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Transcriptome-based analysis reveals D
relationship between duck eggshell color
and eggshell strength

Longxin Wang'?, Hehe Liu?, Simeng Yu', Meixi Lu', Yunsheng Zhang', Shuaigin Wang' and Shuisheng Hou'*"

Abstract

Background The strength of duck eggshells is essential for their storage, transportation, and processing, with various
studies indicating a correlation between eggshell color and strength.

Results Our research has demonstrated that green-shelled duck eggs exhibit higher eggshell strength compared to
white-shelled eggs in the M2 Line Pekin Duck population. To this end, we established mRNA transcriptome profiles of
10 eggshell gland tissues and 10 liver tissues and constructed gene expression networks in the two tissues. RNA-Seq
analysis suggests that genes associated with ion transport, transmembrane transport, and liver cell proliferation and
differentiation in the eggshell gland could play important roles in eggshell formation. The liver of green shell duck has
stronger cell proliferation ability to maintain its homeostasis, and the eggshell gland has stronger ability to secrete
eggshell matrix protein, which may be the reason why the eggshell is stronger than that of white shell duck. Through
Weighted gene co-expression network analysis (WGCNA), three related modules were found in eggshell gland and
liver, respectively, and three key genes were screened in each tissue (eggshell gland: FKBP10, PPARG, MAP3KS, liver:
PHLDAT, FLT3, CACNB4). They have important regulatory effects on eggshell color and eggshell strength respectively.

Conclusions Through transcriptome analysis, we identified key genes associated with eggshell color (ESB) (Gland:
ABCG2, SLC518; Liver: COX1, DIO3, RBPJ) and eggshell strength (ESS) (Gland: MAP3K5, PPARG, FKBP10; Liver: PHLDAT,
FLT3, CACNB4). We propose that these genes regulate ESB and ESS by modulating antioxidant capacity and bile acid
synthesis in the liver and shell gland, leading to enhanced biliverdin deposition and stronger eggshells in green-
shelled ducks. Additionally, the upregulation of ion transport, transmembrane transport, and liver cell proliferation-
related genes in green-shelled ducks further supports the observed superiority in eggshell strength.
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Introduction

Duck eggs are the second most consumed type of eggs
worldwide [1], providing a significant source of nutri-
tion with their high protein content and essential nutri-
ents [2]. In Asia, duck eggs are often preserved and
consumed as salted eggs, which are crucial in processed
egg products [3]. Eggshell colors available in the market
are primarily categorized as brown, green, and white,
with a noted preference for more colorful eggshells. Fac-
tors such as weight, shape index, gloss, and color sig-
nificantly determine the market value of duck eggs [4].
Among these factors, color and shell strength are par-
ticularly crucial, as premium eggs are expected to have
vibrant and high shell color. The integrity and strength of
the eggshell are crucial for maintaining embryo viability
and ensuring the freshness of table eggs. Eggs with poor
shell quality experience breakage rates of around 10-15%
during the handling process from laying to market, lead-
ing to increased costs [5]. Moreover, cracked eggs have
a higher microbial contamination rate, with severe frac-
tures allowing Gram-negative bacteria to thrive, posing a
food safety risk [6]. Therefore, eggshell quality is a signifi-
cant concern in poultry farming [7].

Research indicates a correlation between eggshell color
and strength. Among different colored eggshells, green-
shelled eggs generally have higher shell strength than
white-shelled ones [8]. Darker eggshells, which contain
more pigments [9], tend to exhibit greater strength [8, 10,
11]. Despite these findings, using color as a reliable indi-
cator of eggshell quality remains inconclusive. Common
eggshell pigments like biliverdin, producing green, and
protoporphyrin, producing brown, have been identified
[12-14]. In vitro studies have shown that biliverdin can
make calcite structures rougher, thereby impeding crack
propagation in the eggshell [15, 16]. Delta-aminolevulinic
acid serves as a precursor to heme and can be converted
into protoporphyrin within skin and liver tissues [17, 18].
Studies have suggested that adding Delta-Aminolevulinic
acid to the diet can deepen eggshell color and improve
shell strength [19].

The origin of biliverdin in eggshells is controversial.
Biliverdin, a primary bile pigment, is predominantly syn-
thesized in the liver, circulated systemically via the blood-
stream, and partially absorbed in the small intestine. A
fraction of this pigment is recirculated to the liver, while
the remainder undergoes conversion into secondary bile
acids by gut microbiota before fecal excretion [20]. How-
ever, emerging evidence suggests alternative mechanisms
for biliverdin deposition in eggshells, including de novo
synthesis within the uterine eggshell gland or localized
production via erythrocyte phagocytosis, where heme
liberated from degraded red blood cells serves as a pre-
cursor in phagocytes. Eggshell mineralization and pig-
ment deposition are widely recognized to occur primarily
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in the uterus. The eggshell gland, located in the uterine
segment of the oviduct, orchestrates the coordinated
release of calcium ions, bicarbonate ions, biliverdin, pro-
toporphyrin, and specialized proteins into the uterine
fluid upon egg entry [21]. These organic and inorganic
components interact dynamically to form the multilay-
ered eggshell structure [22]. The eggshell is composed
of various layers, including the membrane, mammillary
layer, palisade layer, crystalline layer, and cuticle, each
with specific roles and structures [23], with the palisade
layer’s calcium carbonate crystal structure and thickness,
and the mammillary layer’s thickness and density deter-
mining the eggshell’s strength [24]. In green-shelled eggs
[25, 26], biliverdin is predominantly localized within the
cuticle, where it forms stable associations with the cal-
cium carbonate-phosphate matrix of the eggshell surface
[13].

The avian eggshell gland plays a critical role in depos-
iting pigments and minerals on the eggshell through a
complex interplay of ion transport proteins and biologi-
cal pathways. However, the specific mechanisms govern-
ing eggshell mineralization in ducks with varying eggshell
colors remain unclear. Moreover, the liver, a key organ
responsible for regulating metabolism, antioxidation,
and immunity, can impact eggshell color and strength
[27, 28]. This research focuses on a continuously selected
population of M2 Line Beijing Ducks, a small-sized
egg-laying breed known for producing white and green-
shelled eggs. Through analyzing the transcriptomes of
the eggshell gland and liver from duck laying eggs of dif-
ferent colors, we aim to identify crucial genes linked to
eggshell mineralization and pigmentation while uncov-
ering the mechanisms that connect eggshell color and
strength.

Materials and methods

Ethical approval declarations

This study complies with the institutional and national
guidelines regarding the breeding and use of animals. It
has been approved by the Animal Experiment Commit-
tee of the Institute of Animal Sciences, Chinese Academy
of Agricultural Sciences (Approval Number: 1AS2022-
103). All efforts have been made to minimize the suffer-
ing of the animals. When humanely killing the ducks, we
placed them in a sealed container filled with carbon diox-
ide gas, causing them to inhale the carbon dioxide and
die of asphyxiation.

Experimental design and sample collection

The M2 line of green-shelled and white-shelled female
Pekin ducks used in this study was provided by the
Changping Experimental Farm of the Beijing Institute
of Animal Science, Chinese Academy of Agricultural
Sciences. The M2 line is characterized by small-bodied
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layers with white feathers, yellow bills, yellow feet, and an
average female body weight of 1.99+0.23 kg. Each duck
was individually identified using a unique wing tag and
housed separately under standardized rearing condi-
tions, with ad libitum access to feed and water. All ducks
exhibited normal egg-laying performance throughout the
experimental period. A total of 200 healthy 60-week-old
M2 Pekin ducks were randomly selected and divided into
two groups based on eggshell color: the green-shelled
group (G) and the white-shelled group (W). To ensure
data consistency, eggs were collected daily at 6:00 am
over 4 consecutive days, excluding those with imperfec-
tions. From each sampled duck, three eggs were retained,
resulting in a final collection of 90 eggs at the conclusion
of the experiment. Fifteen ducks were randomly chosen
from each group, and the eggshell strength (ESS), biliver-
din content (ESB), RGB values, egg quality, shape index,
and mechanical properties were measured over three
consecutive days (Table S1).

For RNA-seq analysis, a total of 15 ducks were used,
including 9 green-shelled ducks and 6 white-shelled
ducks. Each group included 5 biological replicates for
sequencing of the liver and eggshell gland. Prior to sam-
ple collection, ducks were fasted and euthanized. The
eggshell glands and livers were promptly dissected and
flash-frozen in liquid nitrogen for subsequent RNA-seq
analysis.

Eggshell color, egg quality, egg shape index, and eggshell
mechanical properties

Based on the observation results, eggs were classified
into green (G) and white (W) groups. Eggshell RGB val-
ues were measured using a camera under a standard light
source with D65 in a lightbox (Beijing Jiu Yan Technol-
ogy Co., Ltd., Beijing, China). ESB was measured accord-
ing to S. et al. [29]. Specifically, eggshells were washed
with water and dried in darkness. Then, 0.25 g of egg-
shell sample was dissolved in 4 mL of a mixed solution
(methanol: concentrated HCI, volume ratio 2:1) in a
plastic vial. The solution was kept in darkness for 12 h
for complete pigment extraction. After centrifugation
at 1300 g for 45 min, the absorbance of the supernatant
was measured at 420 nm using a spectrophotometer to
determine the biliverdin content in the eggshell. Standard
biliverdin (2.5 mg, Shanghai Yuanye Biotechnology Co.,
Ltd, Shanghai, China) was dissolved in the mixed solu-
tion (2:1 methanol: concentrated HCI, volume ratio) to
prepare a standard solution. The standard solution was
kept in darkness until completely dissolved to construct a
calibration curve for calculating the pigment concentra-
tion in samples. ESS was determined using an eggshell
strength tester (EFG0503, Bulader Technology Develop-
ment Co., Ltd, Beijing, China), and egg quality was mea-
sured using an integrated egg quality tester (EMT5200,
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Robotmation Co., Ltd, Tokyo, Japan). For ESS measure-
ment, the pointed end of the egg was placed vertically
upwards on the table. The egg shape index was measured
using a caliper with the pointed end of the egg placed
horizontally upwards on the table. Eggshell thickness
was measured using an eggshell thickness gauge with the
cuticle layer facing upwards, and efforts were made to
remove the eggshell membrane [30].

RNA isolation, library construction, sequencing, and data
quality control

Liver and eggshell gland tissue samples from 10 duck
specimens were stored in liquid nitrogen and used for
RNA extraction via the phenol/chloroform method. RNA
purity was determined with the NanoDrop 2000/8000
spectrophotometer (Thermo Fisher Scientific, Wilming-
ton, DE, USA), while RNA concentration and integrity
were assessed using the Agilent 4200 Tape Station with
the Agilent RNA Screen Tape Assay (Agilent Technolo-
gies, Massy, France). RNA-Seq libraries were prepared
by Annoroad Gene Technology Corporation (Beijing,
China) and underwent high-throughput sequencing
on the Illumina platform after passing quality control
checks. Raw sequencing reads were obtained through
base calling with bcl-convert, followed by filtering to
remove reads with adapter contamination (>5 bp), bases
with a quality score<19 representing over 50% of total
bases, and reads containing more than 5% unknown
nucleotides. The resulting clean reads were utilized for
subsequent analyses.

Transcriptome analysis

Aligning paired-end clean reads to the duck reference
genome ZJU 1.0 (GCF_015476345.1) was performed
using STAR-2.7.8a. Gene counts and annotated gene
information were calculated using htseq-count. Sub-
sequently, differential expressed genes (DEGs) analy-
sis was conducted on the Counts Per Million (CPM)
normalized data using EdgeR, identifying genes with
a|log,FoldChange| > 1.0 and P-value<0.05 as DEGs
[31]. Perform GO and KEGG enrichment analysis using
the clusterProfiler package in R and visualize the results
using barplot and dotplot.

WGCNA analysis

Perform WGCNA analysis using the WGCNA package
in R, with CPM values as the expression matrix, filtering
out genes with CPM<3. The remaining genes are used
to construct the co-expression network. Use the block-
wiseModules function to automatically construct co-
expression modules with a mergeCutHeight of 0.3 and a
minModuleSize of 30 [32].
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Fig. 1 Differences in eggshell color and strength between the G and W
groups. The G group exhibited uniformly green eggshells, while the W
group exhibited white eggshells

Quantitative PCR

Reverse Transcription - Quantitative PCR (RT-qPCR)
validation was performed on the shell gland and liver
tissues of the 15 samples used for RNA-Seq. Specific
primers for each gene were designed using the NCBI
Primer-BLAST tool (Supplementary Table S7). GAPDH
was used as the housekeeping gene. As previously
described, total RNA was extracted from the shell gland
and liver using the TRIzol method. Reverse transcrip-
tion was performed using the HiScript III All-in-one RT
SuperMix Perfect for qPCR (Vazyme, Nanjing, China).
RT-qPCR was conducted with the TB Green® Premix Ex
Taq™ II FAST qPCR and the QuantStudio5 Real-Time
PCR system (Thermo Fisher Scientific, Wilmington,
DE, USA), with three replicates per sample. The cycling
conditions were 95 °C for 30 s, followed by 40 cycles of
95 °C for 5 s and 60 °C for 10 s, with annealing and exten-
sion at 60 °C for 15 s. Melt curves were obtained for each
amplification product. The 2724CT method was used to
quantify the relative changes in gene expression in the
RT-qPCR experiments, normalized to GAPDH. Statis-
tical analysis was conducted using t-tests in R (v. 4.2.3)
[33].

Statistical analysis of data

The statistical significance of all descriptive statisti-
cal values was determined using the student’s t-test. All
statistical analyses and graphical plots were performed
using the statistical software R (v. 4.2.3). Results of basic
descriptive statistics are presented as mean and standard
deviation (Mean * SD) in the text and tables.

Results

Phenotypic statistics of green-shelled and white-shelled
eggs

The egg color difference between the G group and the
W group was found to be statistically significant (Fig. 1).
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Table 1 Average unit biliverdin concentration and RGB value

Group G w P
value

Eggshell 0.03+0.002° 0.02+0.003" <0.001

biliverdin(mg/ml)

R value 195.76+19.332°  21069+9.254° 0.012

Gvalue 189.59+19.084°  205.73+10.746 0.008

B value 189.54+19.079°  207.63+9.971° 0.003

b For each index, means with no common superscript differ significantly at
P<0.05

Table 2 Phenotypic statistics of egg quality traits

Group G w Pvalue
Egg shape index 142+0.036 140+0.026 0.151
Yolk color 3.62+0.353 3.60+0.382 0.870
Albumen height 630+£0.635  635+0.522 0.842
Weight (g) 84.87+£2113 8536%0.2443 0.563
Haugh unit 6941+6.762 36.92+15.788 0811
Eggshell strength (kg/cm?)  4.76+0.334%  4.21+0415° <0.001

b For each index, means with no common superscript differ significantly at
P<0.05

Table 1 presents the biliverdin content and RGB values
of the eggshells. The G group exhibited a significantly
higher eggshell biliverdin compared to the W group
(P<0.01), along with lower R, G, and B values (P<0.01).
Moreover, the ESS in the G group was notably higher
than in the W group (P<0.01), while no significant differ-
ences were observed in other parameters (Table 2).

Differential gene expression in shell gland and liver
between green-shelled and white-shelled eggs

After filtering the raw sequences, each shell gland sample
library obtained over 44 million clean reads. The GC con-
tent ranged from 52.62 to 56.91% across all samples. The
percentage of Q30 bases exceeded 94.06% in each group,
with no significant differences in quality metrics between
groups (P>0.05) (Supplementary Table S2). Subse-
quently, the quality-controlled clean reads were mapped
to the duck reference genome (GCA_015476345.1), with
an average mapping rate of >75% for unique genes in
the G group and >77% in the W group (Supplementary
Table S3). Differential analysis was performed after filter-
ing out genes with average expression< 1, resulting in a
total of 1, 112 DEGs. Among all DEGs, compared to the
G group, the W group showed significant downregula-
tion of 651 genes and upregulation of 461 genes (Fig. 2A).
The expression patterns of the top 100 significant DEGs,
ranked by FDR, are illustrated in Fig. 2B, where samples
from the same group cluster together between the G and

W groups.
Similarly, after quality control, each liver sam-
ple was aligned to the duck reference genome

(GCA_015476345.1) with an average mapping rate of
84.34% (Supplementary Table S3). After filtering out
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Fig. 2 Identification of DEGs in the shell gland and liver between green and white shelled groups. A) Volcano plot of DEGs in the shell gland. (B) Heatmap
of the top 100 DEGs in the shell gland, sorted by FDR. (C) Volcano plot of DEGs in the liver. (D) Heatmap of the top 100 DEGs in the liver, sorted by FDR

genes with average expression < 1, the differential analysis
identified 1078 DEGs, with 535 genes downregulated and
543 genes upregulated (Fig. 2C, D).

Differential gene functional annotation and pathway
enrichment in shell gland and liver

Through Gene Ontology (GO) term enrichment and
Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway enrichment, we gained insights into the

functions of differential genes. In the shell gland, a total
of 20 GO terms and 1 KEGG pathway were signifi-
cantly enriched (p.adjust<0.05; Supplementary Table
S4, S5), primarily classified into two categories. Biologi-
cal processes were mainly related to the development
and regulation of substance metabolism, including posi-
tive regulation of epithelial cell migration, animal organ
development, small molecule metabolic processes, and
carbohydrate metabolic processes. Molecular functions
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were associated with substance transport, ion chan-
nel activity, and glycoprotein binding, involving activi-
ties such as neurotransmitter receptor activity involved
in the regulation of postsynaptic membrane potential,
excitatory extracellular ligand-gated ion channel activ-
ity, passive transmembrane transporter activity, and gly-
coprotein binding. No cellular component terms were
significantly enriched (Fig. 3A). In terms of pathway
enrichment, differential genes were observed in signal-
ing molecules and interaction pathways, notably with
the Calcium signaling pathway ranking second, albeit not
significantly (P<0.01, p.adjust >0.05) (Fig. 3B).

In the liver, a total of 22 GO terms and 1 KEGG path-
way were significantly enriched (p.adjust<0.05; Table
Supplementary S4), primarily associated with cell pro-
liferation and differentiation, ion channel activity, and
transmembrane transport (Fig. 3C). In the KEGG enrich-
ment results, significant enrichment was observed in
the Neuroactive ligand-receptor interaction pathway
(P<0.01, p.adjust<0.01), followed by the Calcium signal-
ing pathway and Melanogenesis (P<0.01, p.adjust>0.05).
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Eggshell biliverdin content and eggshell strength
co-expressed gene modules
After filtering the gene expression matrix of ten individu-
als’ shell gland tissues for genes with CPM values greater
than 3, 11, 758 genes remained. A gene co-expression
clustering dendrogram was constructed, and using all
samples, an unsigned network was built with a soft
threshold of 17 (B=17), achieving a scale-free topol-
ogy fitting index R?>0.90. All genes are clustered into
14 modules (Fig. 4A), with varying numbers of genes
per module ranging from 41 to 4845 (Fig. 4B). To iden-
tify key modules associated with ESB and ESS, further
analysis of module-phenotype relationships was con-
ducted (Fig. 4C). Three modules showed high correlation
with ESB and ESS: the green module had correlations of
0.81 (P<0.01) with ESB and 0.56 (P=0.09) with ESS, the
brown module had correlations of -0.77 (P=0.01) with
ESB and -0.72 (P=0.02) with ESS, and the red module
had correlations of -0.73 (P=0.02) with ESB and -0.63
(P=0.05) with ESS (Fig. 4C).

Similarly, after filtering the gene expression matrix of
liver samples for genes with CPM values greater than 3,
12, 208 genes remained. A gene co-expression clustering
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Fig. 3 Functional and Pathway Enrichment of DEGs in Shell Gland and Liver between G and W Groups. (A) Barplot of GO Enrichment of DEGs in Shell
Gland. (B) Bubble Plot of KEGG Enrichment of DEGs in Shell Gland. (C) Barplot of GO Enrichment of DEGs in Liver. (D) Bubble Plot of KEGG Enrichment of

DEGs in Liver
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Fig. 4 Key modules and phenotype correlation matrix in eggshell gland and liver WGCNA. (A) Hierarchical clustering tree and corresponding module
plot of eggshell gland genes. (B) Number of genes corresponding to each gene module. (C) Correlation matrix between each module and phenotype. (D)
Hierarchical clustering tree of liver genes and corresponding module heatmap. (E) Number of genes corresponding to each gene module. (F) Correlation

matrix between each module and phenotype

dendrogram was constructed with a soft threshold of 20
(B=20), resulting in all genes clustering into 31 mod-
ules (Fig. 4D). The number of genes per module varied
widely, ranging from 56 to 4, 227 (Fig. 4E). Subsequently,
further analysis of module-phenotype relationships was

conducted (Fig. 4F). Three modules showed a high cor-
relation with ESB and ESS: the dark green module (ESB:
0.69, P=0.03; ESS: 0.54, P=0.11), brown module (ESB:
0.77, P=0.01; ESS: 0.60, P=0.07), and light green module
(ESB: 0.59, P=0.07; ESS: 0.69, P=0.03) (Fig. 4F).
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MAP3KS, PPARG, ADAMTS14, CHGB, CTRL, FGF2,
MSTI1, NFASC, TMEM61, ABCBI, CEP170, DIO3, PGC)
(Fig. 5A, Supplementary Table S6). Functional enrich-
ment and KEGG pathway analysis revealed significant

After intersecting DEGs and key modules, we identi-
fied three key modules (green, brown, and red) related to
ESB and ESS in the shell gland. Additionally, we identi-

fied 14 crucial genes known for their functions (FKBPI0,
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Fig. 5 Candidate gene enrichment, functional annotation, and expression patterns in shell gland and liver. (A) Venn diagram of genes shared between
DEGs and genes in three key modules in shell gland. (B) Bar plot of GO enrichment of shared genes in the shell gland. (C) Bubble plot of KEGG enrichment
of shared genes in the shell gland. (D) Expression patterns of shared genes in the shell gland. (E) Venn diagram of genes shared between DEGs and genes
in three key modules in liver. (F) Bar plot of GO enrichment of shared genes in the liver. (G) Bubble plot of KEGG enrichment of shared genes in the liver.
(H) Expression patterns of shared genes in the liver
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enrichment of GO terms in cell adhesion molecule bind-
ing (MF), with KEGG pathways such as the Calcium
signaling pathway and MAPK signaling pathway promi-
nently enriched (Fig. 5B, C). The expression patterns of
shared genes are depicted in Fig. 5D.

In the liver, we similarly identified three key modules
(dark green, brown, and light green) associated with
eggshell color and strength. Additionally, we identi-
fied 42 crucial genes known for their functions (Fig. 5E,
Supplementary Table S6). Functional enrichment and
KEGG pathway analysis showed that GO enrichment
was predominantly related to cell migration processes,
while KEGG pathways such as MAPK signaling pathway,
Cytokine-cytokine receptor interaction, and Notch sig-
naling pathway were prominently enriched (Fig. 5F, G).
The expression patterns of shared genes are depicted in
Fig. 5H.

Hub genes for eggshell biliverdin and eggshell strength

In each module, genes with a connectivity value based
on the characteristic gene Epigengene- based connectiv-
ity>0.5 and a topological overlap measure >0.2 were con-
sidered hub genes. The expression network of the shared
genes was visualized using Cytoscape software. The
results showed that in the eggshell gland, CEP170 and
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NFASC were identified as key genes related to eggshell
color and strength (Fig. 6A). In the liver, SNORC, ANKS6,
EGFLAM, IGFBP3, ILI8RI, and KIF23 were identified as
key genes related to eggshell color and strength (Fig. 6B).

RT-qPCR validation of differential expressed genes

To verify the accuracy of RNA-seq, we chose to validate
hub genes and important DEGs. The results showed that
the expression trend of hub genes and important DEGs
was the same as that of RNA-seq (Fig. 7).

Discussion

The ESS is primarily influenced by maternal biomineral-
ization capacity (genetics, age), nutrition, and husbandry
practices [34, 35], and it shows a correlation with egg-
shell color [8, 36]. In 2006, Schreiweis et al. identified
QTLs related to eggshell mass and color on chromo-
some 4 [37], and in 2007, Mroz et al. reported that egg-
shells with noticeable pigment spots tend to have thicker
crystal layers and membranes [38]. In our study, we also
observed significant differences in ESS associated with
eggshell color; within the same strain, green-shelled
eggs exhibit stronger shells compared to white-shelled
eggs, consistent with previous findings [8, 10]. However,
there is inconsistency regarding the relationship between

N\
GPRES-

BDHI -

SDCEP2 )
RUNX2 i

RBPJ P‘1 m.

Fig. 6 Expression networks of candidate genes. (A) Expression network of candidate genes in the eggshell gland. The pinker the color, the higher the
connectivity of the gene in the network, and the yellower the color, the lower the connectivity of the gene in the network. The center of the circle is the
hub gene. (B) Expression network of candidate genes in the liver. The pinker the color, the higher the connectivity of the gene in the network, and the
yellower the color, the lower the connectivity of the gene in the network. The center of the circle is the hub gene
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Fig. 7 RT-gPCR validation of RNA-seq results

eggshell color and eggshell quality [11, 39]. Therefore,
whether eggshell color can serve as an indicator of ESS
requires further investigation. One potential reason for
the conflicting results is the lack of molecular mecha-
nism information, such as genes and pathways related to
eggshell quality in the shell gland and liver of green and
white shell ducks. Therefore, in subsequent studies, we
analyzed the DEG and eggshell phenotype co-expression
network between white-shelled duck and green-shelled
duck based on transcriptome.

Our transcriptome analysis of the liver and shell gland
revealed several genes associated with ESB (Gland:
ABCG2, SLC51B; Liver: COX1, DIO3, RBPJ]), and ESS
(Gland: MAP3KS5, PPARG, FKBPI0; Liver: PHLDAI,
FLT3, CACNB4). Based on gene co-expression patterns
and functional annotations, we hypothesize that the liver
and shell gland may coordinately regulate eggshell traits
through bile acid metabolism, antioxidant capacity, and
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ion transport pathways (Fig. 8). However, this hypothesis
requires further functional validation.

Previous research has identified ABCG2 as a causal
gene for green eggshells [14, 40]. ABCG?2 is a multidrug
membrane transporter protein transporting various
endogenous and exogenous substances. It is responsible
for renal excretion of urate, mitigating tissue oxidative
stress, and inflammatory responses [41, 42], Furthermore,
ABCG2 can also transport protoporphyrin and heme,
potentially contributing to biliverdin production. In this
study, ABCG2 expression was significantly upregulated
in the shell gland of green-shelled ducks, supporting its
significant role in green eggshell coloration. Additionally,
SLC51B is an organic solute transporter protein involved
in bile acid reabsorption [43]. SLC51B can export bile
acids to the basolateral membrane, preventing bile accu-
mulation. Bile acids contribute to biliverdin secretion,
and the significant upregulation of SLC51B in the shell
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Fig. 8 Proposed Synthesis, Transport Mechanism of Biliverdin, and Formation of Harder Eggshells in Green-Shelled Ducks'Liver and Eggshell Gland. (A)
A schematic illustrating the hypothesized synthesis and transport of biliverdin in the liver and eggshell gland of green-shelled ducks. Free heme in the
liver is thought to bind to COXT, thereby activating cytochrome c oxidase activity and regulating intracellular oxidative stress. The joint regulation of bile
homeostasis by DIO3 and RBP/ is proposed to facilitate the excretion of bile acids into the circulatory system. These bile acids are then absorbed by the
eggshell gland, where high expression of ABCG2 is observed. It is hypothesized that biliverdin is subsequently separated and contributes to the green
coloration of the eggshell. Decreased expression of SLC578 may inhibit the transport of biliverdin out of the eggshell gland, thereby promoting the green
eggshell phenotype. Additionally, upregulated expression of PHLDAT, FLT3, and CACNB4 in the liver may support liver cell proliferation and homeostasis.
In the eggshell gland, increased FKBP10 expression is proposed to assist protein folding, contributing to the formation of a stronger eggshell matrix. (B)
CPM values of ESB key genes in eggshell gland and liver. (C) CPM values of ESB key genes in eggshell gland and liver

gland of white-shelled eggs may increase bile acid output,
potentially reducing the gland’s ability to secrete biliver-
din compared to green-shelled eggs. Reported pigments
are all precursors or derivatives of biliverdin [44]. The
pathways related to heme involve both heme synthesis
and heme detoxification. In the synthesis pathway, por-
phyrin serves as the penultimate product, while in the
breakdown pathway, biliverdin is the first product, fol-
lowed by bilirubin and urobilinogen [45-48]. Liver is the

active site for heme biosynthesis, where the intermediate
products of this pathway are essential for the function
of hepatic hemoglobin, particularly within the cyto-
chrome P450 system [49], COX1I is the core subunit of
cytochrome c oxidase [50], it contributes to the activity
of cytochrome c oxidase. When heme and cofactors are
inserted into its subunits, it becomes active. Cytochrome
¢, a rate-limiting enzyme in the mitochondrial respiratory
chain, helps regulate intracellular oxidative stress [51].
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DIO2 contributes to bile acid homeostasis in the liver
[52], it also regulates mitochondrial function to counter-
act cellular oxidative stress [53]. RBPJ is a transcriptional
regulator involved in Notch signaling, its high expression
can promote bile duct maturation, and increase liver bile
flow, thereby facilitating significant bile acid output, and
preventing bile acid accumulation in the liver [54]. We
hypothesize that the high expression of DIO2 and RBPJ
in Group G will collectively promote the excretion of bile
acids from the liver into circulation, thereby influencing
the color of the eggshell [28]. It is also believed that the
liver regulates eggshell color, with female birds produc-
ing deeper, green-shelled eggs exhibiting stronger bile
acid synthesis and antioxidant capabilities. Bile acids
synthesized by the liver enter the circulatory system and
are subsequently absorbed by the shell gland to synthe-
size eggshell pigments [44]. Based on these findings,
this study suggests that the liver of green-shelled female
ducks exhibits stronger antioxidant capacity and bile
acid synthesis capability. Simultaneously, the shell gland
of green-shelled eggs demonstrates enhanced bile acid
absorption ability, which contributes to the deposition of
biliverdin in the eggshell.

The shell gland is the site for eggshell mineralization
and pigment deposition, and it regulates tissue homeo-
stasis, cell proliferation, and apoptosis [35, 55]. The
regulation of extracellular proteins and ion transport
proteins plays a significant role in the secretion, trans-
port, and binding of minerals, influencing both ESS and
pigment deposition through various cellular and molec-
ular processes [56—58]. In the enrichment analysis, GO
and KEGG pathway analysis predominantly enriched for
transmembrane transporter activity, ion channel regula-
tion activity, glycosaminoglycan synthesis, and calcium
signaling pathway. This is consistent with the findings
reported by Jonchére et al, who states that the genes
associated with high ESS in the shell gland are mostly
related to ion transport [10]. The eggshell matrix is
formed through interactions between calcium carbonate
and proteins. The shell gland exhibits active ion trans-
port, where various secretory proteins secrete calcium
carbonate and proteins into the uterine fluid undergoing
mineralization. Protein fold and aggregate along with cal-
cium deposition. Under the contraction and movement
of the shell gland, the egg rotates, facilitating calcifica-
tion and eventual expulsion [10, 59]. In the transcriptome
results, the upregulation of genes related to ion transport
pathways in Group G may be critical for high ESS. Addi-
tionally, glycosaminoglycan binding function contributes
significantly to ESS. Glycosaminoglycans are important
components of eggshell and eggshell membrane, playing
a role in biomineralization, and their levels show a sig-
nificant correlation with ESS [60].
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WGCNA analysis highlights the pivotal role of the
shell gland’s material transport capacity in determining
eggshell color and mechanical strength. In avian spe-
cies, precursors of the eggshell matrix are transported
from the bloodstream to the shell gland via epithelial
cells, where the morphological integrity of the glandu-
lar endometrium critically regulates ion absorption and
matrix deposition [61]. Aging or pathological conditions
in laying hens can induce structural damage to the shell
gland, impairing ion transport (e.g., Ca®) and disrupting
crystallization processes, ultimately leading to reduced
eggshell quality and pigmentation defects [35, 39, 62].
Notably, the shell gland exhibits heightened sensitivity
to apoptosis and tissue damage during calcification, with
such damage directly restricting Ca* mobilization and
diminishing eggshell strength (ESS) [63]. For instance,
infectious bronchitis virus (IBV) infections compromise
shell color by targeting oviductal epithelial cells, down-
regulating type I collagen and calcium-binding protein
28 kDa, and thereby inhibiting mineralization and pig-
ment deposition [39]. These findings collectively under-
score the importance of collagen dynamics and apoptosis
regulation in shell gland function. In this study, MAP3K5
and PPARG were significantly upregulated in the shell
gland of white-shell laying hens compared to green-shell
hens (Fig. 8B). MAP3KS5, a redox-sensitive serine/threo-
nine kinase, serves as a marker for ferroptosis and trig-
gers apoptosis through JNK/p38 signaling pathways [64,
65]. PPARG, a nuclear receptor involved in peroxisome
proliferator-activated receptor signaling, further modu-
lates apoptotic cascades [66]. Their elevated expression
in the white-shell group suggests enhanced apoptosis in
the shell gland epithelium, consistent with prior reports
linking oxidative stress to glandular dysfunction, reduced
cell viability, and eggshell discoloration [67]. This apop-
totic activation likely disrupts Ca** transport and matrix
organization, contributing to the inferior shell quality
observed in white-shell eggs.Conversely, FKBP10, encod-
ing a member of the FKBP peptidyl-prolyl cis-trans
isomerase (PPlase) family, was markedly downregulated
in white-shell hens. FKBPI0 facilitates collagen matura-
tion and cross-linking, processes essential for bone min-
eralization and crystal growth [68, 69]. The decreased
expression of FKBPI10 may reduce collagen maturation
and cross-linking, thereby inhibiting mineralization and
pigmentation of the eggshell. Its deficiency has been
linked to defective mineralization and abnormal bone
architecture, paralleling our observation of impaired
eggshell calcification in the white-shell group. Intrigu-
ingly, Gene Ontology annotation identifies FKBP10 as a
calcium ion-binding protein, and its higher expression in
green-shell hens implies superior calcium-binding capac-
ity within the shell gland. This enhanced Ca* sequestra-
tion likely promotes matrix mineralization and structural
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reinforcement, explaining the improved mechanical
strength and pigmentation stability of green-shell eggs.
These key genes are highly connected with hub genes
(CEP170 and NFASC) (Fig. 7A). The product of CEP170
is a component of the centromere and plays an important
role in cell division [70]. NFASC is a protein that con-
nects the extracellular matrix of the axon initial segment
to the intracellular cytoskeleton [71]. Both hub genes
are involved in multiple cellular processes and further
regulate key genes by regulating cellular processes in the
eggshell gland co-expression network.

As a multifunctional metabolic organ, the liver plays
a crucial role in bile production and maintaining nor-
mal metabolism. It is also essential for egg production.
With increasing age, decreased liver cell proliferation and
increased apoptosis are important factors affecting the
critical metabolic functions of the liver [72, 73]. In this
study, the upregulation of genes involved in cell prolifera-
tion regulation (e.g., PHLDA1, FLT3, CACNB4) may con-
tribute to maintaining hepatic cellular homeostasis [27,
74]. The stability of hepatocyte proliferation and metabo-
lism, as well as the liver’s lipid metabolism capacity, are
believed to influence eggshell strength (ESS) by modu-
lating the availability of calcium and other essential sub-
strates for shell formation. The MAPK signaling pathway,
identified through WGCNA, plays a central role in regu-
lating hepatic glucose metabolism, lipid metabolism, and
inflammatory responses. Within this pathway, PHLDAI
acts as an upstream regulator that suppresses hepatic
inflammation [75], while FLT3—a tyrosine-protein
kinase—promotes dendritic cell differentiation, prolif-
eration, and survival [76]. Notably, FLT3 overexpression
has been shown to alleviate liver cell damage and reduce
hepatocyte apoptosis. Furthermore, FLT3 can activate
RAS signaling and downstream kinase phosphoryla-
tion (including MAPK1/ERK2 and/or MAPK3/ERK1),
suggesting that both FLT3 and PHLDA1 may exert their
effects through the MAPK signaling pathway. This is sup-
ported by our liver co-expression network analysis, which
revealed strong connectivity between these genes and
hub genes within the network. Among the highly con-
nected genes in the network, CACNB4 mediates calcium
ion influx, modulates calcium channel voltage, and regu-
lates gene transcription. Additionally, CACNB#4 exhibits
protein kinase-binding properties [77], further implicat-
ing its role in signal transduction. As a highly connected
gene in the network, CACNB4 may regulate calcium
channel activity to fine-tune transcriptional responses
[78], thereby contributing to hepatic metabolic stability.
Collectively, these findings suggest that the upregulation
of MAPK signaling pathway-related genes (PHLDAI,
FLT3, CACNB4) in G-group female ducks sustains hepa-
tocyte proliferation, mitigates apoptosis, and maintains
liver homeostasis. This, in turn, may enhance the liver’s
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capacity to support ESS by ensuring the availability of
critical metabolites for eggshell formation.

Conclusions

This study conducted a comparative transcriptome
analysis of shell glands and livers between white-shell
and green-shell ducks and constructed co-expression
networks of genes related to eggshell color and strength
using WGCNA. Differential analysis identified bile
acid output-related genes in the shell gland (ABCG2,
SLC51B) and liver (COX1, DIO3, RBPJ). GO, and KEGG
analysis results indicated that genes related to ion trans-
port, transmembrane transport in shell glands, and cell
proliferation and differentiation in the liver may play
important roles in eggshell formation. WGCNA analysis
identified key modules and genes associated with egg-
shell color and strength. Additionally, ESS-related genes
such as MAP3KS, PPARG, FKBP10, PHLDAI, FLT3, and
CACNB4 were identified, highlighting the critical roles of
apoptosis regulation, collagen maturation, and calcium
transport in shell gland mineralization. Based on these
findings, we hypothesize a potential liver-shell gland
interaction that may coordinate ESB and ESS through
bile acid metabolism, antioxidant capacity, and ion trans-
port pathways. However, further functional validation
is required to confirm this model. This model provides
molecular insights into the correlation between egg-
shell color and strength, offering novel targets for future
research to enhance eggshell quality in poultry breeding.
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