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ABSTRACT We previously reported that blue
eggshell color in chickens is associated with a partial
endogenous retroviral (EAV-HP) insertion in the
promoter region of the solute carrier organic anion
transporter family member 1B3 (SLCO1B3) gene.
The EAV-HP sequence includes numerous regulatory
elements, which may modulate the expression of adja-
cent genes. To determine whether this insertion in-
fluences the expression of neighboring genes, we
screened the expression of solute carrier organic anion
transporter family members 1C1, 1B1 (SLCO1C1,
SLCO1B1), and SLCO1B3 in 13 and 10 tissues from
female and male Yimeng chickens, respectively. We
observed that the insertion only significantly modu-
lated the expression of SLCO1B3 and did not majorly
affect that of SLCO1C1 and SLCO1B1. High expres-
sion of SLCO1B3 was detected in the shell gland,
magnum, isthmus, and vagina of the oviduct in female
blue-eggshell chickens. We also observed ectopic
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expression of SLCO1B3 in the testes of male chickens.
SLCO1B3 is typically highly expressed in the liver;
however, the EAV-HP insertion significantly reduces
SLCO1B3 expression. As a liver-specific transporter, a
reduction in the expression of SLCO1B3 may affect
liver metabolism, particularly that of bile acids. We
also detected higher ectopic expression of SLCO1B3 in
the lungs of birds heterozygous for the EAV-HP
insertion than in homozygous genotypes. In conclusion,
we confirmed that the EAV-HP insertion modifies
SLCO1B3 expression, and showed, for the first time,
similar expression profile of this gene in all parts of the
oviduct in females and testis in males.We also observed
different levels of SLCO1B3 expression in the liver,
which were associated with the EAV-HP insertion, and
significantly higher expression in the lungs of birds with
heterozygous genotype. The effects of these changes in
the SLCO1B3 expression pattern on the function of the
tissues warrant further investigation.
Key words: chicken, blue-eggshell, E
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INTRODUCTION

Avian eggshell color diversity is known to contribute to
crypsis, solar radiation filtering, enhanced eggshell
strength, and sexual selection (Kilner, 2006; Maurer
et al., 2012). The color of the eggshell is determined by
the proportion of protoporphyrin IX, biliverdin, and
biliverdin zinc chelate (Gorchein et al., 2010). Blue egg-
shells contain higher levels of biliverdin, whereas brown
and pink eggshells contain protoporphyrin IX, and white
eggshells contain extremely lowamounts or are completely
devoid of any pigment (Kennedy and Vevers, 1976;Wang
et al., 2007). Blue eggshell color in chickens has been re-
ported as an autosomal dominant trait controlled by the
oocyan (O) allele (Punnett, 1933), and some mapping re-
gions and genes associated with the blue-eggshell pheno-
type have been identified (Bitgood et al., 1980; Wang
et al., 2010, 2011; Wragg et al., 2012).

We previously demonstrated that the solute carrier
organic anion transporter family member 1B3
(SLCO1B3) gene containing a partial endogenous
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retroviral (EAV-HP) insertion in the 5ʹ flanking region is
strongly associated with blue eggshells in chickens (Wang
et al., 2013). Furthermore, the sequence of the causal mu-
tation is similar to that of the env gene of avian leukosis vi-
rus subgroup J, which is a type of retrovirus (Smith et al.,
1999; Sacco et al., 2000). The occurrence of retroviruses in
plant and animal genomes has been extensively studied,
and it has been found that partial retroviral fragments
can result in high ectopic expression of adjacent genes or
abnormal transcription (Matsumine et al., 1991; Chang
et al., 2006; Butelli et al., 2012; Zhang et al., 2019). In addi-
tion to SLCO1B3, there are 2 other adjacent genes, solute
carrier organic anion transporter family members 1C1
(SLCO1C1) and 1B1 (SLCO1B1) (reported as
LOC418189), which are located 9 kb upstream and
w26 kb downstream of the insertion site, respectively.
These 3 genes aremembers of the organic anion transport-
ing polypeptide (OATP, SLCO) family, which are known
to transport many endogenous and exogenous substances
(Hagenbuch andMeier, 2003; Hagenbuch andGui, 2008).
Solute carrier organic anion transporter family members
1C1, SLCO1B1, and SLCO1B3 are expressed in multiple
chicken tissues (Barbosa-Morais et al., 2012; Merkin
et al., 2012). Furthermore, SLCO1C1 and SLCO1B1
have been suggested as candidate genes affecting the
brownness of eggshells (Chuanwei et al., 2014). Therefore,
it is necessary todeterminewhether the expression of these
2 genes is also regulated by the EAV-HP insertion.

High ectopic expression of SLCO1B3 has been re-
ported in the shell gland of blue-eggshell chickens
(Wang et al., 2013). Wragg et al. (2013) noted that
the EAV-HP insertion is associated with a high expres-
sion of SLCO1B3 in the shell gland and oviduct of the
Mapuche fowl, a native blue-eggshell chicken breed;
however, the part of the oviduct to which these observa-
tions pertain remains unclear. OATP1B3 (encoded by
SLCO1B3) is an important transporter involved in the
specific transport of various endogenous and exogenous
substances in the liver of humans, including CCK-8,
bile acids, and some drug molecules (Ismair et al.,
2001; Hagenbuch and Gui, 2008; Meyer and Kim,
2009). Considering that SLCO1B3 is expressed primar-
ily in the liver (K€onig et al., 2000), a systematic analysis
of the expression profile of SLCO1B3 would be of inter-
est, as this could reveal the systemic function of the
EAV-HP insertion in blue-eggshell chickens. Moreover,
as male and female chickens harbor the same insertional
mutation, it would be of interest to examine the expres-
sion profile in both hens and roosters.

In this study, we examined the expression of
SLCO1C1, SLCO1B1, and SLCO1B3 in different
EAV-HP–insertion genotypes, that is, homozygous
dominant insertion (EAV-HP1/1), heterozygous inser-
tion (EAV-HP1/2), and homozygous recessive insertion
(EAV-HP2/2), in 13 hen and 10 rooster tissues. The
findings of this study are expected to improve our under-
standing of the effects of the EAV-HP insertional muta-
tion on SLCO1B3 function and the associated changes in
blue-eggshell chickens.
MATERIALS AND METHODS

Study Animals

Yimeng chickens, obtained from the Shandong Long-
sheng Agriculture and Animal Husbandry Group Co.,
Ltd. (Linyi City, Shandong Province, China) were
used in this study. This is a native Chinese chicken breed
in which the blue-eggshell trait is not fixed. All chickens
were raised in cages under the same environment and ad
libitum conditions. All experimental procedures were
approved by the Animal Care and Use Committee of
the China Agricultural University (Approval no.
XK257).
Diagnostic Genotyping Test for the EAV-HP
Insertion

The chickens included in the experiments were
approximately 300 d old. Blood was collected from a
wing vein, which was then used for total genomic DNA
extraction using the TIANamp Blood DNA Kit (Tian-
gen, Dalian, China). The concentration and purity of
the extracted DNA were determined by spectrophotom-
etry and agarose gel electrophoresis, respectively. All
chickens were genotyped based on the retroviral EAV-
HP insertion in SLCO1B3 using a previously reported
multiplex PCR method (Wang et al., 2013).
Tissue Sample Collection

Yimeng chickens with different genotypes (EAV-
HP1/1, EAV-HP1/2, and EAV-HP2/2) were randomly
selected from population 1 (3 males and 3 females for
each genotype, i.e., 9 males and 9 females in total) and
population 2 (4 EAV-HP1/2 hens and 4 EAV-HP2/2

hens). The chickens were euthanized by severing the ju-
gular vein after anesthesia. Tissue samples were
collected from the heart, liver, spleen, lung, kidney, duo-
denum, jejunum, ileum, colon, ovary, oviduct (magnum,
shell gland, isthmus, and vagina), and testis of birds
from one or both populations. Samples of hens were
collectedw3 to 5 h before the next expected oviposition.
Real-Time Quantitative PCR

The total RNA was extracted using the RNAprep
Pure Kit (Tiangen). The cDNA was synthesized from
1.5 mg of the extracted total RNA using the FastKing
RT Kit (Tiangen). The expression of SLCO1C1,
SLCO1B1, and SLCO1B3 genes was quantified by
real-time quantitative PCR using SuperReal PreMix
Plus (SYBR Green) (Tiangen). Primers for quantitative
PCR (Table 1) were designed using Primer Premier 5.0
software (Premier Biosoft International, Palo Alto,
CA) and then synthesized (Sangon Biotech, Beijing,
China). Data were collected from 3 biological replicates,
and each biological replicate further had 3 technical rep-
licates. The cycling conditions were as follows: 95�C for



Table 1. Primers used for real-time quantitative PCR.

Primer names Primer sequence (5’/30) GenBank number Size (bp) Anneal temperature (�C)

SLCO1B1-F
SLCO1B1-R

TCACATAACTGGAATGGCAA
AACTGTTTTTAGGGGAGGAA

CGNC:50698 158 58

SLCO1B3-F
SLCO1B3-R

TGGTGATTGCATTTGTAAGCTA
TGGAGAGCAGGGATTTATGC

CGNC:50697 197 58

SLCO1C1-F
SLCO1C1-R

TGCTGTTGCTCTCATTGTTT
TAGGTGATGCCATTCTCTCC

CGNC:9932 184 58

GAPDH-F
GAPDH-R

CTCTGTTGTTGACCTGACCT
CAACCTGGTCCTCTGTGTAT

CGNC:49077 125 58w60
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15 min, followed by 40 cycles of 95�C for 10 s, 58�C (an
optimized annealing temperature for each primer pair,
Table 1) for 15 s, and 72�C for 24 s. In addition, a mixed
sample containing the cDNAs of all sampled tissues from
an EAV-HP1/2 chicken was analyzed in each cycle for
correcting of system errors. The PCR was performed us-
ing CFX96 Real-Time System (Bio-Rad, Hercules, CA).
Glyceraldehyde-3-phosphate dehydrogenase was
selected as the housekeeping gene for normalization of
the expression of target genes.
Statistical Analysis

Data were collected and analyzed using Bio-Rad CFX
Manager. The cycle threshold (CT) values of the genes
were exported to Microsoft Excel. The relative gene
expression was determined by the 22DDCT method
described by Schmittgen and Livak (2008). For example,
the DDCT for SLCO1B3 was calculated using the
following formula:
DDCT 5 ½ðCTSLCO1B3 2CTGAPDHÞ sample A2 ðCTSLCO1B3 2 CTGAPDHÞsample mix�
The sample mix allowed for comparison of the gene
expression level of all samples. The relative expression
of the other 2 genes was calculated using the same for-
mula. Differences in gene expression among the 3 geno-
types were analyzed using Kruskal–Wallis test in R,
version 4.0.1, software (https://www.r-project.org) and
considered significant at P � 0.05.
RESULTS

Tissue Expression Profile of SLCO1C1 and
SLCO1B1 in Female and Male Chickens

Analysis of SLCO1C1 and SLCO1B1 expression pat-
terns in the 13 and 10 tested tissues from female and
male chickens, respectively, revealed low expression
levels in most of the selected tissues. The expression level
of SLCO1C1 was very low, almost undetectable, in the
heart, liver, kidney, and duodenum tissues, whereas
that of SLCO1B1 was extremely low in most tissues,
except the lung, kidney, magnum, shell gland, and va-
gina. Significantly (P � 0.05) higher expression levels
of these 2 genes were observed in the magnum than in
other tissues. Although differences were detected in the
expression levels of SLCO1B1 between some tissues,
including the colon and testis in male chickens, because
of the extremely low expression levels, such differences
were deemed irrelevant; moreover, this gene exhibited
different expression patterns in hens. No significant dif-
ferences were detected in the expression of SLCO1C1
and SLCO1B1 among the 3 genotypes in any tissue in
both male and female chickens (Figures 1 and 2,
Supplementary Figures 1 and 2).
SLCO1B3 Exhibits Higher Ectopic
Expression in Reproductive Tissues

Analysis of the relative expression levels of SLCO1B3
in 13 and 10 tissues from female and male chickens,
respectively, revealed significant differences in several tis-
sues among the EAV-HP1/1, EAV-HP1/2, and EAV-
HP2/2 genotypes (Figures 3 and 4). Notably, high
ectopic expression of SLCO1B3 was detected along the
entire oviduct in blue-eggshell chickens. In EAV-HP1/

1 and EAV-HP1/2 hens, SLCO1B3 was significantly
overexpressed in the magnum, shell gland, and vagina
of the oviduct, exhibiting 800- to 6,000-fold higher
expression than that in EAV-HP2/2 hens. Furthermore,
in EAV-HP1/1 hens, the expression levels of SLCO1B3
were similar in different parts of the oviduct, whereas in
EAV-HP1/2 hens, the expression levels of SLCO1B3 in
the magnum were approximately 1/5-fold compared
with those in the other 2 parts of the oviduct. In addition,
the expression levels of SLCO1B3 were 2-fold higher in
the shell gland and vagina of EAV-HP1/1 hens than in
those of theEAV-HP1/2 hens. Analysis of the expression
levels of SLCO1B3 in male chickens of different geno-
types revealed higher expression in the testes of EAV-
HP1/1 and EAV-HP1/2 roosters than in EAV-HP2/2

roosters. The expression levels of SLCO1B3 in EAV-
HP1/1 roosters were approximately 2-fold higher than
those in EAV-HP1/2 roosters (Figure 4). Moreover, the
expression levels of SLCO1B3 in testicular tissues from
the different genotypes were similar to those in the entire
oviduct of hens, indicating that this gene exhibits higher
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Figure 1. Relative expression of SLCO1C1 in the 13 tested tissues of
Yimeng hens with different EAV-HP–insertion genotypes. Error bars
indicate the SE (n5 3). Abbreviation: SLCO1C1, solute carrier organic
anion transporter family members 1C1.

Figure 3. Relative expression of SLCO1B3 in the 13 tested tissues of
Yimeng hens with different EAV-HP–insertion genotypes. Error bars
indicate the SE (n 5 3). * indicates significant differences (P � 0.05).
Abbreviation: SLCO1B3, solute carrier organic anion transporter family
member 1B3.
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ectopic expression in the reproductive tissues of both
male and female blue-eggshell chickens.

SLCO1B3 Expression Profile in the Liver
and Other Tissues

In addition to the high ectopic expression of SLCO1B3
in the reproductive tissues of blue-eggshell chickens, we
observed that SLCO1B3 was specifically expressed in
the liver of non–blue-eggshell hens, whereas the expres-
sion level was low in other tissues, which is similar to
the tissue-expression profile of human SLCO1B3. More-
over, the expression of SLCO1B3 in the liver was
inversely related to that in the oviduct and testis in all
3 genotypes, with EAV-HP2/2 chickens characterized
by a lower expression in the oviduct or testis and a higher
expression in the liver than those in EAV-HP1/1 and
EAV-HP1/2 chickens. Furthermore, although the
expression levels of SLCO1B3 were low in the liver of
Figure 2. Relative expression of SLCO1B1 in the 13 tested tissues of
Yimeng hens with different EAV-HP–insertion genotypes. Error bars
indicate the SE (n5 3). Abbreviation: SLCO1B1, solute carrier organic
anion transporter family members 1B1.
EAV-HP1/1 chickens, they were comparable with those
in the oviduct (magnum, shell gland, and vagina) of
EAV-HP1/2 hens (Figure 3). These observations indi-
cate that the EAV-HP insertion significantly reduces
SLCO1B3 expression in the chicken liver.
No differences were detected in the expression of

SLCO1B3 in the lung tissues between EAV-HP1/1

and EAV-HP2/2 hens; however, SLCO1B3 was signifi-
cantly overexpressed in male and female EAV-HP1/2

chickens (Figures 3 and 4). In addition, the expression
of SLCO1B3 in the colon tissues of male chickens was
similar to that in the lung tissues for all 3 genotypes,
although the expression levels in both these tissues
tended to be low. In contrast, no such trend could be
detected in the colon tissues of hens.
Figure 4. Relative expression of SLCO1B3 in the 10 tested tissues of
Yimeng roosters with different EAV-HP–insertion genotypes. Error
bars indicate the SE (n 5 3). * indicates significant differences
(P � 0.05). Abbreviation: SLCO1B3, solute carrier organic anion trans-
porter family member 1B3.
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To confirm the different patterns in the expression of
SLCO1B3 in the liver, lung, magnum, and shell gland,
samples from population 2 were analyzed. Similar
expression patterns of this gene were detected in the
liver, lung, magnum, isthmus, and shell gland
(Supplementary Figure 3), and the EAV-HP insertion
promoted the ectopic expression of SLCO1B3 in the
lung, magnum, isthmus, and shell gland in all individuals
from population 2.
DISCUSSION

In blue-shelled chickens, genes near theEAV-HP–inser-
tion region include SLCO1C1, SLCO1B3, and SLCO1B1,
which are all members of the OATP family of membrane
transporters.Of these,SLCO1C1 is known to play a prom-
inent role in the transport of molecules, including thyroid
hormones, which is a well-documented function of this
gene in humans (Pizzagalli et al., 2002; Sugiyama et al.,
2003). To date, no functional analyses of SLCO1B1 have
been conducted in poultry. Wang et al. (2013) did not
report SLCO1C1 expression in the shell glands of either
blue- or brown-shelled hens. In contrast, Wragg et al.
(2013) reported the expression of this gene in the liver;
however, no such observation could bemade in the present
study, which may be attributed to the differences in the
chicken breeds and primers used. We further detected
low expression levels of SLCO1C1 and SLCO1B1 in
most of the tissues examined, which was consistent with
previous results of transcriptome analysis of chicken tis-
sues (Barbosa-Morais et al., 2012; Merkin et al., 2012).
However, higher expression levels were observed in the
magnum of the oviduct than in other tissues. As OATPs,
SLCO1C1 and SLCO1B1 are expected to play certain
roles in the oviduct tissues; however, apart from their
lower expression levels in themale colon and testes, no sig-
nificant differences could be detected among the different
genotypes, indicating that theEAV-HP insertion does not
significantly affect their expression.
We focused on the expression profile of SLCO1B3, as

it determines the blue-eggshell phenotype in chickens
and is also an important liver transport gene. In compar-
ison with EAV-HP2/2 hens, SLCO1B3 was significantly
overexpressed in the shell gland, which is the site for
pigment incorporation into the eggshell during egg for-
mation, ofEAV-HP1/1 andEAV-HP1/2 hens. Further-
more, the expression levels of SLCO1B3 in the shell
gland were approximately 2-fold higher in homozygous
individuals than in heterozygous individuals. These ob-
servations are consistent with the findings of Wang
et al. (2013), who showed that SLCO1B3 is expressed
exclusively in the shell gland of blue-eggshell chickens.
Furthermore, we found that the EAV-HP insertion

altered the expression of SLCO1B3 not only in the shell
gland but also in the liver, lung, testis, and the entire
oviduct, including the magnum, isthmus, and vagina.
In hens, the different parts of the oviduct play distinct
roles during egg formation: the magnum is primarily
associated with the formation of egg white, and the
isthmus and shell gland are associated with the
formation of the eggshell membrane and eggshell itself,
respectively. Although the production of blue-shelled
eggs has been confirmed to be associated with high
ectopic expression of SLCO1B3 in the shell gland, the
roles played by the other parts of the oviduct (the mag-
num, isthmus, and vagina) remain to be determined. As
no evidence indicating the origin of the biliverdin con-
tent of blue eggshells is available, it can be conjectured
that this compound may be derived from the shell gland,
either directly or indirectly via accumulation from other
sites of biliverdin production, such as the blood or other
parts of the oviduct. Furthermore, SLCO1B3 exhibited
higher expression in the testes of blue-eggshell chickens.
The high expression of this gene in both male and female
reproductive organs indicated that there may be specific
hormone-related signals in the EAV-HP sequence. This
inference is consistent with the function of the U3 region
transcription factor predicted by Wragg et al. (2013). It
would thus be informative to determine whether the
ectopic expression of SLCO1B3 in the testis has any
prominent effect on male reproduction.

Considering the limited number of studies on chicken
OATP1B3, we attempted to interpret its function based
on its role in humans. OATP1B3 is an important trans-
port protein in the basolateral hepatocyte membrane
(K€onig et al., 2000), transporting various substrates to
the liver for metabolism, thereby eliminating xenobi-
otics, such as bile acids. In our literature search, we
found multiple studies showing that jaundice and hyper-
bilirubinemia in humans are associated with mutations
in SLCO1B3 (Serena et al., 2009; Keppler, 2014). More-
over, certain forms of cancer have been shown to be
linked to an abnormal transcript of this gene, which re-
sults in the deletion of the first 28 amino acids in the
encoded protein (Serena et al., 2009; Keppler, 2014). In
the present study, we observed that the EAV-HP inser-
tion is associated with a significant reduction in the
expression of SLCO1B3 in the liver. In this context, hu-
man SLCO1B3 is activated by the farnesoid X receptor
(FXR), hepatocyte nuclear factor 1-alpha (HNF1a), and
hepatocyte nuclear factor 3-beta, in the promoter region
located within 120 bp of the 5ʹ flanking region (Jung
et al., 2001, 2002; Ohtsuka et al., 2006). Consistently,
we predicted the potential binding elements in chicken
SLCO1B3 for FXR, HNF1a, and hepatocyte nuclear fac-
tor 3-beta (Supplementary Figure 4), namely, an
inverted hexanucleotide repeat motif element that can
be activated by the bile acid and an HNF1a site near
the inverted hexanucleotide repeat motif element. We
believe that insertion of the largeEAV-HP fragment sep-
arates the original transcriptional elements of
SLCO1B3, such that activation of SLCO1B3 expression
is disrupted, to a certain extent, by the large distance be-
tween the promoter and transcription start site. Howev-
er, SLCO1B3 was found to have retained a moderate
expression level in the liver tissues, which may be attrib-
uted to the function of the long terminal repeat region.
However, the possibility that the original transcription
start site remains functionally active, albeit with
reduced transcriptional efficiency owing to the EAV-
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HP insertion, should not be excluded. Amarked decrease
in the expression levels of SLCO1B3 in the liver may pre-
dictably perturb the transport andmetabolism of certain
endogenous and exogenous substances, some of which,
including bile acids, serve as ligands for nuclear recep-
tors, such as FXR and retinoid X receptor, of which
the former plays a key role in the metabolism of bile acids
and fatty acids (Makishima et al., 1999; Shen et al.,
2011). We speculate that a significant decrease in the
expression of SLCO1B3 in chicken liver may adversely
affect lipid metabolism, which requires further
investigation.

Interestingly, we detected unexpectedly high expres-
sion levels of SLCO1B3 in the lung tissues of EAV-
HP1/2 chickens, whereas such high expression levels
were not detected in male and female EAV-HP1/1

chickens. To the best of our knowledge, this is the first
study demonstrating the expression of SLCO1B3 in
the lungs of chickens, further suggesting a heterozygous
expression advantage. In this context, we initially sus-
pected that the EAV-HP insertion may stimulate the
expression of SLCO1B3 in the lung tissues; however,
considering that the expression of this gene in EAV-
HP1/1 individuals was virtually the same as that in
EAV-HP2/2 individuals, a more thorough study of the
chicken EAV-HP activation region, including the identi-
fication of transcription factors that bind to the EAV-
HP sequence, is required.

In conclusion, we observed an alteration in the expres-
sion patterns of SLCO1B3, an important membrane
transport protein-coding gene, due to the retroviral
EAV-HP insertion in different genotypes and sexes of
blue-eggshell Yimeng chickens. The high ectopic expres-
sion of SLCO1B3 detected in the entire oviduct of hens
and testes of roosters reflects similar regulation of gene
expression in both these reproductive tissues. However,
we observed that the expression of SLCO1B3 in the liver
was inversely related to that in the reproductive tissues
in both male and female chickens. The effects of these
contrasting patterns of the expression of SLCO1B3 in
the liver and reproductive tissues of blue-eggshell
Yimeng chickens require further study. Nevertheless,
our findings contribute significantly to our current
knowledge on the role of EAV-HP transcriptional regu-
latory elements in the regulation of gene expression.
The expression profile of SLCO1B3 will provide a valu-
able basis for further investigating the associated tran-
scription factors.
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