotypic differences in melanin-based coloration. 
Consequently, more than 50 genes linked to plumage 
coloration have been identified in avian species [8]. Sev-
eral of these genes, including the melanocortin receptor 
1 (MC1R) gene [9–11], tyrosinase (TYR​) gene [11, 12], 
tyrosinase-related protein 1 (TYRP1) gene [13], endothe-
lin receptor B2 (EDNRB2) gene [14], dopachrome 
tautomerase (DCT) gene [15], and microphthalmia-asso-
ciated transcription factor (MITF) [16] gene, among oth-
ers, have been extensively investigated for their role in 
modulating melanogenesis, melanoblast migration, and 
melanocyte differentiation, thereby influencing melanin-
based plumage coloration. Moreover, comprehensive 
studies have investigated how different variants within 
these candidate genes interact with feather color in vari-
ous duck populations and breeds [17–22]. Additionally, 
MITF serves as a pivotal switch gene that regulates the 
majority of downstream genes involved in the melano-
genesis pathway [16]. The Wnt, cAMP, and MAPK signal-
ing pathways play important roles in regulating the cycle 
of melanocyte the development and maintenance of hair 
follicles, the synthesis and transport of melanin, and the 
pigmentation of hair and skin. MITF is central to these 
processes. Despite extensive research on the synthe-
sis mechanism of melanin deposition in various feather 
color types, the molecular mechanisms underlying sexual 
dimorphism in plumage coloration between male and 
female geese remain poorly understood. This study aimed 
to compare the levels of melanin in the skin on the backs 
of male and female geese, determine where melanin is 
found in their feathers, and analyze the genes involved in 
sexually dimorphic plumage coloration based on mela-
nin. The results should provide a better understanding of 
the mechanisms governing sexual dimorphism in gosling 
plumage formation.

Materials and methods
Animal ethics
The animals in this study were approved and followedthe 
’Regulations on the Administration of Laboratory Ani-
mals’ promulgated by the State Council of the People’s 
Republic of China in 2017. This study was authorized by 
the Animal Ethics Committee of Shanghai Academy of 
Agricultural Sciences (Shanghai, China) under approval 
number (SAASPZ0522046). We conducted this research 
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following the ARRIVE guidelines (https://​arriv​eguid​
elines.​org) and in accordance with ethical guidelines and 
regulations for animal treatment.

Animals and sample collection
All skin tissue samples were collected in strict adherence 
to animal welfare regulations. The Hungarian white gos-
lings selected for the experiment were euthanized via car-
bon dioxide inhalation, followed by cervical dislocation 
by trained individuals. The samples from E17 (embryos 
at 17 days of age) (n = 12, 6 females and 6 males) and D0 
(newly hatched goslings) (n = 12, 6 females and 6 males) 
were obtained from the Zhuanghang Research Farm, 
affiliated with the Shanghai Academy of Agricultural Sci-
ences, Shanghai, China. The dorsal down coloration of 
goslings at the E17 and D0 stages is depicted in Fig.  1. 
After euthanasia, the feathers were removed to preserve 
intact feather follicle tissue. Skin tissue devoid of subcu-
taneous adipose tissue was collected and processed in 
triplicate after gentle washing with phosphate-buffered 
saline (PBS, Cyclone, Logan, UT, USA). These tissue sec-
tions were fixed in 4% paraformaldehyde at room tem-
perature. Simultaneously, samples for ELISA analysis 
were immediately stored at -80 °C. The remaining sam-
ples intended for RNA extraction were subsequently 
flash-frozen in liquid nitrogen and stored at -80 °C.

Histological analysis
Skin tissues were removed from the fixative and pro-
cessed through dehydration, wax infiltration, embedding, 
and sectioning at a thickness of 4 µM for subsequent 
silver nitrate staining. The paraffin sections were then 
sequentially immersed in xylene I for 20 min, followed 
by xylene II for another 20 min. They were subsequently 
treated with anhydrous ethanol I and II for 5 min each, 
followed by immersion in 75% ethyl alcohol for an addi-
tional 5 min. The sections were then rinsed thoroughly 
with tap water and distilled water through a series of 

3–5 washes. Each slide was stained using a Masson Fon-
tana Stain Kit (Wuhan Servicebio Technology Co., Ltd., 
Wuhan, China) and sealed with a neutral resin. The pre-
pared skin tissue sections were examined under a Nikon 
Eclipse E100 microscope (Nikon, Tokyo, Japan), and 
images were acquired using the NIKONDS-U3 imaging 
system (Nikon, Tokyo, Japan).

ELISA Assay
The melanin content in the skin tissues was quanti-
fied using ELISA. Goose skin tissue weighing 0.1 g was 
transferred to a 2 mL EP tube, followed by the addition 
of 1 mL of normal saline. The mixture was thoroughly 
homogenized and then centrifuged at 3000 RPM for 10 
min to obtain the supernatant. Melanin concentrations 
in the skin tissues were quantified using an enzyme-
linked immunosorbent assay (ELISA) kit for goose mela-
nin obtained from Beijing JINZHIYAN Biotechnology 
Co., Ltd., Beijing, China, following the manufacturer’s 
instructions.

Total RNA isolation and Illumina sequencing
Skin tissues were subjected to RNA extraction using 
TRIzol reagent (Invitrogen, Carlsbad, CA, USA) fol-
lowing the manufacturer’s protocol. The concentration, 
quality, and integrity of the RNA were assessed using a 
NanoDrop spectrophotometer (Thermo Fisher Scientific 
Inc., Waltham-, MA, USA). The cDNA libraries were pre-
pared using the NEBNext Ultra II RNA Library Prep Kit 
for Illumina (New England Biolabs Inc., Ipswich, Mas-
sachusetts, USA) from 3 μg of high-quality total RNA 
(OD260/280 > 2.0, OD260/230 > 2.0) following the estab-
lished protocol. Thereafter, cDNA libraries underwent 
shearing, purification, blunting of ends, and ligation to 
adapters optimized for Illumina sequencing. Library 
products with 400–500 base pairs were enriched and 
purified using the AMPure XP system (Beckman Coulter, 
Beverly, CA, USA). DNA fragments with ligated adaptor 

Fig. 1  Dorsal down coloration in goslings at the 17-day embryo and day-old stages. A and B depict the dorsal down coloration of female and male 
geese, respectively, in 17-day-old embryos. C and D show the dorsal down coloration of female and male goslings at the day-old stage, respectively

https://arriveguidelines.org
https://arriveguidelines.org
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molecules on both ends were selectively amplified using 
Illumina PCR Primer Cocktail in a 15-cycle PCR. The 
resulting products were purified again using the AMPure 
XP system and quantified by Agilent high sensitivity 
DNA assay on a Bioanalyzer 2100 system (Agilent Tech-
nologies, Santa Clara, CA, USA). Finally, each sequenc-
ing library was sequenced on the NovaSeq 6000 platform 
(Illumina, USA) at Shanghai Personal Biotechnology Co., 
Ltd., China.

Transcriptome analysis
To obtain high-quality sequences, fastp (version 0.22.0) 
software was used to eliminate connectors and low-qual-
ity reads from the raw data. The filtered reads were sub-
sequently aligned to the reference genome using HISAT2 
(version 2.1.0) [23]. For gene expression analysis, HTSeq 
(version 0.9.1) [24] was used to count the Read Count 
values for each gene, which were then normalized to the 
FPKM values. Differential expression analysis was per-
formed using DESeq (version 1.38.3) [25], applying the 
following filter criteria: an absolute |log2FoldChange|> 1 
and a significant P value < 0.05, and  Benjamini–Hoch-
berg  false  discovery  rate  (FDR)  was  used  to correct the 
P value [26]. We employed the R language Pheatmap 
(version 1.0.12) [27] software package to perform bidi-
rectional clustering analysis of DEGs in the samples. A 
heatmap was generated based on the expression levels of 
the same gene across different samples and the expres-
sion patterns of different genes within the same sample 
using Euclidean distance calculations and the complete 
linkage method for clustering.

Moreover, GO and KEGG pathway enrichment analy-
ses of the DEGs were carried out. GO enrichment analy-
sis for functional significance utilized the hypergeometric 
test to map all differentially expressed genes (all DEGs/
upregulated DEGs/downregulated DEGs) to terms in the 
Gene Ontology database using topGO (version 2.50.0) 
[28]. We searched for significantly enriched GO terms 
and calculated P-values using the hypergeometric distri-
bution method (the standard for significant enrichment 
was a P value < 0.05). ClusterProfiler (version 4.6.0) [29] 
software was used to carry out the enrichment analysis 
of KEGG pathways for differentially expressed genes, 
focusing on pathways significantly enriched with a P 
value < 0.05.

Validation of DEGs results using qRT‒PCR
To validate the differential expression of genes associ-
ated with melanogenesis by transcriptome analysis, 
we selected five DEGs for quantitative real-time PCR 
(qRT‒PCR) analysis. According to the previously assem-
bled sequences, the primers for six candidate genes were 
designed using Oligo 6.0 software. Information about the 

six candidate genes and their corresponding primers is 
provided in Table 1. The qRT‒PCR was performed using 
the SYBR Premix Ex TaqTM II Reagent Kit (RR820A, 
Takara, Dalian, China) and an Applied Biosystems 7500 
Fast Real-Time PCR System (7500, ABI, USA). The qRT‒
PCR mixture consisted of 1 µL of cDNA template, 10 µL 
of SYBR Premix ExTaq, 0.4 µL of Rox Reference Dye(II), 
7.4 µL of nuclease-free water, and 0.6 µL of each gene-
specific primer. The amplification programs followed the 
established protocol, including an initial denaturation 
step at 95 °C for 2 min, followed by 40 cycles of denatur-
ation at 95 °C for 30 s, annealing at 58 °C for 30 s, and 
extension at 72 °C for 30 s. Subsequently, a thermal dena-
turing step was performed to generate melt curves. The 
relative expression levels of the selected candidate genes 
were quantified based on the threshold cycle value (Ct) 
and normalized to that of GAPDH using the equation 
ΔΔCt = Ct (target gene)—Ct (GAPDH), where ΔΔCt rep-
resents the fold change.

Statistical analysis
Data management and analysis of melanin levels and 
expression levels of candidate genes were conducted 
using Excel 2007. Statistical analysis was performed using 
one-way ANOVA in SPSS 26.0 software, followed by the 

Table 1  Real-time PCR primer sequences

The candidate genes: MITF Microphthalmia-associated transcription factor, 
TYRP1 Tyrosinase-related protein 1, TYR​ Tyrosinase, DCT Dopachrome 
tautomerase, MC1R Melanocortin receptor 1 and GAPDH Glyceraldehyde-3-
phosphate dehydrogenase

F denotes forward primers and R denotes reverse primers

Gene Name Primer SequenCes (5’ –3’) Annealing 
Temperature

Size of 
target 
fragments

MITF F:AGC​TCG​GGC​ACA​TGG​ACT​
R:AGA​GAG​GGT​ATC​GTC​
CAT​CA

65℃ 280bp

TYRP1 F:AAT​GAG​ATG​TTT​GTT​ACT​G
R:ACT​GAT​CAG​TGA​GAA​
GAG​G

65℃ 208bp

TYR​ F:GCG​ACT​GAG​AAC​GAG​
AAG​AA
R:AAG​AGT​GTG​TCC​CGA​
GAG​GC

56℃ 222bp

DCT F:CCG​CAA​TTC​CAG​TTT​CAG​
CT
R:ACC​GCT​TCA​TCC​ACT​CAT​
CA

56℃ 209bp

MC1R F:CAA​GAC​GCT​CTT​CAT​GCT​
GC
R:ATG​GTG​ATG​TAG​CGG​
TCC​AC

65℃ 159bp

GAPDH F:GGT​GGT​GCT​AAG​CGT​
GTC​AT
R:CCC​TCC​ACA​ATG​CCA​
AAG​TT

60℃ 200bp
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Duncan’s multiple comparison test. A level of P < 0.05 
was used to determine statistically significant differences.

Results
Histological analysis of dorsal skin tissues
We examined the dorsal skin tissues of goslings at two 
developmental stages, E17 and D0 goslings, determine 
whether if there were differences in melanin quantity 
and distribution within feather follicles between male 
and female goslings. We used silver nitrate staining to 
stain skin sections for examination. The images in Fig. 2 
show the results of these examinations. The results reveal 
distinct differences in melanin distribution within skin 
feather follicles. At the E17 development stage, female 
geese had more melanin-containing feather follicles with 
more melanin (Fig. 2 A1 and B1) than male geese (Fig. 2 
A2 and B2). However, the amount of melanin in the 
feather follicles of female goslings was significantly lower 
in D0 goslings (Fig. 2 A3 and B3) than in E17. In D0 gos-
lings, melanin was concentrated at the central position of 
the feather roots (Fig. 2 A3), while it was evenly distrib-
uted primarily on the surface of the feather bud (Fig.  2 
A1) of E17. However, melanin was not detected in the 
feather follicles of E17 male goslings (Fig. 2 A4 and B4).

Determination of melanin content in dorsal skin tissues
The melanin content in the dorsal skin of goslings at two 
developmental stages was quantitatively assessed using 
ELISA, and a comparison of sexual dimorphism was con-
ducted. At the E17 stage, the melanin content in the dor-
sal skin of female goslings was significantly greater than 
that in the dorsal skin of male goslings (Fig. 3). However, 
there were no differences between females and males at 
the D0 stage (Fig. 3). Compared to those at the E17 stage, 
both female and male individuals exhibited a significant 
reduction in melanin concentrations in the dorsal skin at 
the D0 stage (Fig. 3).

Analysis of differentially expressed genes in dorsal skin
Dorsal skin samples were collected at two distinct devel-
opmental stages, E17 and D0 goslings, for mRNA-Seq 
analysis. In total, 20 samples were obtained and all raw 
data have been deposited in the SRA database (accession 
number PRJNA1039165). Principal Component Analy-
sis (PCA) results revealed four major clustering patterns 
among samples from different developmental stages and 
sexes, with samples from the same developmental stage 
and sexes exhibiting similar characteristics (Fig.  4A). 
Differential expression genes (DEGs) analysis based 
on mRNA-Seq data enabled the investigation of sexual 
dimorphism at distinct developmental stages through 
pairwise comparisons, with a significance threshold of 
|log2-fold change|> 1 and P-adjust < 0.05. There were 324 

genes whose expression significantly differed between 
the sexes in the dorsal skin of the embryos at the E17 
stage, with 238 transcripts upregulated and 86 transcripts 
downregulated in females compared to males (Fig. 4B). In 
D0 goslings, a total of 976 differentially expressed tran-
scripts were identified in the dorsal skin when compar-
ing females and males, with 509 transcripts upregulated 
in males and 467 transcripts upregulated in females 
(Fig.  4B). Compared to those in E17 and D0 goslings, 
4068 DEGs were detected in female geese, while 4442 
DEGs were detected in male geese (Fig.  4B). We then 
overlapped the list of DEGs between groups using a Venn 
diagram (Fig. 4C). The Venn diagram shows the DEGs in 
the dorsal skin between male and female individuals dur-
ing the developmental stages of E17 and D0. A total of 
5,944 DEGs were identified. Specifically, there were 324, 
976, 4068, and 4442 DEGs in the comparisons of E17F 
vs E17M, D0F vs D0M, E17F vs D0F, and E17M vs D0M, 
respectively. Among the DEGs, 108 common DEGs were 
identified between the E17F vs E17M and D0F vs D0M 
libraries and were predominantly associated with lipid 
metabolism. Conversely, the E17F vs D0F and E17M vs 
D0M libraries shared 180 common DEGs, primarily 
involved in melanin metabolism. The clustering heatmap 
in Fig.  4D showed that the expression patterns of dif-
ferentially expressed genes in both comparison groups 
exhibited striking similarity, with females and males dis-
tinctly clustered into separate categories at each develop-
mental stage.

Analysis of GO enrichment in DEGs
To gain a comprehensive understanding of the bio-
logical implications of DEGs, we conducted a rigorous 
Gene Ontology (GO) enrichment analysis. The results 
revealed significant enrichment of GO terms catego-
rized into three fundamental categories: molecular 
function (MF), cellular component (CC), and biological 
process (BP). DEGs between E17F and E17M were pri-
marily involved in structural constituent of the cytoskel-
eton, intermediate filament, and intermediate filament 
cytoskeleton (Fig.  5A). DEGs between D0F and D0M 
predominantly demonstrated participation in struc-
tural molecule activity, calcium ion binding, and extra-
cellular matrix functions (Fig. 5B). DEGs between E17F 
and D0F were mainly associated with the cell periphery, 
plasma membrane, and intermediate filament processes 
(Fig. 5C). DEGs between E17M and D0M were primar-
ily associated with the cell periphery, plasma mem-
brane, and plasma membrane part functions (Fig. 5D). 
According to the GO results, three DEGs associated 
with melanin metabolism were identified between 
E17F and E17M: ENSACDG00005001594 (solute car-
rier family 7 member 11), ENSACDG00005014799 
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(RAB17), and ENSACDG00005003532 (melanocortin 
1 receptor). Furthermore, these three DEGs exhibited 
significant enrichment in processes related to melanin 
biosynthesis, melanosome transport, and melanosome 

localization. Notably, a series of DEGs related to mel-
anin and melanosome productionwere significantly 
downregulated or even silenced in the dorsal skin of 
D0 goslings compared to those in the dorsal skin of E17 
(Fig. 7).

Fig. 2  Histological examination of dorsal skin tissues in goslings at two distinct developmental stages. Representative images of silver 
nitrate-stained skin sections were acquired through vertical slitting (A1-A4) and horizontal slitting (B1-B4), with a scale of 200 μm. The melanin 
distribution in 17-day-old female goose embryos (A1 and B1) and male goose embryos (A2 and B2) was examined. The melanin distribution 
in day-old female goslings (A3 and B3) and male goslings (A4 and B4) was examined. The melanocytes and melaninare marked with lines 
on the histological images
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Analysis of KEGG enrichment in DEGs
The DEGs were further analyzed using the Kyoto Ency-
clopedia of Genes and Genomes (KEGG) database. 

The top 20 KEGG pathways were categorized into four 
groups and are shown in Fig. 6. KEGG enrichment analy-
sis revealed “neuroactive ligand receptor interaction” and 

Fig. 3  Concentrations of melanin in dorsal skin tissues of goslings at two distinct developmental stages. (E17F: 17-day-old female goose embryos, 
E17M: 17-day-old male goose embryos, D0F: day-old female goslings, D0M: day-old male goslings, n = 6; Different letters represent significant 
differences (p < 0.05)

Fig. 4  Transcriptome sequencing overview, including (A) principal component analysis conducted for each mRNA-Seq sample, (B) identification 
of differentially upregulated and downregulated genes in each group, (C) intersection analysis of differentially expressed genes between groups 
performed using a Venn diagram, and (D) visualization of differential gene expression (DGE) through a heatmap depicting higher expression levels 
in shades of red and lower expression levels in shades of steel blue. Additionally, upregulated genes are color-coded in red, and downregulated 
genes are color-coded in steel blue, as indicated by the accompanying color bar
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“glycolysis/gluconeogenesis” as the two most significantly 
enriched pathways between E17F and E17M (Fig.  6A). 
In the comparison between D0F and D0M, “focal adhe-
sion” and “ribosome” exhibited the highest enrichment 
levels among all pathways (Fig.  6B). Furthermore, “neu-
roactive ligand receptor interaction” and “calcium signal-
ing pathway” were as the two most significantly enriched 
pathways in both comparisons: E17F vs D0F and E17M vs 
D0M (Fig. 6C and D).

The enrichment analysis also revealed significant acti-
vation of the "Wnt signaling pathway," "MAPK signal-
ing pathway," and "cAMP signaling pathway", which are 
involved in melanogenesis and play pivotal roles in reg-
ulating feather pigmentation. This was observed in the 
pairwise comparisons between E17F and D0F, as well 
as between E17M and D0M. Notably, only one mRNA, 
ENSACDG00005003532 (melanocortin 1 receptor), was 
implicated in the melanogenesis pathway when compar-
ing E17F and E17M. Similar to the GO analysis, a series 
of significant DEGs were observed in the melanogenesis 
pathway, demonstrating significant downregulation or 
even silencing in the dorsal skin of D0 goslings compared 
to that in the dorsal skin of E17 (Fig. 7). Notably, KEGG 

pathway enrichment analysis also revealed that the larg-
est number of over-represented genes were involved in 
lipid metabolism and carbohydrate metabolism. A total 
of 19 and 23 pathways were identified between E17F vs 
E17M and D0F vs D0M, respectively. These pathways are 
primarily associated with fatty acid synthesis, phospho-
lipid metabolism, and carbohydrate metabolism. These 
findings suggested that there are significant differences 
in lipid and carbohydrate metabolism between male and 
female goslings at the E17 and D0 developmental stages.

Expression of genes involved in the melanogenesis process 
through qRT‒PCR analysis
To validate the accuracy of differentially expressed 
mRNAs identified through transcriptome sequenc-
ing technology, we investigated the expression of 
genes associated with melanogenesis in the dorsal 
skin tissues of goslings at two developmental stages. 
We selected four key genes (MC1R, TYR, DCT, and 
TYRP1) involved in melanogenesis, which were iden-
tified through transcriptome analysis, as candidate 
genes for qRT‒PCR. The results revealed significant 
upregulation of MC1R gene expression in the dorsal 

Fig. 5  Analysis of GO enrichment in DEGs in dorsal skin tissues of goslings at distinct developmental stages. The GO annotation terms are divided 
into three main categories: biological processes (BP), cellular components (CC) and molecular functions (MF). The GO classification map of the (A) 
E17F vs. E17M, (B) D0F vs. D0M, (C) E17M vs. D0M and (D) E17F vs. D0F comparisons. (E17F: 17-day female goose embryos, E17M: 17-day male 
goose embryos, D0F: day-old female goslings, D0M: day-old male goslings)
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skin of female geese embryos compared to that in the 
dorsal skin of male geese at the E17 stage (P < 0.001) 
(Fig.  8B). Moreover, there was significantly greater 
expression of the TYR​ gene in the dorsal skin of female 
geese than in that of male geese (P < 0.05) (Fig.  8D). 
However, no significant differences were detected in 
the expression levels of the DCT and TYRP1 genes 
between the sexes (Fig. 8E and F). All four genes asso-
ciated with melanogenesis had little or no expression 
in the dorsal skin tissues of D0 goslings (Fig.  8B and 
D-F).

Additionally, the observed trend in gene expression 
across the two developmental stages of gosling dorsal 
skin tissues was consistent with the findings obtained 
from the RNA-seq analysis (Fig.  8). Furthermore, 
the absence of MITF in the RNA-Seq data, a crucial 
player in avian melanogenesis pathway, prompted us 
to investigate its expression in the dorsal skin tissues 
of goslings. The results showed that MITF expression 
in the dorsal skin of goslings was significantly greater 
in female embryos at the E17 stage than in their male 
counterparts. No detectable expression was found for 
the D0 goslings (Fig. 8C).

Discussion
Dorsal coloration in newly hatched Hungarian white 
geese shows distinct differences between males and 
females, suggesting the possibility of exploring the 
genetic mechanisms underlying this trait. In this study, 
we conducted histological examinations of dorsal skin 
tissue and observed that compared with males, female 
geese have more melanin-containing feather follicles and 
a denser melanin distribution at both the E17 and D0 
stages. The results from melanin content measurements 
using ELISA supported these observations. Our findings 
are in line with previous studies showing greater melanin 
deposition in the skin follicles of female geese at differ-
ent embryonic stages (E14, E18, and E28) [2], indicating 
a sex-based difference in melanin levels. Similar sexual 
dimorphism has been observed in other bird species, 
such as Barn Swallows [6] and mallards [22], suggesting 
that sex-specific factors influence melanin deposition and 
feather coloration. Our study and past research indicate 
that dorsal coloration in newly hatched Hungarian white 
geese is influenced by melanin quantity and distribution 
in feather follicles. For example, in domestic rock pigeons, 
recessive red pigeons have higher pheomelanin and lower 

Fig. 6  Top 20 enriched KEGG pathways of DEGs in the dorsal skin tissues of goslings at distinct developmental stages. A Enriched KEGG pathways 
in the E17F and E17M groups. B Enriched KEGG pathways in the D0F and D0M groups. C Enriched KEGG pathways in the E17F and D0F groups. 
D Enriched KEGG pathways in the E17M and D0M groups. (E17F: 17-day female goose embryos, E17M: 17-day male goose embryos, D0F: day-old 
female goslings, D0M: day-old male goslings)
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Fig. 7  Canonical signaling pathways regulating melanin biosynthesis. A green arrow pointing downward indicates the downregulation of genes 
in dorsal skin tissues of day-old goslings compared to 17-day-old goose embryos based on transcriptome analysis

Fig. 8  The expression of genes associated with melanogenesis in the dorsal skin tissues of goslings at two distinct developmental stages. A 
represents the expression trends of genes (TYRP1, TYR​, DCT, and MC1R) from RNA-seq analysis. B-F show the expression of the MC1R, MITF, TYR​, DCT 
and TYRP1 genes determined via qRT‒PCR. (E17F: 17-day-old female goose embryos, E17M: 17-day-old male goose embryos, D0F: day-old female 
goslings, D0M: day-old male goslings, n = 6; nsp > 0.05, *p < 0.05, ***p < 0.001)
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eumelanin levels than wild-type blue pigeons [30]. Addi-
tionally, yellow plumage in chicken lacks eumelanin [31], 
suggesting that melanin type affects poultry feather color. 
Hence, the balance between eumelanin and pheomelanin 
in the feather follicles on the dorsal skin may contribute 
to the variations in gosling feather coloration. However, 
further research is needed for conclusive results.

Both female and male goslings showed a significant 
decrease in melanin concentrations in the dorsal skin of 
D0 goslings compared to those of E17. Compared with 
males, females goslings at D0 exhibited fewer melanin-
containing feather follicles in dorsal skin suggesting the 
absence of melanin in newly formed follicles, resulting 
in unpigmented feathers that become pure white during 
adulthood, as observed in white chickens [31].

Melanin, a crucial pigment, greatly influences the 
coloration of birds [5, 32] and mammals [33]. In our 
RNA-seq analysis, we identified three DEGs associ-
ated with melanin metabolism in E17M compared 
to E17F. Specifically, solute carrier family 7 member 
11 (SLC7A11) (ENSACDG00005001594) and RAB17 
(ENSACDG00005014799) were upregulated, while mel-
anocortin 1 receptor (MC1R) (ENSACDG00005003532) 
was downregulated. In mice, the SLC7A11 gene regu-
lates the pheomelanin pigment in hair and melano-
cytes, impacting its production with minimal effects on 
eumelanin [34]. Pheomelanin is responsible for yellow to 
reddish pigmentation in hair, skin, and eyes [35]. Loss of 
SLC7A11 expression inhibits pheomelanogenesis, alter-
ing the color of mice from yellow to light cream [34]. Sim-
ilarly, in rabbits, the expression level of the SLC7A11 gene 
was greater in skin with a yellow color than in skin with 
a black or white color, which was 3.7 times greater than 
that in skin with a white color [36]. Moreover, SLC7A11 
expression was notably higher in brown alpaca skin than 
in white skin at both the mRNA and protein levels [37]. 
Similarly, our findings revealed elevated SLC7A11 expres-
sion in male gosling skin compared to that in female skin. 
Furthermore, females exhibited darker dorsal plumage, 
while males displayed faint yellow plumage. This find-
ing suggested that increased SLC7A11 expression in 
male gosling skin may enhance melanocyte production 
of pheomelanin pigment, resulting in faint yellow plum-
age. In addition, MC1R serves as an α-MSH receptor that 
plays an important role in α-MSH/cAMP-induced mel-
anogenesis  signaling pathways. Studies have shown that 
mutations and variations in MC1R expression are linked 
to feather color diversity in avian species [9, 11, 38, 39]. 
Our RNA-seq and qRT‒PCR analyses revealed signifi-
cant downregulation of the MC1R gene in the dorsal skin 
of male geese at the E17 stage compared to that in the 
dorsal skin of female geese, suggesting a potential asso-
ciation between MC1R and dorsal feather pigmentation 

in goslings. Previous studies have demonstrated the piv-
otal role of MC1R in regulating avian melanin feather 
pigmentation [10, 40–45]. Additionally, MC1R is respon-
sive to α-MSH and activates the αMSH/MC1R signaling 
pathways that stimulate adenylylcyclase (AC), leading to 
increased intracellular cAMP levels [46, 47]. This acti-
vation subsequently activates protein kinase A (PKA) to 
phosphorylate cAMP response element-binding protein 
(CREB), facilitating its function as a coactivator in the 
transcription of MITF [48]. MITF levels are regulated via 
the α-MSH-cAMP-CREB pathway, where elevated cAMP 
levels increase MITF expression and stimulate tyrosinase 
activity, promoting melanogenesis [49, 50]. Tyrosinase 
is considered a crucial enzyme that regulates melanin 
synthesis and facilitates the production of eumelanin by 
melanocytes [5, 51]. In our study, we observed signifi-
cant downregulation of two pivotal genes, AC and CREB-
binding protein, in the α-MSH-cAMP-CREB pathway in 
the dorsal skin of male geese at the E17 stage compared 
with females. Furthermore, q-PCR analysis revealed con-
sistent expression patterns between the MITF and MC1R 
genes, with lower expression levels detected in the dor-
sal skin of male geese at E17 than in that of female geese. 
Overall, higher expression levels of SLC7A11 are associ-
ated with increased pheomelanin pigment production, 
while downregulation of MC1R, AC, and CREB-binding 
protein inhibits the α-MSH-cAMP-CREB pathway sign-
aling cascade, leading to decreased expression of the 
MITF gene and reduced melanin synthesis. Integrat-
ing our histological biochemical findings, RNA-seq, 
and q-PCR results, the observed sex-specific differences 
in feather coloration in goslings may be attributed to 
the differential expression of the SLC7A11, MC1R, AC, 
CREB-binding protein and MITF genes. Consequently, 
females exhibit darker dorsal plumage, while males dis-
play faint yellow plumage.Additionally, in our quest to 
understand the key genes underlying sexual dimorphism 
in goose feather coloration, RNA-seq analysis revealed a 
set of significant DEGs associated with three melanogen-
esis-regulating signaling pathways: α-MSH-cAMP-CREB 
pathway, Wnt/β-catenin pathway, and mitogen-activated 
protein kinase (MAPK) pathway. These DEGs exhibited 
considerable downregulation or complete silencing in the 
dorsal skin of D0 goslings compared to E17. Consistent 
with our findings, several previous studies [22, 52–55] 
have reported similar results from transcriptome and 
RNA-seq analyses of poultry skin feather follicles. Wnt/
β-catenin pathway signaling is extensively involved in and 
regulates melanocyte development and melanin biosyn-
thesis in avians [56] and mammals [57, 58]. Our RNA-seq 
analysis revealed a downregulation of key components 
(Wnt1, Frizzled, Go/Gq, Dvl, β-catenin, and TCF/LEF) 
involved in the Wnt signaling pathway within the dorsal 
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skin of D0 goslings compared to that of E17. In general, 
the ligand subtype plays a crucial role in determining 
the intricate network of Wnt signaling. Our results sug-
gest that the ligand subtype Wnt1 serves as an activator 
of the canonical Wnt pathway [59]. Upon binding of Wnt 
proteins to the transmembrane frizzled (FZD) receptor, 
the canonical signaling pathway is initiated [60], lead-
ing to the phosphorylation of disheveled (DVL), which 
directly interacts with FZD [61]. Inhibition of the tran-
scriptional activity of the Wnt/β-catenin signaling path-
way and T-cell factor/lymphatic enhancer (TCF/LEF) can 
downregulate microphthalmia-associated transcription 
factor (MITF), thereby suppressing melanin synthesis 
in melanocytes [62]. In addition, we observed a down-
regulation of key components (c-Kit and MEK) involved 
in the MAPK signaling pathway within the dorsal skin 
of D0 goslings compared to E17. Melanin production is 
suppressed by inhibiting the mitogen-activated protein 
kinase (MAPK) signaling pathway, leading to the down-
regulation of microphthalmia-associated transcription 
factor (MITF) and its downstream targets tyrosinase 
(TYR​) and tyrosinase-associated protein (TYRP) [63].

In brief, the α-MSH-cAMP-CREB, Wnt/β-catenin, and 
MAPK signaling pathways are inhibited, resulting in the 
downregulation of MITF expression within the dorsal 
skin of D0 goslings. This inhibition results in decreased 
expression of melanogenesis genes such as dopachrome 
tautomerase (DCT), tyrosinase (TYR​), and tyrosinase-
related protein 1 (TYRP1) in melanocytes [64–66], as 
observed in our RNA-seq and qRT‒PCR analyses. A sim-
ilar study indicated a significant decrease in the expres-
sion of these genes from E15 to E28 in geese [67], and 
these genes became undetectable by E29. Moreover, the 
TYRP1 mRNA and protein are exclusively expressed in 
the dorsal skin feather follicles of E18 goslings [2]. These 
findings suggest a potential association between mel-
anogenesis-related genes and the melanogenic activity 
of follicular melanocytes (MCs), which are most active 
during the anagen stage of the feather cycle but become 
less active or silent during the late feather cycle. In mam-
mals, hair follicle melanogenesis is active only during hair 
growth, ceases during the catagen stage and is absent 
during telogen [31, 68]. Our tissue section and biochemi-
cal results also revealed a significant decrease in dorsal 
skin melanin concentrations compared to those in E17, 
with minimal or no melanin in the feather follicles of D0 
goslings.

Conclusion
The expression of multiple melanogenesis genes deter-
mines melanin synthesis in goose feather follicles. The 
dorsal down coloration of day-old Hungarian white 
goose goslings shows sexual dimorphism, likely due to 

differences in the expression of the MC1R and MITF 
genes between males and females. The results should 
help us better understand why male and female goslings 
have different plumages.
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