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ABSTRACT The yellow color of the skin is an
important economic trait for yellow chickens. Low
and non-uniform skin yellowness would reduce eco-
nomic efficiency. However, the regulatory mechanism
of chicken skin yellowness has not been fully eluci-
dated. In this study, we evaluated the skin yellowness
of 819 chickens by colorimeter and digital camera,
which are from the same batch and the same age of 2
pure lines with significant differences in skin yellow-
ness. A total of 982 candidate differential expressed
genes (DEGs) were detected in duodenal tissue by

RNA-seq analysis for high and low yellowness chick-
ens. Among the DEGs, we chose fatty acid translocase
(CD36) gene and identified a single nucleotide poly-
morphism (SNP) upstream of the CD36 gene that
was significantly associated with skin yellowness at
multiple parts of the chicken, and its different geno-
types had significant effects on the promoter activity
of the CD36 gene. These findings will help to further
elucidate the molecular mechanism of chicken skin
yellowness and is helpful for improving chicken skin
yellowness.
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INTRODUCTION

With the promotion of chilled sales, chickens with bet-
ter carcass appearance are more likely to be preferred by
consumers, and consumers in southern China prefer to
purchase chickens with an overall yellowish skin. Bright
yellow skin is usually associated with healthy and good
quality flesh (Langi et al., 2018). Exploring and search-
ing for candidate associated variants and genes for
chicken skin yellowness will help to improve the yellow-
ness of chicken skin and thus meet consumer demand.

The yellow color of chicken skin is mainly due to
carotenoid deposition, and candidate genes for caroten-
oid coloration in birds include BCO2 (Eriksson et al.,
2008), BCMO1 (von Lintig and Vogt 2000), SCARBI1
(During et al., 2008), CD36 (Krieger 1999), StAR1
(Soccio and Breslow 2003; Tabunoki et al., 2004), PLIN
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(Londos et al., 1996), GSTA2 (Bhosale et al., 2004).
Chickens obtain carotenoids by ingesting feed, the caro-
tenoids released from the food matrix are dissolved in
fat, and the secretion of intestinal lipase, bile salts and
phospholipids digest the lipid droplets and form mixed
carotenoid  micelles  (Budny  2015). SCARBI
(Tourkova et al., 2020) and CD36 (van Bennekum
et al., 2005; Sakudoh et al., 2010; Borel et al., 2013) are
key participants in the recognition of mixed carotenoid
micelles for transport into cells.

The carotenoids are then transported to the tissues for
functioning or deposition in the tissues, during which
time they may be cleaved by BCMO1 and BCO2 to
form precursors of vitamin A and other metabolites.
BCO2 breaks down the colorcolored carotenoids into
colorless carotenoids, thus preventing the deposition of
colored carotenoids in the tissues (Vage and Boman
2010; Tuzcu et al., 2017). Previous studies on chicken
skin yellowness have focused more on BCO2, which may
distinguish between white-skinned and yellow-skinned
chickens but may have difficulty explaining differences
in skin yellowness.

In birds, the duodenum and jejunum are the key sites
for carotenoid absorption (Tyczkowski and Hamilton
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1986). Studies showed high concentrations of lutein and
carotenoids in  the duodenum and jejunum
(Littlefield et al., 1972; Phelan et al., 2018). Although the
carotenoid content of the duodenum and jejunum is simi-
lar in chicken, the mucosal extracts of the duodenum are
more lipid soluble than those of the jejunum and ileum
(McLean et al., 2005). There are more phospholipids, ster-
ols, apolipoprotein, and carotenoids packed together in
the duodenum to form portomicrons (Phan and Tso
2001), which means that carotenoids are more likely to
be absorbed in the duodenum. Therefore we selected the
duodenum, which has a higher carotenoid absorption
potential, as the subject of our study. Whereas intestinal
absorption of carotenoids is a prerequisite for pigmenta-
tion in the skin, differences in chicken skin yellowness are
more likely to be related to differences in the efficiency of
intestinal absorption of carotenoids.

In this study, we analyzed differences in skin yellowness
between 2 purebred chickens, and duodenal tissues from
chickens with high and low skin yellowness were analyzed
by RNA-seq to reveal candidate genes that affect skin yel-
lowness in chickens. We identified candidate genes and
metabolic pathways associated with chicken skin yellow-
ness and identified an SNP associated with chicken skin
yellowness. All these findings will likely help to unravel
the molecular mechanisms of chicken skin yellowness.

MATERIALS AND METHODS
Ethics Statement

G-line and M-line chickens were obtained from
Guangzhou KwangFeng Breeding Farm (Guangzhou,
Guangdong Province, China). Animal experiments were
conducted in accordance with the regulations and guide-
lines established by the Animal Care Committee of
South China Agricultural University (approval number:
SCAU#0106; 25 November 2018).

Experimental Population

The experimental animals were 2 pure lines of chick-
ens from the KwangFeng Breeding Farm. In Line G yel-
low feather chickens, 356 females and 160 males from
the same batch, and in Line M partridge chickens, 184
females and 119 males from the same batch, a total of
819 chickens, were caged under uniform rearing condi-
tions, with free access to water and food and reasonable
light during breeding. The 819 chickens were subjected
to slaughtering experimental chicken traits. The chick-
ens were all 73 d of age. All chickens were slaughtered in
a slaughterhouse by bleeding through the jugular vein,
then scalded in water at 64°C for 220 s and plucked with
a chicken hair plucker.

Skin Color Measurements

Skin yellowness was determined using a 3nh-nh310
colorimeter (3nh, Guangzhou, China). The colorimeter

gives an a* value (for red to green), a b* value (for yel-
low to blue) and an L* value (for brightness) directly
from a single measurement. Skin yellowness is measured
by the b * value. We measured the skin on the left side
of the chicken on the chest, back, shoulder, and leg, aver-
aging 3 times for each position and rotated by 90° each
time. Measurements were taken to avoid areas of bruis-
ing, bleeding, discoloration and damage. Digital photo-
graphs of 819 slaughtered chickens were successfully
obtained with a Canon Eos 80d color camera (Canon,
Tokyo, Japan) in a small studio with a fixed light source
(Travor LED Mini Photography, Hangzhou, China),
with fixed camera exposure parameters (aperture value
/4.5, ISO-250, exposure time 1/400s) and with experi-
enced workers according to the colorimetric umbrella for
chicken carcasses Sensory scoring of yellowness (1 to 4
points).

We have programmed a script in python 3.6.3 to auto-
matically extract the color values of the chicken skin. The
original image was first scaled to a small size (400*267)
and then the rgb values were converted to hsv space using
a standard formula implemented by the CV2 package
cv2.cvtColor function (Figure S1). In the hsv model, H
denotes hue (h denotes variation in color type), S denotes
saturation (s denotes the purity or intensity of a color)
and V denotes luminance or brightness. The background
and the chicken in the picture are distinguished according
to the range of h, s and v, and the h, s and v values of the
pixel points belonging to the chicken in the picture are
averaged separately to obtain the h, s and v values of the
chicken. A photograph is provided in Figure S2 as an
example. The script “get _skin _hsv.py” is provided in the
Supplementary Material.

Genetic Parameter Estimates

The restricted maximum likelihood method imple-
mented by the DMU package was used to obtain esti-
mates of the phenotypic and genetic (co)variance and
heritability, and the following linear model was used for
the analysis of the data:

y=Xb+Za +e

where y was the phenotypic value of a trait, a was the
vector of the animal additive genetic effect, b was the
vector of the fixed effects, including gender (2 levels)
and pen (90 levels in G line, 62 levels in M line), e was
the vector of random residuals, and X and Z were the
incidence matrices. A total of 512 individuals in G line
and 351 individuals in M line with complete pedigree
and phenotypic trait records were included.

DNA and RNA Extraction

Genomic DNA was extracted from blood according to
the Blood DNA kit (Magen, Guangzhou, China) instruc-
tions steps, and use a Nanodrop 2000c spectrophotome-
ter (Thermo Scientific, Waltham, MA) to measure DNA
sample concentrations and then the samples were
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diluted to 80 ng/uL and stored at —20°C for storage.
Total RNA was isolated from duodenum tissues of chick-
ens using HiPure Unviersal RNA Mini Kit (Magen).

CD36 Fragment Amplification

Full length fragment of CD36 was loaded on NCBI
(https://www.ncbinlm.nih.gov, accessed on 10 March
2022), and then used NCBI Primer-BLAST (Primer
designing tool (https://www.nchinlm.nih.gov/tools
primer-blast/) to design PCR amplification primers.
The total volume of PCR was 30 uL, and the amplifica-
tion system was 3 pL chicken DNA at a concentration
of 100 to 200 ng/uL; 1.2 L upstream primer (Tsingke
Biotech, Beijing, China) at a concentration of 10 nM;
1.2 uLL downstream primer at a concentration of 10 nM;
9.6 uL double distilled water; 15 uL. Green TaqMix
(Vazyme, Nanjing, China). The primer sequences are
shown in Table S1. The PCR program was predenatured
for the first 5 min, denatured at 95°C for 15 s, followed
by annealing at 58°C for 30 s, extension at 72°C for 50 s
(32 cycles), and final extension at 72°C for 5 min at the
end of the cycle. It was stored temporarily at 4°C until
off the machine. Then, the amplified samples were sent
to Tsingke Biotech Co., Ltd. for sequencing.

RNA-seq and Bioinformatics Analysis

In Lines G and M, 3 chickens with high yellowness of
chest skin were selected as high yellowness group H and
three chickens with low yellowness of chest skin were
selected as low yellowness group L. There was a signifi-
cant difference in mean yellowness between groups H and
L (11.93 £ 2.87 vs. 6.55 £ 0.88, P < 0.001, n = 3,
sex = female). Duodenal tissue was collected after the
contents of the intestine had been cleared and rapidly fro-
zen in liquid nitrogen for RNA-Seq. RNA was extracted
using TRIzol Reagent (Ambion/Invitrogen, Carlsbad,
CA) and then accurately tested for RNA integrity by Agi-
lent 2100 bioanalyzer. Enrichment of mRNA with polyA
tails by Oligo (dT) magnetic beads. Library acquisition
using the NEBNext Ultra RNA Library Prep Kit for Illu-
mina, the library preparations were sequenced on an Illu-
mina Novaseq platform and 150 bp paired-end reads were
generated. We removed reads with adapters, removed N-
containing reads and low-quality reads (reads with
Qphred <= 20 that had more than 50% of the entire read
length in bases). Paired-end clean reads were compared
to the reference genome using HISAT2 v2.0.5. Feature
Counts (1.5.0-p3) was used to calculate the number of
reads mapped to each gene. The FPKM for each gene
was then calculated based on the length of the gene and
the number of reads mapped to that gene was calculated.
Differential expression analysis between the 2 compara-
tive combinations was performed using DESeq2 software
(1.20.0). The method of Benjamini and Hochberg was
used to adjust the resulting P-value to control for false
discovery rates. Genes with adjusted P-value <= 0.05
were found to be assigned as differentially expressed by

DESeq2. We used clusterProfiler (3.8.1) software to ana-
lyse the statistical enrichment of differentially expressed
genes in the KEGG pathway, and we used a native ver-
sion of the GSEA analysis tool (http://www.broadinsti
tute.org/gsea/index.jsp) to perform separate GO, KEGG
data for this species GSEA analysis.

RT-qPCR Validation of Candidate Genes

Reverse transcription was performed using a cDNA
reverse transcription kit (Vazyme, Nanjing, China)
according to the manufacturer’s protocol. All primers
(Table S1) were designed using the Primer Premier 5.0
software (Premier Biosoft, Palo Alto, Ca, United
States). qPCR procedures were performed in the Quant-
Stuido 5 Real-Time Detection System (Thermo Scien-
tific, Waltham) and the Cham(Q Universal SYBR qPCR
Master Mix (Vazyme). Gene expression was detected
using the 2-AAct method with GAPDH as the reference
gene.

Cell Line Culture and Transfection

Chicken hepatoma cells (LMH) was obtained from
Hfwanwu (Hfwanwu, Hefei, China), and none of the cell
lines were contaminated during the experiments. LMH
cells were treated with Williams E (Procell, Wuhan,
China) containing 10% fetal bovine serum (Gibco, Auck-
land, New Zealand) and 1% penicillin/streptomycin
(Gibco) were treated and incubated at 37°Cand 5%
COs,. Transfection was performed using transfection
reagents according to the instructions (Life-iLab, Shang-
hai, China).

Luciferase Assay

Using primer CD36-PGL (Table S1) to amplify the
fragment containing CC and GG genotypes of SNP,
PGL3-basic plasmid (Miaoling, Wuhan, China) was
digested by Xhol and HindIIT (Best Enzymes, Jiangsu,
China), ligated overnight at 16°C by T4 ligase (Best
Enzymes), and the monoclonal colony was screened for
sanger sequencing to verify the successful vector con-
struction (Supplementary Material PGL3-seq). LMH
cells were inoculated into 96-well plates at a density of
1.5 x 10" cells per well. Subsequently, PGL-CC, PGL-
GG, and PGL-Basic were transfected into the cells in 8
replicates per group. 48 h later, a dual luciferase reporter
assay was performed according to the manufacturer’s
instructions (E2920, Promega; Madison, WT).

Statistical Analyses

Descriptive statistical analyses of data recorded for
phenotypic traits were performed using SPSS 22.0 (SPSS
Inc., Chicago, IL). Pearson’s correlation coefficient (r)
and linear regression were used to evaluate correlations
between traits. Factor analyses were performed with
eigenvalues greater than 1, and principal components
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were extracted through the correlation matrix. P-value <
0.05 were considered statistically significant. For the sta-
tistical analysis of the 2 comparisons, we used the t test.
We considered P < 0.05 to be statistically significant
(* P<0.05; ** P<0.01; *** P<0.001).

The sequence peak map files returned from sequencing
were placed into Seqman in DNAStar Lasergene soft-
ware (DNAStar, Madison, WI) for comparison with ref-
erence sequences, and the genotype of each SNP was
recorded. A mixed linear model was used to analyze the
association between SNPs and skin yellowness traits.
The mixed linear model used was as follows:

Y=u+G+S+L+e

Y: phenotypic values for skin yellowness trait, u: the
overall mean, G: the fixed effect of genotype, S: the fixed
effect of gender (2 levels), L: the fixed effect of line (2 lev-
els), e: random residuals. Corrections for multiple com-
parisons were performed using the Bonferroni method
(Ren et al., 2019). When 2 lines were analyzed sepa-
rately, the fixed effects of line will not be included. The
percentage of phenotypic variance explained (PVE) is
calculated using GAPIT (https://www.maizegenetics.
net/gapit), and PVE is equal to Rsquare.of.Model.with.
SNP minus Rsquare.of. Model.without.SNP.

RESULTS

Differences of Skin Yellowness Between
Line G and Line M Chickens

To understand the differences in skin yellowness
between Lines G and M chickens, we evaluated 4 repre-
sentative body parts using a colorimeter, and the distri-
bution of yellowness values at each location is shown in
Table 1, with the coefficient of variation shown in
Table S2. Results showed that the yellowness of the skin
of M-line chickens is generally higher than that of G-line
chickens, that there are significant differences in skin
color between G-and M-line roosters and hens, and that
the coefficients of variation for the skin on the chest and
back of G-line chickens are greater than those for M. In
order to better understand the differences in skin color
between Lines G and M, the data were downscaled by
PCA analysis and the individual loadings are shown in
Figure TA. The individuals of Line G were more discrete,
indicating a lower degree of uniformity between individ-
uals, whereas males and females of Line M were more
concentrated, indicating that the uniformity of skin
color yellowing was higher in Line M than in Line G,

which is consistent with the results in Table S2. In order
to more accurately assess the yellowness of chicken skin
color, we used python(3.6.3) software to analyze the
photographs to assess the overall skin color of the chick-
ens, compensating for the fact that the colorimeter does
not reflect the whole in its local measurements. The
results showed significant differences in the overall skin
tone of chickens between Lines G and M, with a high
degree of variation between individuals. PCA analysis
(Figure 1B) revealed that the b* values, photo Satura-
tion and sensory scores were relatively close to each
other at each site, suggesting that photo Saturation may
be a candidate for assessing chicken skin yellowness. In
summary, chicken skin yellowness and its uniformity
were influenced by breed and sex, with Line M chickens
having higher skin yellowness overall than Line G chick-
ens.

Estimation of Genetic Parameters for Skin
Yellowness Trait

To develop a suitable selection strategy, we evaluated
the genetic parameters of traits related to chicken skin
yellowness (Table 2). The heritability of skin yellowness
traits was higher in Line G than in Line M, with higher
heritability for breast b* value, H value and S value, and
lower heritability for back and shoulder b* value. Selec-
tion for breast b* value or H value and S value of photos
might achieve better effect.

Differential Expressed Genes Between Line
G and Line M Chickens

To investigate the mechanism of genetic regulation of
skin yellowness in chickens, we selected 3 chickens in
each of Lines G and M with significant differences in
skin yellowness, divided them into high yellowness (H)
and low yellowness (L) groups (Figure 2A), and RNA-
sequenced their duodenal tissues. The mean clean reads
for H and L were 40,908,808 and 40,415,443, respec-
tively. A PCA analysis of each sample’s FPKM was per-
formed and a trend toward separation of samples
between the 2 groups was found (Figure 2B). Based on
the criteria of [log2FoldChange| > 0 and P-value < 0.05,
982 differentially expressed genes were identified
between H and L (Figure 2C), of which there were 351
upregulated genes and 631 downregulated genes. Based
on the results of the analysis of differentially expressed
genes, a clustering heat map using R software revealed

Table 1. Mean and standard error of skin yellowness traits in Lines G and M of chickens (Mean + SEM).

Chest b*! Back b*' Shoulder b*! Leg b*! H' s! V! Sensory score’
GQ(356)°  10.15+£2.86° 1096 £3.07°  11.09£2.57>  7.23+£4.07°  53.93£20.11° 5644 +£8.37°  184.254+6.38°  2.51 £ 0.89°
G3(160)” 6.19 + 1.68¢ 6.64 + 2.33¢ 7.78 £ 1.86° 29+1.95° 71.24+14.91* 5128 +3.96%  179.66 + 7.5¢ 1.78 £ 0.65¢
MQ(184)°  12.15+£1.87" 15114339  13.79£2.92" 9474295  21.54 £ 7.15° 61.21 £4.43* 19271 £5.26°  3.74 £ 0.44*
Mg(119)° 1093 +£2.16"  13.19+3.59"  10.94 +2.9" 7.054+ 287"  29.58 4+ 8.53° 58.47 £ 4.1° 198.81 +3.58"  3.48 +0.53"

!Different letters (*") indicate highly significant differences in means (P < 0.05), and the same letters indicate insignificant differences in means

(P> 0.05).
*The number in parentheses is the number of samples.
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Figure 1. Principal component analysis of skin yellowness traits. (A) 2D scatter plot of PCA analysis for each sample; (B) 3D scatter plot of

PCA analysis for each skin color trait.

that H and L had different gene expression profiles in
duodenal tissue.

To explore the biological functions of the 982 DEGs,
GO, and KEGG enrichment analyses were performed on
the DEGs. GO enrichment analysis (Figure 2D) showed
that DEGs were significantly enriched in transporter
activity, tetrapyrrole binding, heme binding, immune
system process. The transporter activity pathway is
associated with carotenoid absorption. Previous studies
have shown that intestinal health is associated with
carotenoid absorption, and that chicken skin yellowness
may also be regulated by the immune system process,
immune response pathway. KEGG enrichment showed
that DEGs were significantly enriched in tight junction,
steroid hormone biosynthesis, arachidonic acid metabo-
lism, metabolism of xenobiotics by cytochrome P450
pathway (Figure 2F).

Analysis of DEGs Interaction Network and
gPCR Validation of Candidate DEGs

In order to explore the interactions of DEGs, we con-
ducted protein interaction analysis of DEGs through
STRING website, and the results are shown in
Figure 3A. APOB, ALDH8A1, CYP3A5, and
CYP2C23, had high interaction scores, APOB has been

Table. 2. Heritabilities and standard error of skin yellowness
traits in G and M lines of chickens.

G(512) M(351)
h? SE(t) h? SE(t)
Chest b* 0.56674 0.09826 0.30567 0.13974
Back b* 0.27693 0.09286 0.07671 0.12797
Shoulder b* 0.24077 0.09269 0.12730 0.11965
Leg b* 0.39521 0.09679 0.24320 0.13745
H 0.58942 0.09651 0.32591 0.14185
S 0.58259 0.09824 0.41077 0.15246
Sensory score 0.48063 0.10007 0.27222 0.14408

reported to be associated with carotenoid transport,
ALDHS8A1 is involved in retinoid synthesis, and carote-
noids can regulate C'YP38A expression through the preg-
nane X receptor (PXR). To further understand the
relationship between DEGs of interest and carotenoid
uptake, we generated an interaction network between
DEGs and reported yellow skin-related genes using Gen-
eMANIA to show the interaction of DEGs with genes
related to skin carotenoid deposition(Figure 3B), which
facilitates our better understanding of the relationship
between the P450 family, lipid transport, and skin carot-
enoid deposition. There are physical interactions
between MTTP, APOB and ABCGS5, CYPI1A1 and
SCARB2. MTTP, APOB, SCARB1, APOA1, and
APQOAZ2 are in the same Pathway (Wu et al., 2010).

To validate the RNA-seq results and to search for
genes related to the regulation of chicken skin yellow-
ness, we selected 12 genes underlying lipid transport,
P450 family and retrovirus for qPCR validation
(Figure 4A), and the trend is consistent with the RNA-
seq results (Figure 4B). The primer sequences are shown
in Table S1. In addition, we also performed qPCR vali-
dation of the carotenoid metabolism-related genes
BMCO1 and BCO2, and the carotenoid transporter
related gene SCARB1. Result showed that they did not
differ significantly between H and L (Figure 4C), indi-
cating that the difference in chicken skin yellowness may
not be due to the metabolism of carotenoids by BMCO1
or BCO2. The nucleotide blast tool of the National Bio-
technology Information Center (NCBI) was used to
compare and analyze the sequences of LOC107052719
and LOC121113436, and the results showed that their
sequences were 99.542% similar to the Gag gene of
ALVE. (NCBI. Sequence ID: MT263508.1) (Table S8),
suggesting the possibility of an endogenous viral influ-
ence on carotenoid uptake. The mRNA relative expres-
sion levels of these genes were consistent with the results
of RNA-seq analysis.
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Figure 4. qPCR validation of candidate DEGs and effect of SNP on C'D36 promoter activity. (A) Relative mRNA expression levels of RNA
extracted from H and L. ** Indicates a significant difference at the level of 0.01, and * indicates a significant difference at the level of 0.05. (B)
FPKM of candidate DEGs. (C) Relative mRNA expression levels of chicken skin yellowness candidate genes in the duodenum. (D) Dual-luciferase
assay result for PGL3-CC, PGL3-GG, PGL3-basic(control) transfected LMH cells after 48 h. *** Indicates P<0.001. Abbreviations: DEGs, differen-

tial expressed genes; SNP, single nucleotide polymorphism.

Identification of SNPs Associated With
Chicken Skin Yellowness on CD36

To investigate the markers in the CD36 gene that
could be used for molecular breeding of chicken skin yel-
lowing, we identified SNP variations through amplifying
a fragment upstream of the CD36 gene by PCR with the
primer sequences shown in Table S1. DNA fragments
from 338 females and 185 males of Line G were
sequenced. Three SNPs, g.4429G>C g.4470G>A,
g.4478C>G, were identified (Figure S3), of which
g.4478C>G (chromosome 1, base 11564048 C>G) was
located at 1915 bases of the CD36 gene and was found
to be associated with skin yellowness (Table 3). The
2.4478C>G@ is consistent with Hardy-Weinberg equilib-
rium, and the CC genotype is a dominant genotype,
which belongs to the low polymorphism (Table S4).
Chickens with the GG genotype had significantly less
yellow skin staining on the chest, back, and legs than
those with the CC and CG genotypes, and there were
significant differences in photo hue. The g.4478C>G

may be a candidate molecular marker for chicken skin
yellowness improvement.

In addition, other 2 SNPs (Figure S3), named
2.93C>T (chromosome 1, base 11332036 C>T) and
g.149C>G (chromosome 1, base 11332088 C>G) on the
3'UTR of the CD36 gene, were significantly associated
with skin yellowness. Since the gene frequencies of these
2 SNPs were significantly different in the G and M lines
(Table S5), the 2 lines were analyzed separately for asso-
ciation analysis (Table S6). Results showed opposite
dominant genotypes for g.93C>T and g.149C>G in the
G and M lines. TT genotype of g.93C>T and CC geno-
type of g.149C>G both had higher skin yellowness than
other genotypes, which was consistent in the two lines.

SNP affects CD36 Promoter Activity

Prediction of transcription factor binding sites for CC
and GG genotype sequences of g.4478C>G by the online
tool AliBaba 2.1 (http://gene-regulation.com/pub/
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Table 3. Association analysis of CD36 SNP g.4478C>G with skin yellowness traits (Mean = SEM).

CC'(393) CG'(105) GG'(25) Pvalue PVE’
Chest b* 9.95 + 3.04" 9.71 £ 2.95* 8.60 + 2.17" 0.005 0.073%
Back b* 11.67 + 4.37% 10.35 + 3.39%" 9.72 + 1.95" 0.016 0.689%
Shoulder b* 10.89 £ 3.22 11.06 £ 3.12 10.41 £ 2.19 0.113 0.191%
Leg b* 6.81 + 3.86" 6.84 £4.17* 5.47 £ 3.21° 0.023 0.192%
H 45.98 + 24.41* 52.51 + 23.05* 59.65 + 17.39" 0.000 0.024%
S 56.57 + 7.02 55.84 + 7.44 54.56 £ 5.58 0.157 3.214%
Sensory score 2.79 +1.03" 2.61 £+ 0.95* 2.36 + 0.69" 0.002 0.008%

Different letters (a’b) indicate highly significant differences in means
(P> 0.05).
2PVE represents the percentage of phenotypic variance explained.

programs/alibaba2/index.html) revealed that the CC
genotype has more possible transcription factor binding
sites than the GG genotype (Table S7). RAR-alpha and
RAR-beta are retinoic acid receptors that regulate gene
transcription. Dual-luciferase assay result showed that
the promoter activity of the CC genotype was signifi-
cantly higher than that of the GG genotype
(Figure 4D), which may be a contributor to the differen-
tial expression of CDS56.

DISCUSSION

In recent years, many researchers have studied the
genetic mechanism of skin yellowness in chickens. BCO2
was found to be associated with the degradation of caro-
tenoids to colorless derivatives (Amengual et al., 2011),
with three SNPs significantly associated with the yellow
skin trait(Eriksson et al., 2008), however, they may be
able to distinguish between white-skinned and yellow-
skinned chickens but not between chickens with high
and low skin yellowness (Wu et al., 2021). In addition, it
was found that a SNP on BCOZ2 was associated with calf
skin color traits (Jin et al., 2016). In this study, BCO2
expression was lower in the duodenum and was not dif-
ferentially expressed between the high and low yellow-
ness chickens. Therefore, BCO2 may not function
primarily in the duodenum.

Skin deposited carotenoids are mainly obtained from
food. The absorption and bioconversion of dietary caro-
tenoids primarily take place in the intestine, where caro-
tenoids form mixed micelles with amphiphilic and
hydrophobic compounds including bile salts, cholesterol,
fatty acids, monoacylglycerides, and phospholipids
(Reboul 2013; von Lintig et al., 2020). CD36, SLC9AS3,
SLC13A2, MTTP and other lipid transport-related
genes were differentially expressed in different yellow-
ness chickens, which might affect the absorption of caro-
tenoids in the intestine and thus the skin yellowness.
CD36 and SCARBI1 are key participants in intestinal
carotenoid absorption (Moussa et al., 2008; Mapelli-
Brahm et al.; 2019). Mutations in the SCARBI gene
change yellow feathers to white feathers in birds by
affecting the uptake of carotenoids (Tourkova et al.,
2020). In this study, CD36 is highly expressed in the
duodenum of chickens with high skin yellowness, but on
the contrary in chickens with low skin yellowness. CD36
is a scavenger receptor class B protein (SR-B2) that

(P < 0.05), and the same letters indicate insignificant differences in means

serves various functions in lipid metabolism and signal-
ing (Glatz et al., 2022). It involved in lycopene, lutein
(Moussa et al., 2011) and a-carotene absorption
(Borel et al., 2013). A high level of CD36 expression may
mean that the intestinal is more capable of absorbing
carotenoids. Therefore, CD36 is one of the most poten-
tial candidates to regulate yellowing of chicken skin.

In CD36, several SNP have been found to be associ-
ated with the absorption of lutein (Meyers et al., 2014),
zeaxanthin (Borel et al., 2011) and B- cryptoxanthin
(Borel et al., 2013). We showed that g.4478C>G in the
upstream region of C'D36 is significantly associated with
chicken skin yellowness. Further transcription factor
prediction showed that CC genotype in this SNP posi-
tion has more RAR transcription factor binding sites
than the GG genotype, and RAR has been reported to
regulate CD&6 expression (Zhao et al., 2022) and affect
fatty acid uptake (Cassim Bawa et al., 2022). The
results of dual fluorescein reporter assays in this study
further suggested that the CC genotype has higher tran-
scriptional activity than the GG genotype. Chickens
with the CC genotype, where the RAR binding site may
be present, had a higher degree of yellowing compared
to the GG genotype, implying that the high yellowness
of the CC genotype was due to a higher level of RAR
binding to enhance CD36 gene expression activity.

KEGG enrichment analysis showed significant enrich-
ment in the cytochrome P450 family, CYP3A4,
CYP3A5, and the cytochrome P450 pathway was also
found to be enriched for differences in yellowness in skin
RNA-seq results (Wu et al., 2021), and cytochrome
P3A80 has been shown to be a strong candidate for
carotenoid ketolase in amphibians (Twomey et al.,
2020). CYP2J19 was found to convert yellow carote-
noids to red carotenoids in birds (Kirschel et al., 2020),
while birds may convert lutein to zeaxanthin
(Crothers et al., 2016). Therefore, cytochrome P450-
related DEGs may be candidates for regulating skin yel-
lowness in chickens.

We innovatively investigated chicken skin yellowness
trait in terms of intestinal absorption by sequencing the
duodenum transcriptome, revealing potential candidate
genes and identifying a SNP associated with chicken
skin yellowness that could be used for skin yellowness
selection. There are physical interactions between
MTTP, APOB and ABCGS, CYP1A1 and SCARB2.
MTTP, APOB, SCARB1, APOA1, and APOA2 are in
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the same Pathway (Wu et al., 2010). DEGs are closely
related to carotenoid uptake transport. Chicken skin yel-
lowness may be affected by a complex multigene regula-
tory network and mutations in individual genes may not
explain this trait well. This study only sequenced duode-
nal tissues and attempted to explain the differences in
chicken skin yellowness by CD36. The effects of other
intestinal tracts on chicken skin yellowness and the syn-
ergistic effects between DEGs remain to be further
investigated.

CONCLUSIONS

In summary, we performed transcriptome sequencing
of the duodenum and identified 982 DEGs in chickens
with high and low skin yellowness, of which CD36 was
highly expressed in chickens with high skin yellowness
and vice versa in chickens with low skin yellowness. We
identified a SNP upstream of the CD36 gene had a signifi-
cant effect on skin yellowness. All our findings represent a
critical step in understanding the genetic basis of skin yel-
lowing in chickens and will help to further unravel the
molecular mechanisms of the traits involved.
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