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Abstract

Background: The diversity of avian eggshell colour plays important biological roles in ensuring successful reproduction.
Eggshell colour is also an important trait in poultry, but the mechanisms underlying it are poorly understood in ducks.
This study aimed to provide insights into the mechanism of blue-green eggshell colour generation.

Results: Here, white-shelled ducks (HBR) and blue-green-shelled ducks (HQR) were selected from Putian black ducks, and
white-shelled ducks (BBR) were selected from Putian white ducks. Transcriptional changes in the shell gland were
analysed using RNA-sequencing on the lllumina HiSeg 2500. Twenty-seven individual cDNA libraries were sequenced and
generated an average of 7.35 million reads per library; 70.6% were mapped to the duck reference genome, yielding an
average of 13,794 genes detected, which accounted for approximately 86.39% of all 15,967 annotated duck genes. A total
of 899 differentially expressed genes (DEGs) were detected between the HOR and BBR groups, and 373 DEGs were
detected between the HQR and HBR groups. We analysed the DEGs in the HQR-vs-BBR and HQR-vs-HBR comparisons.
None of these DEGs were directly involved in the eggshell pigmentation process in HQR-vs-HBR, while UDP-
glucuronosyltransferase 2A2 (UGT2A2) and UDP-glucuronosyltransferase 1-1-like (UGT1-1-like), which participate in
biliverdin breakdown, were two of the DEGs in HQR-vs-BBR. In the RT-gPCR results, delta-aminolevulinic acid synthase 1
(ALAST) and EPRS glutamyl-proly-tRNA synthetase were significantly upregulated in the HBR group compared with the
HQR and BBR groups (P < 0.05). Haem oxygenase (HMOX1) was significantly downregulated in BBR compared with HOR
and HBR (P < 0.05). Biliverdin reductase A (BLVRA), GUSB glucuronidase beta, cytochrome c-type haem lyase, protohaem
IX farnesyltransferase and UGT2A2 were significantly upregulated in HBR and BBR compared with HOR (P < 0.05).

Conclusions: We conducted a comparative transcriptome analysis of the shell glands of Putian white ducks and Putian
black ducks. None of the differentially regulated pathways were directly involved in the eggshell pigmentation process in
the HOR-vs-HBR comparison, while 2 DEGs related to biliverdin breakdown were found in HOR-vs-BBR. Based on the RT-
gPCR results, we can speculate that both HOR and HBR can produce biliverdin, but HBR cannot accumulate it. Compared
with HOR, BBR produced less biliverdin and did not accumulate it.
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Background

Bird eggshell colour displays enormous diversity and has
multiple functions, such as avoiding predation [1],
strengthening the structure of the shell [2], filtering
harmful solar radiation [3] and decreasing trans-shell
microbial contamination [4]. Colourful biological pig-
ments are deposited in the shell gland during eggshell
formation, resulting in different eggshell colours. Proto-
porphyrin IX, biliverdin and Zn-biliverdin chelate are
three main pigments responsible for eggshell colour-
ation. Protoporphyrin IX is an immediate precursor of
haem, which causes reddish or brown background egg-
shell colour [5]. Biliverdin is a byproduct of the break-
down of haemoglobin and gives eggshells a blue or
green colour [6]. Protoporphyrin is a pro-oxidant [7],
while biliverdin possesses antioxidant activity [8]. The
sexually selected eggshell colouration (SSEC) hypothesis
assumes a positive association between female quality and
the amount of biliverdin deposited into the eggshell dur-
ing reproduction [9]. At the same time, darker and
brown eggshells reflect poorer maternal condition [10,
11]. Identifying the molecular mechanisms involved in
eggshell colouration is key to analysing the selection
and evolution of this trait.

White and blue-green are the two major eggshell
colour phenotypes in ducks, and eggs with a
blue-green colour are more acceptable to consumers
in Asia [12]. Improving egg colour in domestic
poultry has long been of commercial interest, and the
mechanism of eggshell colouration in laying hens has
been studied previously. Most researchers have sug-
gested that protoporphyrin IX and biliverdin are first
synthesized in the shell gland and then secreted and
deposited into the eggshell layers [13-15]. Some re-
searchers believe that a specific enzymatic system is
present in the shell glands of birds laying blue-green
eggshell colour eggs that is absent from other birds
[16]. The biosynthetic pathway of eggshell
colour-related pigments is well established. Briefly,
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SLC25A38 (solute carrier family 25, member 38) im-
ports glycine into the mitochondrial matrix from the
cytosol [17]. ALAS] catalyses the rate-limiting step in
the condensation of succinyl coenzyme and glycine to
delta-aminolevulinic acid (ALA) [18]. Following its
synthesis, ALA is exported to the cytosol and con-
verted to coproporphyrinogen III [19]. ABCB6 belongs
to the ATP-binding cassette family that transports
coproporphyrinogen III back to mitochondria [20].
Coproporphyrinogen oxidase (CPOX) then catalyses
the conversion of coproporphyrinogen III to proto-
porphyrinogen IX [21], and protoporphyrinogen IX is
oxidized into protoporphyrin IX via protoporphyrino-
gen oxidase [21], which gives eggshells a brown or
pink colour [5]. Ferrochelatase (FECH) catalyses the
terminal step of haem biosynthesis by inserting fer-
rous ions into protoporphyrin IX [22]. Haem oxygen-
ase (HMOX) participates in the haem degradation
pathway, which converts protohaem into biliverdin,
which gives eggshells a blue-green colour [6, 23, 24].
Biliverdin can be converted into bilirubin reversibly
[25]. UDP-glucuronosyltransferase catalyses the for-
mation of bilirubin p-diglucuronide [26], which is
then converted into D-urobilinogen by GUSB glucu-
ronidase beta. Finally, D-urobilinogen is oxidized into
urobilin and stercobilin and then excreted out of the body.
However, it remains unclear which key genes are associ-
ated with blue-green eggshell colouration in ducks.

Putian white duck and Putian black duck were both
bred from Tadorna shelducks. Here, we chose a
blue-green eggshell line of Putian black ducks, a
white eggshell line of Putian black ducks and a white
eggshell line of Putian white ducks as a research
model to study genetic differences in eggshell colour
formation. RNA extracted from the shell gland was
analysed using RNA-seq to identify candidate genes
that participate in eggshell colouration. These results
will further elucidate the transcriptional mechanism
of blue-green eggshell colour generation and provide

Table 1 Summary of the RNA-seq data collected from BBR, HQR and HBR

Sample name Clean read num Read length Adapter (%) Low-quality (%) Poly-A (%) N (%) Q20% GC%

BBR-1 70,902,122 150+ 150 52,412 (0.14%) 261,334 (0.74%) 0 (0%) 538 (0%) 97.44% 49.81%
BBR-2 68,661,202 44,700 (0.14%) 234,664 (0.68%) 0 (0%) 523 (0%) 97.50% 49.09%
BBR-3 84,938,126 58,666 (0.14%) 313,529 (0.74%) 0 (0%) 606 (0%) 97.42% 50.27%
HQR-1 79,938,462 56,120 (0.14%) 273,612 (0.68%) 0 (0%) 627 (0%) 97.51% 49.33%
HQR-2 80,656,456 53,316 (0.14%) 232,170 (0.58%) 0 (0%) 411 (0%) 98.05% 48.14%
HQR-3 83,259,050 48,330 (0.12%) 286,983 (0.69%) 0 (0%) 367 (0%) 97.87% 49.56%
HBR-1 67,865,270 43,286 (0.12%) 204,702 (0.6%) 0 (0%) 297 (0%) 98.04% 49.02%
HBR-2 64,378,314 50,400 (0.16%) 209,061 (0.65%) 0 (0%) 305 (0%) 97.94% 49.43%
HBR-3 70,599,848 41,950 (0.12%) 215,581 (0.61%) 0 (0%) 320 (0%) 98.00% 50.12%

N, unknown base rates higher than 10%; Q20, sequencing error rates lower than 1%
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Table 2 Summary of clean reads and genes mapped to the reference genome from BBR, HOR and HBR

Sample Total Mapping Multiple Unique Known genes Known genes Novel Total
name reads ratio mapped mapped in three samples number genes
BBR-1 69,768,600 70.61% 223,550 (0.32%) 49,043,473 (70.29%) 13,453 (89.26%) 14,318 (95.00%) 2028 15,481
BBR-2 67,525,768 71.52% 203,606 (0.30%) 48,092,609 (71.22%) 13,451 (89.24%) 1991 15,442
BBR-3 83,751,552 71.44% 224,984 (0.27%) 59,607,993 (71.17%) 13,406 (88.95%) 2013 15419
HQR-1 78,487,372 70.30% 274,946 (0.35%) 54,903,512 (69.95%) 13,433 (89.13%) 2024 15457
HQR-2 79,925,764 72.75% 225,898 (0.28%) 57,921,920 (72.47%) 13,393 (88.86%) 2028 15,421
HQR-3 81,339,600 69.32% 285,570 (0.35%) 56,101,799 (68.97%) 13,439 (89.17%) 2039 15,478
HBR-1 67,198,854 68.70% 234,618 (0.35%) 45,927,816 (68.35%) 13,382 (88.79%) 1978 15,360
HBR-2 63,577,054 71.01% 177,168 (0.28%) 44,968,175 (70.73%) 13,365 (88.67%) 1985 15,350
HBR-3 69,719,704 70.51% 192,410 (0.28%) 48,964,342 (70.23%) 13,315 (88.34%) 1975 15,290

a foundation for further studies of the molecular basis
of eggshell colour pigmentation in avian species.

Results

Overview of RNA-seq results

To identify blue-green eggshell colour-related genes in
Putian black ducks, we conducted a transcriptome
analysis of shell glands in HQR, HBR and BBR. The
main results of RNA-seq are shown in Tables 1 and 2
and Fig. 1. The number of clean reads generated from
each library ranged from 64,378,314 to 84,938,126.
The Q20 value was more than 97% (Table 1). After re-
moving low-quality reads, adaptor sequences and
rRNA reads, 68.35-72.47% of clean reads were
mapped uniquely to the Anas platyrhynchos genome,
and only a small proportion of them were mapped to
multiple locations in the genome (Table 2). A total of
216 DEGs were downregulated, and 157 DEGs were
upregulated in the HQR-vs-HBR comparison; 397
DEGs were downregulated, and 502 DEGs were

upregulated in BBR-vs-HQR. Fewer DEGs were found
in the HQR-vs-HBR comparison. This result may be
because HQR and HBR are both Putian black duck
lines, while the BBR and HQR groups are Putian white
duck and Putian black duck, respectively (Fig. 1).

DEG functional annotation

The DEGs from HQR, HBR and BBR were annotated
using the Gene Ontology (GO) database, and the genes
were classified into three categories. In biological
process, biological regulation, cellular process and
single-organism process were the most frequent terms
in both comparisons; in cellular component, cell and
cell part were the top terms in both comparisons;
binding was observed to occur most frequently in mo-
lecular function in both comparisons (Fig. 2).

Pathway enrichment analysis was carried out using the
Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway database. As shown in Fig. 3, cell adhesion mol-
ecules (CAMs), neuroactive ligand-receptor interaction,
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Fig. 1 Differential gene expression statistics. The number of upregulated and downregulated genes in the HQR-vs-HBR, HOR -vs- BBR
comparisons are summarized
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synthesis-related genes, 3 biliverdin synthesis-related
genes, 4 haem breakdown-related genes, 4 biliverdin
breakdown-related genes and 4 genes not directly in-
volved in biliverdin metabolism but participating in por-
phyrin and chlorophyll metabolism were identified
among the candidate genes in Fig. 4. ALAS1, EPRS
glutamyl-prolyl-tRNA synthetase, aminolevulinate dehy-
dratase (ALAD) and glutamyl-tRNA synthetase 2
(EARS2) participate in the synthesis of ALA [18, 28].
Meanwhile, ALAS1 is also the rate-limiting enzyme in
ALA synthesis, and this gene was upregulated in the
HBR group [18] and downregulated in the HQR and
BBR groups. EPRS glutamyl-prolyl-tRNA synthetase and
ALAD were upregulated in BBR and downregulated in
HQR and HBR. EARS2 was upregulated in the HQR
and HBR groups but downregulated in the BBR group.
Hydroxymethylbilane synthase (HMBS), uroporphyrino-
gen III synthase (UROS), uroporphyrinogen decarboxyl-
ase (UROD) and coproporphyrinogen oxidase (CPOX)
participate in the conversion of ALA into protoporphy-
rin IX [21, 29, 30]. HMBS was upregulated in BBR and
downregulated in HQR and BBR. UROS was upregu-
lated in HQR and HBR but downregulated in BBR,
UROD was upregulated in HQR and BBR but downreg-
ulated in HBR, and CPOX was upregulated in HQR but
downregulated in HBR and BBR. FECH, a rate-limiting
enzyme that is involved in the synthesis of protohaem

[31], was upregulated in the HQR and HBR groups but
downregulated in the BBR group. Haem oxygenase
(HMOX) is the rate-limiting enzyme that participates in
the transformation of protohaem into biliverdin [24] and
was upregulated in HQR and HBR but downregulated in
BBR. Protohaem IX farnesyltransferase and cytochrome
¢ oxidase assembly protein COX15 homologue (COX15)
catalyse protohaem into haem A [32]. Protohaem IX far-
nesyltransferase and COX15 were downregulated in the
HQR and HBR groups but upregulated in the BBR
group. Protohaem IX farnesyltransferase 2 was upregu-
lated in HQR and downregulated in HBR and BBR.
Cytochrome c-type haem lyase participates in the trans-
formation of protohaem into cytochrome c [33], and it
was upregulated in the HBR group and downregulated
in the HQR and BBR groups. The suppression of the en-
zymes involved in biliverdin synthesis may be the main
reason that Putian white ducks lay white eggshells. In
Putian black ducks, the expression levels of biliverdin
synthesis-related enzymes show similar patterns in both
blue-shelled and white-shelled ducks. In relation to
biliverdin breakdown-related genes, BLVRA, UDP-glucu-
ronosyltransferase (UGT) and GUSB glucuronidase beta
catalyse biliverdin into D-urobilin [34, 35]. BLVRA was
upregulated in the HQR and HBR groups but downregu-
lated in the BBR group. UGT1-1-like was upregulated
in HQR and downregulated in HBR and BBR, while



Bai et al. BMC Genomics (2019) 20:66

Page 6 of 12

ALAS1

EARS2
ALAD
HMBS
UROS
UROD
CPOX
FECH
HMOX1
HMOX2

COX15

BLVRA

UGT2A2
UGT1-1 like

CcP
HEPH
FXN
MMAB
z 5 g
s) ) s)

EPRS glutamyl-prolyl-tRNA synthetase

protohaem IX farnesyltransferase

protohaem IX farnesyltransferase 2

cytochrome c-type haem lyase

GUSB glucuronidase beta
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GUSB glucuronidase beta was downregulated in HQR
and upregulated in HBR and BBR. UGT2A2 was down-
regulated in the HQR and HBR groups but upregulated
in the BBR group.

Verification of DEGs by qPCR

To confirm the accuracy and reproducibility of the tran-
scriptome analysis results, seven genes were selected for
RT-qPCR validation. Primers and candidate genes are
shown in Table 3. The expression profiles of seven can-
didate genes were determined using RT-qPCR, which
were consistent with the RNA-seq results (Fig. 5), thus
confirming our transcriptome analysis.

Transcript levels of porphyrin and chlorophyll
metabolism-related genes by qPCR

In the HQR-vs-BBR comparison, UGT2A2 and UGT1-
1-like, which participate in biliverdin breakdown, were
two DEGs. Here, 23 porphyrin and chlorophyll
metabolism-related genes were analysed by RT-qPCR
(Fig. 6). None of these genes were differentially expressed
in the RNA-seq results except for UGT2A2 and UGT1-

1-like, while some showed significant differences in the
RT-qPCR results. Compared with the RT-qPCR results,
the expression profiles of 10 genes were not consistent
with the RNA-seq data. In the RT-qPCR results, ALAS1
and EPRS glutamyl-prolyl-tRNA synthetase were signifi-
cantly upregulated in the HBR group compared with the
HQR and BBR groups (P<0.05). HMOX1 was signifi-
cantly downregulated in BBR compared with HQR and
HBR (P <0.05). BLVRA, GUSB, cytochrome c-type haem
lyase, protohaem IX farnesyltransferase and UGT2A2
were significantly upregulated in the HBR and BBR groups
compared with the HQR group (P < 0.05). In HBR, 5 bili-
verdin breakdown-related genes were upregulated. In
BBR, 1 biliverdin synthesis-related gene was downregu-
lated, while 5 biliverdin breakdown-related genes were
downregulated. The expression patterns of these genes
may be the main cause of white eggshell colour.

Discussion

To help elucidate the molecular basis of eggshell pig-
mentation, we obtained a global view of transcriptomes
from the shell glands of the HQR, HBR and HQR
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Table 3 PCR primers used in this study (Continued)

Primer Sequence (5-3) Primer Sequence (5"-3")
GAPDH-F AACGGTGACAGCCATTCCTC HMBS-F ATTTGCCTGTTGCGTTTAGG
GAPDH-R CCACCACACGGTTGCTGTAT HMBS-R CCATTCTCCTTCAGCGTTTC
Human C2orf40-F CCGATGTGCAGCAGTGGTA FXN-F TTTCTTTGAGGACCTAACCG
Human C20rf40-R TCCTCATCATAGTGGTGCTGGT — FXN-R AGAATACACCCAATTCCGTC
CA4-F AATCGGAGGTGGAGGTCTGA Cytochrome c-type heme lyase-F GGTTTCTGGTTCTTCTGACT
CA4-R CCACAGCATCTTCTCTTATGTGG Cytochrome c-type heme lyase-R GCGCTCATGTAAAAACCATT
PIGR-F CACTGCCGTTCATCTTCCTG UROS-F TATGGGGGCCTAGTTTTCAC
PIGR-R TCGATCAGGCCATACACCTG UROS-R GTCTTTTCTCCTTGTGGGGA
PLA2G12A-F TGCAATCACCACGACAGATG HEPH-F GCAGACATGATCCCCAGTAA
PLA2G12A-R CACAAGCCTGGACACTCTCTG HEPH-R GAAGGTCCATAGTCCCACTG
Ovostatin-F TTAGTGAGCGGCTACCAGCA CPOX-F CACTAAACAGTGGTGGTTTG
Ovostatin-R AAGGCAGTGAGCCAGGTGTT CPOX-R AAGAATATGCCTCCAATCCC
Carbonic anhydrase 2-F CCACTCCACCACTGCTTGAA MMAB-F CTGGAGCAGTGGATTGACA
Carbonic anhydrase 2-R CGCCAGTTGTCCACCATGT MMAB-R TTCCCCTGCTTGTACTAACG
Prostatic acid phosphatase-like-F GAGTGCTCAGGCGAGTCTTG HMOX1-F ATACGTTGAAAGGCTCCACT
Prostatic acid phosphatase-like-R TGGCACTGTGTGAACTGGAA HMOX1-R TGGGCGATTTTCTTCAACAC
UDPase 2A2-F CCTCCTACAAGGAAAATGCT HMOX2-F AGTCTACACATGCTTGGCTT
UDPase 2A2-R CGCATGACAAATTCAATCCA HMOX2-R AAATTGAGTGCTCTTCGCTG
UGT1-1 like-F ATGATCTTCTAGCTCACCCT
UGTI-1 like-R CTGTTTTCAAGGCGTTAGAC groups. However, none of these DEGs were directly in-
Protoheme IX farnesyltransferase-F GAAAACAGGAATACGGCAAG volved in the biosynthesis or transportation of biliverdin

in the HBR and HQR groups, while UGT2A2 and
Protoheme IX famesyltransferase-R GACTTAGGTTTTGCTCGTTG UGT1-1-like, which participate in biliverdin breakdown,
ALAST-F TTCCCATGGCAGATGACTAC were two DEGs in the HQR-vs-BBR comparison. In
ALAST-R TATCCATCACTGCTCCACAC HQR-vs-HBR, CAMs, neuroactive ligand-receptor inter-
BLVRA-F AGAAAGAGGACCAGGGATGA action, the PPAR signalling pathway, glycosaminoglycan
BLVRA-R CGCAAAATTCGCCATTTCTC biosynthesis-heparan sulfate/heparin, leukocyte transen-

, dothelial migration, hepatitis C and phagosome were sig-

GUSB glucuronidase-F GCAGATATAAGCAGCATCGTC . .

nificantly enriched. None of these pathways or DEGs
GUSB glucuronidase-R ATACTGCACCTTTGCEITGTG were related to the synthesis of biliverdin. In the
Protoheme IX farnesyltransferase-2-F CTTTCACGATGCTAAACGAG HQR-vs-BBR Comparison, arachidonic acid metabolism
Protoheme IX farnesyltransferase-2-R ~ CACCGTGATGGATGTAGTAG and glycine, serine and threonine metabolism were sig-
EPRS glutamyl-proly-tRNA synthetase-F  GAGATGGGAAAGGTCATTGT nificantly enriched (P <0.05). Arachidonic acid partici-
EPRS glutamyl-prolyl-tRNA synthetase-R  ATTCGTGTCATCAAACCTCA pates in the local synthesis of prostaglandin. A previous

study has found that both prostaglandin and arachidonic
EARS2-F TATGCTTACTTGTGGGTCAG . . . . . . .

acid can induce pigment secretion, which is consistent
EARS2-R GCTGCTGTACTTAGTCTCTC with our results [27].
UROD-F TTTTCTCTGACATCTTGGTGG Next, we analysed the expression level of biliverdin-
UROD-R CATGTAGGACATCAGCGTC related genes by RT-qPCR. ALAS1 and EPRS
CP-F GGACCCATTATCAAGGCAGA glutamyl-prolyl-tRNA synthetase participate in the bio-
PR GTTCTTGCGGTAACTCACAC synthesis of ALA, which is utilized for the biosynthesis

of protoporphyrin IX and biliverdin. It is well established
FECH-F CTCACAAGTACTACATCGGG . c . .

that HMOX is the rate-limiting enzyme in the catabol-
FECH-R TACTCCACTTCATCTTTGGC ism of haem into biliverdin, free iron, and carbon mon-
COX15-F CTGGGCTGGTACATGGTCAA oxide [36]. A study has also found that Dongxiang
COX15-R GGTCTCGGGTAACTGGTGTC blue-shelled chickens have higher HMOXI1 expression
ALAD-F AAACCTTTACCGGGATTTCT levels and enzymatic activity than do Dongxiang
ALAD-R TTCCTCAAAGATCCTCCTGT brown-shelled chickens [37]. HMOX1 was significantly

downregulated in BBR compared to HQR and HBR,
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which is consistent with the findings. However, HMOX1
and HMOX2 were not significantly different between
the HQR and HBR groups. This result is consistent with
the finding of Wang et al. [37] that HMOX1 and
HMOX2 were not significantly different between the
blue-green-shelled and white-shelled duck groups.
BLVRA, GUSB, cytochrome c-type haem lyase, proto-
haem IX farnesyltransferase and UGT2A2 were signifi-
cantly upregulated in HBR and BBR compared with
HQR. Thus, we speculate that HQR and HBR can pro-
duce biliverdin, but HBR cannot accumulate it. This re-
sult is also similar to the findings of Japanese scientists,
who found that both red coral and blue coral can pro-
duce biliverdin, but red coral cannot accumulate biliver-
din in its skeleton [38]. Compared with the HQR group,
the BBR group produced less biliverdin and did not ac-
cumulate it (Fig. 7).

Conclusions

This study conducted a comparative transcriptome ana-
lysis of the shell glands of Putian white ducks and Putian
black ducks. In the HQR-vs-HBR comparison, none of
the DEGs were directly involved in the eggshell pigmen-
tation process. In the HQR-vs-BBR comparison,
UGT2A2 and UGT1-1-like were considered to be two

DEGs related to biliverdin breakdown. In the KEGG
analysis, glycine, serine and threonine metabolism and
arachidonic acid metabolism may play potential roles in
the synthesis and secretion of pigments, based on the
HQR-vs-BBR comparison.

From the RT-qPCR results, 5 biliverdin breakdown-re-
lated genes were upregulated in the HBR group. In the
BBR group, 1 biliverdin synthesis-related gene was
downregulated, and 5 biliverdin breakdown-related
genes were downregulated. Thus, we can speculate that
HQR and HBR can produce biliverdin, but HBR cannot
accumulate it. Compared with HQR, BBR produces less
biliverdin and cannot accumulate it. These results will
provide new insight into further functional genomic
research on the mechanism of blue-green eggshell
colouration.

Methods

Ethics statement

All animal experiments were reviewed and approved by
the Institutional Animal Care and Use Committee of the
College of Animal Science, Fujian Agriculture and
Forestry University. All of the following procedures were
performed strictly according to the regulations and
guidelines established by the committee.
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represents no significant difference. The genes and the gene_ids are as follows: HEPH (ncbi_101803569); UROS (ncbi_101803009); UROD
(ncbi_101794950); UGT1-1-like (nchi_101802378); protohaem IX farnesyltransferase 2 (ncbi_101790381); MMAB (ncbi_101804472); HMOX2
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Animals and tissue collection

In this study, the Putian black ducks and Putian white
ducks were all bred by Shishi Conservation and Research
Centre of Waterfowl Genetic Resources. We randomly
collected nine Putian white ducks that produced white
eggshells, nine Putian black ducks that produced white
eggshells and nine Putian black ducks that produced
blue-green eggshells. Three shell gland samples of the
same phenotype were mixed in equal amounts for fur-
ther mRNA sequencing. According to their individual
oviposition routines, ducks were stunned and killed 3-5
h before estimated oviposition. Then, the shell gland
samples were washed with 0.9% isotonic saline and pre-
served in liquid nitrogen for further RNA extraction. All
the ducks were slaughtered at the same time, and their
intact shell glands were harvested.

RNA extraction, library construction and transcriptome
sequencing

Total RNA from 27 shell gland samples was isolated using
TRIzol reagent (Invitrogen, CA, USA) following the man-
ufacturer’s protocol. RNA concentration and purity were
checked with a Nanodrop 2000c (Thermo, CA, USA).
Poly-A-containing mRNA molecules were purified from
total RNA using oligo-dT-attached magnetic beads and
fragmented using fragmentation buffer. First-strand cDNA
synthesis was performed using a random hexamer primer
and reverse transcriptase followed by second-strand
¢DNA synthesis using DNA polymerase and RNase H.
The product was purified using a QIAquick PCR purifica-
tion kit (Qiagen, Hilden, Germany). The cDNA fragments
then underwent an end repair process, the addition of a
single A’ base, and adapter ligation. The products were
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then purified and enriched with PCR to create the final
c¢DNA library. Sequencing was performed using Illumina®
HiSeq 2500 at Gene Denovo Bioinformatics Technologies
Co. Ltd., Guangzhou, China.

Sequence read quality control, mapping, and annotation
Quality of the raw reads was assessed using FastQC [39].
Raw reads that contained adapter, more than 10% un-
known bases or low-quality reads were removed to ob-
tain high-quality clean reads. Next, rRNA was removed
from the high-quality clean reads using Bowtie by map-
ping to a ribosome database [40]. The remaining
high-quality clean reads were aligned to the reference
genome (Anas platyrhynchos) using TopHat2 [41]. Sub-
sequently, the Cufflinks reference annotation based tran-
script (RABT) assembly method was used to assemble
these mapped reads into possible transcripts and then
generate a final transcriptome assembly [42, 43]. The
GO and KEGG enrichment analyses were performed
with a Q-value cut-off of 0.05.

RNA-seq analysis

In this study, the read numbers mapped to each
gene were counted using edgeR. The FPKM (frag-
ments per kilobase of transcript per million mapped
reads) value of each gene was calculated based on
the length of the gene and the read counts mapped
to this gene. The resulting P-values were adjusted
using the Benjamini and Hochberg approach for
controlling the false discovery rate (FDR) [44]. Genes

with an adjusted P-value of <0.05 and | Log2 (fold
change) |>1 were identified as differentially
expressed genes (DEGs) by edgeR.

Real-time PCR assay

c¢DNA synthesis was performed using the GoScript™ Re-
verse Transcription System (Promega, USA) following
the manufacturer’s instructions. Quantitative gene ex-
pression was assessed by real-time PCR with a CFX96
Touch Deep Well Real-Time PCR Detection System
(Bio-Rad, USA). Target genes were amplified using the
primers in Table 3: GAPDH was employed as an en-
dogenous control. The reaction mixture contained
6.25 pL. 2x GoTaq® qPCR Master Mix (Promega, USA)
following the manufacturer’s instructions. Each reaction
was run in triplicate. The qRT-PCR conditions were an
initial predenaturation step at 95°C for 3 min, followed
by 39 cycles of 95 °C for 20 s and 60 °C for 30s. Fluores-
cence data were collected and analysed with the Bio-Rad
CEX Manager software and normalized to those of
GAPDH. Melting curves were generated after the qPCR
was completed.

Real-time PCR analysis

Differences between groups were analysed using
ANOVA. Experimental data are expressed as the mean
+ SE from three independent experiments. P-values less
than 0.05 were considered statistically significant. Statis-
tical analyses were performed by using SPSS version
10.0.
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