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Abstract

Color polymorphism is frequently observed in molluscan shellfish, while the molecular regulation of shell pigmentation is
not well understood. Peroxidase is a key enzyme involved in melanogenesis. Here, we identified a heme-peroxidase 2 gene
(CgHPX2), and characterized the expression patterns and transcriptional regulation of CgHPX2 in the Pacific oyster Cras-
sostrea gigas. Tissues expression analysis showed that CgHPX2 was a mantle-specific gene and primarily expressed in the
edge mantle in black shell color oyster compared with white shell ayster. In situ hybridization showed that strong signals for
CgHPX2 were detected in the both inner and outer surface of the outer fold of mantle in the black shell color oyster, whereas
positive signals in white shell oyster were mainly localized in the outer surface of the outer fold of mantle. In the embryos and
larvae, a high expression level of CgHPX2 was detected in the trochophore stage in both black and white shell color oysters.
The temporal localization of CgHPX2 was mainly detected in the shell gland and edge mantle of trochophore and calcified
shell larvae, respectively. In addition, a 2227 bp of 5" flanking region sequence of CgHPX2 was cloned, which contained a
presumed core promoter region and many potential transcription factor binding sites. Further luciferase assay experiment
confirmed that POU domain, class 2, transcription factor 1 (POU2F1), and SRY-box transcription factor 5 (SOX5) were
involved in transcriptional regulation of CgHPX2 gene through binding to its specific promoter region. After CgPOU2F1
and CgSOX5 RNA interference, the CgHPX2 gene expression was significantly decreased. These results suggested that
CgPOU2F1 and CgSOX5 might be two important transcription factors that positively regulated the expression of CgHPX2
gene, improving our understanding of the transcriptional regulation of molluscan shell pigmentation.
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Introduction Luo et al. 2021; Wittkopp and Beldade 2009). Mollusks are

often renowned for their colorful shells, and have attracted

Coloration is one of the most diverse and remarkable phe-
notypes in animals, with multiple functions including attrac-
tion, warning, camouflage, recognition, thermoregulation,
and photoreception (Du et al. 2019; Parichy 2003). Signifi-
cant advances have been made toward the characterization of
pigments and their biosynthetic pathways for vertebrates and
certain invertebrate groups (Fujiwara and Nishikawa 2016;
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the interest of the naturalists and biologists. However, molec-
ular mechanism leading to shell pigmentation has not been
fully uncovered in molluscan. Shell color is most commonly
due to the presence of biological pigments. Three classes of
biological pigments have been identified in molluscan shells
including melanins, tetrapyrroles, and carotenoids (Williams
2017). Of them, melanin is the most widespread pigment in
nature, which is made up of two classes: eumelanin which
are black or brown, and pheomelanin which are red, orange,
or yellow (A enzeller et al. 2019).

Mollusk shells are produced by the outer foldef the
mantle (Boettiger et al. 2009; Budd et al. 2014). Genefally,
shells grow in a linear fashion by adding new material o the
growing edge which is in contact with the mantle tissues.
Similarly, pigments are produced by the mantle and incor-
porated into the shell along the growing edge, the position
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of which continually changes over time as new shell is added
(Fowler et al. 1992). It seems to have a relevant relationship
between shell color and shell formation. For instance, in
insects, cuticle tanning (pigmentation and sclerotization) is
related to tyrosine metabolism, which is possessed of dual
functions with darkening and hardening of cuticle (Noh et al.
2016). In molluscan, some conserved enzymes involved in
melanogenesis might participate in periostracum formation
by cross-linking fibrous proteins rich in reactive quinones
to form water-insoluble, protease-resistant polymers (Feng
et al. 2019; Herlitze et al. 2018; Zhu et al. 2021).

Recently, a large amount of omics data has been gen-
erated in mollusca related to shell pigmentation (Hu et al.
2020; Huang et al. 2021; Nie et al. 2020; Xu et al. 20193, b).
Although some potential genes that may participate in shell
pigmentation have been identified, it is not possible to rule
out which may be involved in biomineralization. In Pinctada
margaritifera, comparative transcriptome analysis suggested
that the nacre color was influenced by the genes involved
in the biomineralization of the calcitic layer (Lemer et al.
2015). In Patinopecten yessoensis, several dual function-
ing proteins were identified in both biomineralization and
melanogenesis including calmodulin and related proteins
and Ca?*/calmodulin-dependent protein kinase (Sun et al.
2015). Additionally, other notable proteins, tyrosinase and
tyrosinase-like protein, played similar functions in Crassos-
trea gigas (Zhu et al. 2021). Peroxidase was identified at
the mantle zone of belt and groove in Lymnaea stagnalis,
indicating that peroxidase played a key role in periostracum
formation (Timmermans 1968). Further researches demon-
strated that mantle peroxidase was specifically expressed
in mantle lobes, an embryonic shell marker (Shimizu et al.
2017). In addition, peroxidase activity was applied as a
marker to map molluscan shell development (Hohagen and
Jackson 2013; Johnson et al. 2019). In cephalopod, perox-
idases are associated with melanosomes in the ink gland
(Charles 2014), which is indicated that peroxidase plays vital
roles in melanogenesis of mollusca. In C. gigas, peroxidase
genes have su ered from expansion and nine out of 26 per-
oxidase genes are highly expressed in the mantle (Feng et al.
2017). It has been suggested that peroxidase plays various
roles involving biomineralization and melanogenesis.

The Pacific oyster C. gigas is a widely distributed and
most productive economically species in the world. Shell
color is regarded as an economic trait in many breeding pro-
grams of mollusks. Four shell color strains (golden, white,
black, and orange) of C. gigas were successfully developed
(Ge et al. 2015; Han and Li 2020; Xu et al. 2019a). Inte-
grated analysis of microRNA and mRNA expression profiles
in C. gigas revealed that Igi-miR-317 and its targets per-
oxidase and INCRNATCONS_00951105 acting as the com-
peting endogenous RNA to regulate melanogenesis (Feng
et al. 2020). Additionally, knockdown of heme-peroxidase
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2 gene (CgHPX2) could block melanogenesis in the adult
Pacific oysters, indicating that peroxidase plays a vital role
in the shell pigmentation (Feng et al. 2019). However, the
information on the function and transcriptional regulation
of CgHPX2 is limited.

In the present study, CgHPX2 was identified and charac-
terized in C. gigas. Expression profiles in di erent embryo-
larval developmental stages and different tissues were
detected. In addition, we analyzed CgHPX2 promoter and
investigated the transcriptional regulation of CgHPX2. Our
results provided the foundation for understanding the tran-
scriptional regulation of CgHPX2 and shedding light on the
mechanism of melanogenesis.

Materials and Methods
Sample Collection

One-year-old Pacific oysters were collected from Weihai,
Shandong, China, which were divided into two groups,
including one black experiment group and one white shell
control group. The mantle was fixed in 4% paraformalde-
hyde at 4 °C overnight for tissues in situ hybridization (ISH).
Six tissues including edge mantle, central mantle, adduc-
tor, gills, labial palp, and digestive gland were dissected,
flash-frozen in liquid nitrogen, and stored at—80 °C freezer
until RNA isolation. Samples of each tissue collected from
nine individuals were pooled into three biological replicates
(three individuals/replicate).

Embryonic and larval samples were obtained from black
and white shell color strains in Laizhou, Shandong, China,
at the following stages: fertilized egg, multi-cells, blastula,
gastrula, trochophore, early D-shaped larvae, late D-shaped
larvae, Umbo larvae, and eyed larvae stages. The detailed
sampling time can be seen in Table S1. Larval samples were
treated and stored the same as adult tissues procedure.

RNA Extraction and Real-Time gPCR

Total RNA was extracted using RNAeasy animal RNA
extraction kit (Beyotime, China) according to the manu-
facturer’s instructions. The quality and concentration of
RNA were detected by Nanodrop 2000 (Thermo, USA) and
analyzed in a 1.5% agarose gel electrophoresis. The total
RNA was reverse transcripted into cDNA by HiScript 111 1st
strand cDNA synthesis kit (Vazyme, China).

The real-time PCRs were amplified by using QuantiNova
SYBR Green PCR kit (Qiagen, Germany) on a Lightcycler
480 real-time PCR instrument (Roche, Switzerland). The
specific primers were designed using Primer Premier 5.0
software (Premier Biosoft International, Palo Alto, CA)
(Table S2), and its availability was detected by conventional
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PCR and melting curve analysis. Elongation factor 1-a
(efla) was internal control in adult samples (Li et al. 2021).
In larvae, elongation factor 1-a (efla), adp-ribosylation fac-
tor 1 (arfl), and glyceraldehyde-3 phosphate-dehydrogenase
(gaph) were used as internal references for normalization
(Huan et al. 2016). The relative expression was calculated
by the 2724€T method. All the data and significant di er-
ences were analyzed using GraphPad Prism 8.0 by one-way
ANOVA and two-way ANOVA followed by single or mul-
tiple comparisons. Di erences were considered statistically
significant at P <0.05.

Identifying and Cloning the Coding Sequence
of CgHPX2

The CgHPX2 coding sequence was amplified by PCR based
on sequence information downloaded from the National
Centre for Biotechnology Information (NCBI, https://www.
nchi.nlm.nih.gov; accession: LOC105324712). The spe-
cific primer sequences used in amplification are listed in
Table S2. The PCR was performed using Phanta Max super-
Fidelity DNA polymerase (Vazyme, China) according to the
manufacturer’s protocols. PCR products were detected by
1.5% agarose gel electrophoresis.

Bioinformatics Analysis of CgHPX2

The isoelectric point (pl) and molecular weight (MW) of
deduced amino acid sequences were predicted using the
Compute plI/MW Tool at the ExPASsYy site (http://web.expasy.
org/compute_pi/). The conserved domains of CgHPX2 were
predicted from the CD-Search tool of NCBI (https://www.
ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi). The secondary
and the tertiary structure were predicted by Phyre2 (http://
www.shg.bio.ic.ac.uk/~phyre2/html/page.cgi?id=index).
The amino acid sequences alignment was performed using
the ClustalW (Lynnon Biosoft, Los Angeles, CA) program
and modified by ESPrint 3.0 (Xavier and Patrice 2014). The
phylogenetic trees were performed on MEGA 7.0 (Kumar
et al. 2016) using the maximum likelihood (ML) methods
with 1000 bootstrap replicates.

RNA Location Pattern Analysis of CgHPX2 by in
Situ Hybridization

Tissues in situ hybridization (TISH) and whole mount in situ
hybridization (WISH) were used to analyze RNA location
patterns in adult tissues and di erent developmental larvae,
respectively. To synthesize specific RNA probes, specific
cDNA fragments were amplified with primers in Table S2
which were tagged with a T7 promoter sequence (GAT
CACTAATACGACTCACTATAGGG). The PCR products
were purified using DNA purification kit (Thermo, USA).

The purified PCR products were used as the template for
T7-mediated in vitro transcription by DIG-RNA labeling
kit (Roche, Switzerland). The TISH was performed with
5-um thick sections after the preparation of probes. After a
series of depara nization, prehybridization, hybridization,
and antibody incubation, the section was incubated in 2%
NBT/BCIP solution (Roche, Switzerland) for 1 h at room
temperature or at 4 °C overnight. When specific signal was
detected, the 0.5% eosin was used to re-stain the slides. For
WISH, the embryos were treated by proteinase K (Solarbio,
China) with an age-dependent concentration (Hohagen et al.
2015). The detailed procedure was performed as described
previously (Li etal. 2021; Yue et al. 2021). All the TISH and
WISH images were taken with an Olympus BX53 micro-
scope coupled with a DP80 camera (Olympus, Japan).

Luciferase Vector Construction and Site-Directed
Mutagenesis

To identify the core promoter region, di erent length 5'
flanking sequences of CgHPX2 were subcloned into pGL3-
Basic vector (Promega, USA) using ClonExpress Il One
Step Cloning Kit (Vazyme, China). Six 5’ deletion constructs
(P1:—2011~ +216, P2: — 1726~ +216, P3: — 1519~ + 216,
P4:—1221~ +216, P5: —453~ + 216, P6: — 351~ +216)
from the start codon of CgHPX2 were generated using
C. gigas genomic DNA as a template. In addition, prim-
ers containing the homologous sequence of the expression
plasmids pcDNA3.1 vector (Promega, USA) were used to
amplify the CDS of CgPOU2F1 and CgSOX5 and then sub-
cloned into pcDNAS3.1 vector. The site-directed mutagenesis
constructs were produced according to the manufacturer’s
instructions of Mut Express MultiS Fast Mutagenesis kit V2
(Vazyme, China). All the plasmids constructed were verified
by sequencing analysis and the primer sequences used in this
study are provided in Table S2.

Cell Culture, Transient Transfections,
and Dual-Luciferase Reporter Assays

HEK-293T cells were cultured in DMEM (Solarbio, China)
supplemented with 10% fetal bovine serum (Hyclone, USA)
and 1% 1X penicillin—streptomycin antibiotics solution
(Hyclone, USA) at 37 °C with 5% CO,. The cells were then
plated into 24-well plates (CORNING, USA) and grown
under the confluence of 70-90% cells. Cells were trans-
fected using lipofectamine 3000 (Invitrogen, CA, USA) in
accordance with the manufacturer’s instructions. The pRL-
TK plasmid (Progema, USA) was co-transfected with cells
as internal control to normalize transfection e ciency. For
simple transfection, six 500 ng promoter truncation recombi-
nation vectors were co-transfected with 10 ng pRL-TK plas-
mid into 24-well cells, respectively. For co-transfection with
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CgPOU2F1 or CgSOXS5, 250 ng of recombinant pcDNA3.1
expression vector, 250 ng of recombinant pGL3-Basic vec-
tor, and 5 ng pRL-TK plasmid were used for each well of a
24-well plate. Luciferase reporter analysis was performed
48 h after transfection. After removal of medium, cells
were quickly washed with DPBS (Solarbio, China) and
then lysed using luciferase lysis bu er (Progema, USA).
Firefly and Renilla luciferase activities were measured by
the dual-luciferase reporter assay system (Progema, USA)
at the manufacturer’s protocol and chemiluminescence were
read using Synergy™ H1 (BioTek, USA). The relative lucif-
erase activity (Firefly luciferase activity: Renilla luciferase
activity) was analyzed by one-way ANOVA using GraphPad
Prism 8.0.

Subcellular Localization of POU2F1 and SOX5

The coding sequence of CgPOU2F1 and CgSOX5 was
subcloned into the expression vector pEGFP-1 (www.
miaolingbio.com) for expression of GFP fusion pro-
tein. The HEK-293T cells plated into the confocal dish
(Lecia, USA) were transfected with CgPOU2F1-pEGFP-1
or CgSOX5-pEGFP-1 recombinant expression vectors.
After incubation for 48 h, the cells were stained with
4’ 6-diamidino-2-phenylindole (DAPI) (Beyotime, China)
for 25 min in darkness. The image acquisition and analysis
were performed on an ultra-high-resolution laser confocal
microscope Lecia TCS SP8 STED 3X equipped with Lecia
Application Suite X software. Primers used for fusion vec-
tor construction are listed in Table S2.

RNA Interference Experiment

In vivo RNAI experiments, feeding dsRNA-expressing
bacteria to study shell pigmentation which was previously
reported in adult oysters (Feng et al. 2019). During the
interference phase, each group with three tanks of black
shell color strain of Umbo larvae (>200 pm) was continu-
ously exposed to the algae/dsRNA-producing bacteria to
co-inoculum. Three dsRNA-producing bacteria were pre-
pared by including E. coli strain HT115 (DE3) bacteria
transformed with three constructed plasmids (CgPOU2F1-
L4440, CgSOX5-L4440, EGFP-L4440) with isopropylB-D-
thiogalactoside (IPTG). The EGFP-L4440 was previously
constructed in the laboratory. Algae/bacteria co-inoculum
was produced by mixing algal culture and bacterial sus-
pension at a ratio of 100 bacteria per algal cell with a final
Platymonas subcordiformis concentration of 25, 000 cells
ml~%. Food reserves were renewed with fresh algae/bacte-
ria co-inoculum. After recombinant plasmids were induced
with IPTG, plasmids were centrifuged and resuspended
in 500 ml P. subcordiformis algae culture liquid. Larvae
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specimens were sampled at day 7 and day 14, respectively.
With regard to recombinant plasmid constructions, expres-
sion of dsRNA and related gPCR primers is shown in
Table S2.

Results

Bioinformatics, Homology, and Phylogenetic
Analysis of CgHPX2

A single CgHPX2 gene was identified from the C. gigas
genome database. The basic information of CgHPX2 is
summarized in Table S3. The complete DNA sequence of
CgHPX2 was 11,219 bp containing 12 exons and 11 introns.
The intron—exon boundaries were distinguished by the
GT-AG rule. The full length cDNA of CgHPX2 was 3301 bp
with 101 bp 5" UTR, 566 bp 3' UTR, and 2634 bp ORF
encoding 877 amino acids. The predicted molecular weight
of CgHPX2 was 98.77 kDa with an isoelectric point (pl)
of 9.49. The putative protein secondary structure consisted
of 44% alpha helixes and 3% beta strands (Fig. 1A). The
tertiary structure of HPX2 protein was based on template
c2gjmA, which shared 33% identity with CgHPX2 protein
(Fig. 1B).

The homology between CgHPX2 and deduced amino
acid sequences of other species was explored via multiple
sequence alignment. Sequences were available on Gen-
Bank (Crassostrea virginica, XP_022291683.1; Pecten
maximus, XP_033758659.1; Mizuhopecten yessoensis,
XP_021358145.1; Lingula anatina, XP_013419078.1; Octo-
pus vulgaris, XP_029656077.1; Amphibalanus amphitrite,
KAF0313953.1; Bemisia tabaci, XP_018902871.1; Daph-
nia magna, XP_032798431.1; Rhopalosiphum maidis,
XP_026811832.1). Sequence alignment of CgHPX2 with
peroxidase protein from other species showed a moderate
degree of sequence similarity and possessed an animal haem
peroxidase domain (Fig. S5).

Phylogenetic analysis was performed to investigate the
relationship between CgHPX2 and other family members.
Their gene names and accession numbers are provided in
Table S4. Phylogenetic analysis showed that CgHPX2 were
clustered with cephalopoda homologs (99% similarity), and
all the mollusca species were clustered together (Fig. 1C).
The peroxidase-related protein formed two major groups.
Pacific oyster HPX2 protein, together with other mollusca,
formed a major group distinct from vertebrate homologs.

Expression Profiles of CgHPX2

To investigate the role of the CgHPX2 gene in the shell
color, the expression level of CgHPX2 was first analyzed
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Fig.1 The spatial structure

of CgHPX2 and phylogenetic
tree of the CgHPX2. A The
predicted secondary structure
of the CgHPX2 protein. The
putative secondary structure
of CgHPX2 contained 44%
alpha helices and 3% beta
strand structures; B the pre-
dicted tertiary structure of the
CgHPX2 protein; C molecular
phylogenetic tree of CgHPX2
constructed by the maximum
likelihood (ML) method. The
numbers at the nodes indicate
the bootstrap proportions after
1000 replicates

in di erent tissues and di erent developmental stages.
Higher expression was observed in the edge mantle
and central mantle, while the lower mRNA levels were
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observed in the digestive gland, adductor muscle, gill,
and labial palps (P <0.05) (Fig. 2A). The expression of
CgHPX2 in the edge mantle of black shell strains was
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significantly higher than in white shell strains. Moreover,
the localization of specific signal in di erent shell color
mantles (black and white) was abundantly in the outer
mantle fold (Fig. 3). In the outer mantle fold, the specific
signal was detected in the columnar epithelium. In addi-
tion, the specific signal intensity and coverage in black
shell were significantly stronger than white shell.

During the embryo-larval development, CgHPX2
MRNA expression profiles were similar among di erent
shell color strains (black and white) (Fig. 2B). The expres-
sion of CgHPX2 increased sharply from blastula stage,
peaking at trochophore stage, in which the expression
level of CgHPX2 was significantly higher in white shell
strains than in black (P <0.05). After trochophore stage,
the expression of CgHPX2 dramatically fluctuated. Fur-
thermore, the spatial patterns of CJHPX2 mRNA expres-
sion were analyzed by WISH from fertilized egg to eyed
larvae (Fig. 4). The positive signal localization pattern
was similar in both black and white shell larvae. In black
shell larvae, the positive signal was detected in the trocho-
phore stage as cell cluster (Fig. 4-1-E). In D-shaped larvae,
Umbo larvae, and eyed larvae, the specific staining formed
a regular pattern and the positive signals were all detected
in the edge of the larval mantle (Fig. 4-1). Compared with
white shell larvae (Fig. 4-11), the staining with antisense
probes is noticeably stronger, except for trochophore stage,
which is consistent with the real-time PCR results.

Fig.3 The mRNA localization A
of CgHPX2 in adult mantles. A

and B, C and D represent black

shell strains white shell strains,
respectively. OF, outer fold of

mantle; MF, middle fold of

mantle; IF, inner fold of mantle
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The Sequence Analysis of the 5'-Upstream
Regulatory Region of CgHPX2 Gene

The 2227 bp 5’ flanking fragment was cloned according to
the C. gigas genome database. Promoter sequence analysis
showed that the transcription start site is located at—216 bp
upstream of the start codon ATG, and the nearest TATA box
is located at—730 bp. Potential transcription factor binding
sites include POU2F1, SOX5, microphthalmia-associated
transcription factor (MITF), cAMP response element bind-
ing protein (CREB), GATA-3, and so on (Fig. 5A). These
cis-acting elements may be crucial for the transcriptional
regulation of CgHPX2 gene.

Identification of the Core Region of the CgHPX2
Promoter and Key Transcription Factor

To detect the transcriptional activities of the promoter
region, six truncation fragments of 5' flanking sequence
with di erent lengths were subcloned into pGL3-basic vec-
tor and then transiently transfected into HEK-293 T cells.
The dual-luciferase reporter system results showed that the
transcriptional activity was significantly decreased with
the deletion of CgHPX2 5' flanking sequence (Fig. 5B).
The transcriptional activity of CgHPX2 was significantly
decreased by 65.69% after deletion of —1519~ —1221 frag-
ment. Compared with P4 (—1221/+ 214), the other deletion
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Fig.4 The spatial pattern of CgHPX2 mRNA localization in embryonic and larval developmental stages. I and II represent black and white shell

color strains, respectively

of promoter fragments showed no di erence in transcrip-
tional activity, which indicated that the core promoter
regulatory region is located between—1519 and —1221 bp
upstream of CgHPX2.

Two transcription factor binding sites were identified
in the core promoter region. To further explore whether
CgPOU2F1 and CgSOX5 participate in the transcriptional
regulation of CgHPX2, co-transfection studies followed

by dual-luciferase assays experiments were performed.
As shown in Fig. 5C, D, mutation of CgPOU2F1 and
CgSOX5 binding sites and the enzyme activity of mut-
POU2F1 and mut-SOX5 groups were significantly lower
than the non-mutated group. Taken together, these results
showed that the presence of POU2F1 and SOXS5 transcrip-
tion factors can improve the transcriptional activity of the
HPX2 gene.
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Fig.5 Results of putative cis-acting elements prediction and point
mutation enzyme activity measurement in CgHPX2 promoter
region. A Results of cis-acting elements prediction in the 5’ flanking
region. B Identification of the core transcriptional regulatory region
at—1519~ —1221. C and D Enzyme activity measurement of point
mutation of transcription factor POU2F1 and SOX5; pGL3-basic
represents empty carrier group; pRL-TK represents internal control

CgPOU2F1 and CgSOX5 are Located in the Nucleus
in HEK-293 T Cells

To reveal the subcellular localization of two tran-
scription factors, a green fluorescent protein (GFP)-
tagged CgPOU2F1 and CgSOXS5 were transfected into

Fig.6 Subcellular localization
of CgPOU2F1 and CgSOX5
in HEK-293 T cells. HEK-
293 T cells were transfected
with EGFP reporter constructs
expression an EGFP-tagged
POU2F1 and SOXS5, respec-
tively. Nuclear DNA was
stained with DAPI and cells
were analyzed with a fluores-
cence confocal microscope

CgPOU2F1-pEGFP
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group; P4 represents core promoter region group; mut-P4 represents
mutation of transcription factor POU2F1 or SOX5 binding sites;
pcDNA3.1-POU2F1 and pcDNA3.1-SOX5 represent the combination
protein vectors. “+” and “—" indicate that the plasmid was trans-
fected into the HEK-293 T or not. Di erent letters indicated signifi-
cant di erence P<0.05

HEK-293 T cells. In CgPOU2F1-pEGFP- and CgSOX5-
pEGFP-transfected cells, the GFP signals merged with
the DAPI signals (Fig. 6). These results implied that
CgPOU2F1 and CgSOXS5 are localized in the nucleus of
HEK-293T cells, consistent with their roles as transcrip-
tion factors.

GFP DAPI
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CgPOU2F1 and CgSOX5 Knockdown Led
to a Decrease in CgHPX2 Expression

To further clarify the function of the CgPOU2F1 and
CgSOX5 in the regulation of CgHPX2, CgPOU2F1 and
CgSOX5 knockdown in vivo using dsSRNA was performed.
The expression of dsRNAs was induced in E. coli strains
which were incubated with 0.4 mM IPTG at 37 °C for 4 h.
Bands of dsRNA corresponding to POU2F1 and SOX5
genes sequence between two T7 promoters were observed
in the IPTG-induced E. coli (Fig. S6), indicating the cor-
responding expression of dsRNA in E. coli.

To detect target gene expression level, qPCR results
showed that the expression level of bacteria-expressing
CgPOU2F1 and CgSOX5 dsRNA was significantly dropped
as compared to the control group in day 7 and day 14,
respectively (Fig. S7).

Compared with the group fed with EGFP dsRNA-
expressing bacteria, the expression level of downstream gene
CgHPX2 was significantly decreased in RNAi-treated group
(Fig. 7). In POU2F1 dsRNA-expressing bacteria-treated
group, the expression level of CgHPX2 was significantly
decreased by 69% and 88% compared with the negative
control group on day 7 and day 14, respectively. In SOX5
dsRNA-expressing bacteria-treated group, CJHPX2 mRNA
expression level dropped down to 57% on day 14.

Discussion

Heme-peroxidase 2 is a member of the peroxidase superfam-
ily, possessed a conserved animal haem peroxidase domain.
The prosthetic heme group is a derivative of protoporphyrin
IX, which is an essential component of the catalytic scheme
in heme peroxidases (Singh et al. 2017). Heme peroxidases

Fig. 7 RNAI knockdown of
the CgPOU2F1 and CgSOXS5 A
gene. A The relative expression
levels of CgHPX2 in the Umbo
larvae stage after ingested

with dsPOU2F1 and dsEGFP.
B The relative expression
levels of CgHPX2 in the Umbo
larvae stage after ingested with
dsEGFP and dsSOX5. The data
are expressed as mean+SD
(n=3). Di erent letters indi-
cated significant di erences,
P<0.05

Relative mRNA expression

are readily abundant enzymes that can be classified into two
major families, namely animal and non-animal peroxidases
(Loughran et al. 2008). CgHPX2 belongs to the category
of animal peroxidases that includes mammalian myelop-
eroxidase (MPQ), lactoperoxidase (LPO), eosinophil per-
oxidase (EPO), and thyroid peroxidase (TPO) (Loughran
et al. 2008). Phylogenetic analysis of CgHPX2 protein with
peroxidases from other species revealed that CgHPX2 was
clustered with cephalopoda melanogenic peroxidase (99%
similarity), which indicated that the two peroxidases pos-
sibly shared similar function. In Sepia o cinalis, melano-
genic peroxidase was the last enzyme involved in eumela-
nin synthesis in ink gland (Charles 2014). This implied that
CgHPX2 possibly possessed the ability of eumelanin syn-
thesis, which was consistent with the previous RNAI experi-
ment (Feng et al. 2019).

Peroxidase genes played a critical role in various physi-
ological processes, including melanin synthesis, shell
formation, and wing maturation (Charles 2014; Dondra
et al. 2017; Timmermans 1968). In this study, tempo-
ral expression analysis revealed that CJHPX2 was more
highly expressed in the trochophore stage larvae of white
shell color strains than black shell color strains, which
indicated that CgHPX2 played di erent roles in white and
black shell color larvae, including shell biomineralization
and pigmentation. Firstly, the white shell color is a kind of
albino phenotype, which might overcompensate for non-
functional melanin protein by overexpressing the gene for
this protein in larval stage and therefore might have dif-
ficulty in incorporating pigments into organic matrix. In
terms of coloration, although most larvae appear unpig-
mented, pigments may contribute to color in later shell or
the content of pigment is too low to be detected. Secondly,
the trochophore stage is a crucial stage for larval shell
formation. The expression of CgHPX2 reached the peak

Relative mRNA expressign




in the trochophore stage in both white shell color strains
and black shell color strains. The development of the shell
can be divided into five stages (Kin et al. 2009). The shell
begins to form prodissoconch | during the trochophore
stage, followed by prodissoconch Il in D-shaped larval
stage (Kin et al. 2009). Therefore, larval shell formation
is an important biological event in trochophore stage,
which suggested that CgHPX2 played important role in
larval shell formation. Furthermore, studies have shown
that there is a higher ratio of aragonite to pigments in
regions with larger surface in Mercenaria mercenaria dur-
ing trochophore and D-veliger stage, such as the prodis-
soconch | region (Thompson et al. 2014). Therefore, it is
possible that pigment can occur from the prodissoconch |
region and precise technology can be taken advantage of to
detect pigment. Further studies using transmission electron
microscopy, micro-Raman spectroscopy, and LC-MS are
necessary to illustrate the origin of pigment.

The temporal expression patterns of the CgHPX2 gene
investigated in larvae of black and white shell color strains
revealed a complexity to coordinate the deposition of larval
shell and pigmentation formation. Importantly, larval shell-
forming cells are thought to give rise to the fully di erenti-
ated adult shell-forming organ, the mantle, suggesting that
trochophore, veliger, and adult shells do not have independ-
ent evolutionary origins as previously suggested (Gerhard
et al. 1995). Moreover, recent studies revealed an interesting
link between trochophore and adult mantle in regard to their
remarkable usage of novel genes and the rapid evolution
of the trochophore transcriptome potentially contributing to
adult organ evolution (Wang et al. 2020
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accurately marked melanoblasts (Curran et al. 2009).
CREB is a basic leucine zipper transcription factor, which
is involved in nacre color formation in Hyriopsis cumingii
(Zhang et al. 2021).

Melanin biosynthesis is a complex process, regulated by
a number of signaling system and transcription factors. In
mollusca, it is reported that several genes are involved in the
biochemical pathway of melanogenesis and its regulation
includes MITF (Mao et al. 2019; Zhang et al. 2018), paired
box gene 3 (PAX3) (Yu et al. 2018), tyrosinase (TYR), and
tyrosinase-related protein 1 and 2 (TYRP1 and TYRP2) (Zhu
et al. 2021). In the present study, two transcription factors,
CgPOU2F1 and CgSOXS5, were identified. POU2F1, also
known as Octl or OTF-1 (Besch and Berking 2014), belongs
to POU class 11, and is a potent regulator of stress responses,
metabolism, tumorigenicity, phosphorylation, ubiquitina-
tion, O-GIcNAcylation, and other mechanism (Kang et al.
2013). Recent studies reported that POU2F1 negatively
regulated the activity of solute carrier family 7 member 11
(Slc7all) promoter, related to pheomelanin synthesis (Chen
et al. 2019). Another transcription factor CgSOX5 belongs
to SOXD subgroup in SOX family (Yu et al. 2017). SOX5
acted as fate switch in pigment cell lineages, and its func-
tion in xanthophores specification di ers between di erent
fish (Debbache and Sommer 2014; Nagao et al. 2018, 2014).
Moreover, further research revealed that miR-21a-5p regu-
lated melanogenesis via MITF by targeting SOX5 (Wang et al.
2016). In this study, our results showed that CPOU2F1 and
CgSOX5 bound the promoter of the CgHPX2, and mutation
of binding sites significantly decreased CgHPX2 promoter
activity, indicating two transcription factors positively regu-
late CgHPX2. What’s more are the CgPOU2F1 and CgSOX5
subcellular localization in the nucleus. Therefore, we specu-
lated that CgPOU2F1 and CgSOX5 may regulate the tran-
scription of target genes in the nucleus. In addition, knock-
down CgPOU2F1 and CgSOX5 led to a decrease in CgHPX2
expression, suggesting that CgPOU2F1 and CgSOXS5 can pos-
itively regulate CgHPX2 expression. A decrease in CgHPX2
expression implied that dsSRNA-expression bacteria method
applied in the larvae was reliable.

Conclusions

In summary, we identified and characterized CgHPX2 gene
from C. gigas. Temporal and spatial expression analysis
of CgHPX2 in di erent developmental stages and di er-
ent tissues proved an important role in shell formation and
pigmentation. Additionally, the core promoter region of the
CgHPX2 gene was found between—1519 and —1221 bp.
The CgPOU2F1 and CgSOX5 were identified as the tran-
scription factor motifs for CgHPX2 transcription. Moreover,
CgPOU2F1 and CgSOX5 were knocked down which can

significantly downregulated the expression of CgHPX2. The
findings presented here provided an insight into the basic
transcriptional regulation mechanism of CgHPX2 in shell
pigmentation. This work would be valuable for further inves-
tigation on the pathway of melanin biosynthesis and shell
formation in C. gigas.
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