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ARTICLE INFO ABSTRACT

The black-and-white traits on shells and mantle edges of the Pacific oyster, Crassostrea gigas, are inheritable and
correlated, and black shells (melanin pigmentation) are usually found in the Pacific oysters. Based on differ-
entially expressed genes from RNA-Seq and physiological characteristics, in this study, Black-shelled Pacific
oysters (BSO) and White-shelled Pacific oysters (WSO) were selected to determine the molecular differences
between oysters with obviously different melanin content. The differences in the process of immune recognition
and modulation indicated that BSO may be more sensitive to the immune substances. There might have different
modulation mode of apoptosis and phagocytosis between BSO and WSO, and caspase-3 might have played a key
role in the apoptotic process of BSO. Different oxidation-related pathways were enriched in both BSO and WSO,
suggesting the different response strategies of BSO and WSO to oxidative stress. The physiological evidences
showed that, compared with WSO, in BSO, the tyrosinase content, the caspase-3 activity and the suppression of
hydroxyl radical increased, and the reactive oxygen species concentration decreased. Therefore, immune-related
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molecular and physiological differences were found between BSO and WSO.

1. Introduction

The Pacific oyster Crassostrea gigas is the important aquaculture
species around the world. Shell color is one of the important traits in
oysters breeding. Previous researches have shown that the two color
traits (black and white) on shells and mantle edges of Pacific oysters are
inheritable and correlated, enabling effective selection for the color
traits [1]. The black pigment in oyster shells, mantles and adductor
muscle scars was confirmed to be melanin by ultraviolet and infrared
radiation spectral analysis [2]. In Pacific oyster individuals, differences
in melanin pigmentation are usually found in the shell and mantle.
However, the role of melanin pigmentation in Pacific oysters has not
been fully understood.

Melanin exists widely in nature and is a key pigment synthesized in
molluscs in vivo [3]. Previous studies have shown that a series of cel-
lular biological processes are associated with melanosis in organisms
[4]. In vertebrates, the melanin is secreted and transferred into the
keratinocytes of the epidermis and hair to protect the skin and eyes
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against UV radiation [5]. The large amount of melanin deposited on
bird feathers can reflect the regulatory capacity of cellular immune
response [6]. In invertebrates, melanin formation is the prominent
immune responses of insects [7], and the melanization is the major
aspect of the innate immune defense system against invading pathogens
in which melanin participates, in the meanwhile, the generation of free
radical by-products could aid in their killing [8]. Recent studies in-
dicate that fungal melanin is immunologically active, and the protein
melanin-sensing C-type lectin receptor (Mellec) recognizes melanin and
plays an essential role in protecting antifungal immunity in both mice
and humans, which suggested melanin could trigger antifungal defenses
[9,10].

The biosynthesis of melanin is caused by the action of tyrosinase
(TYR). TYR catalyzes two distinct reactions of melanogenesis, and also
plays an important role in the formation of the shell matrix of the pearl
oyster Pinctada fucata [11,12]. There are at least 26 TYR isoforms in the
genome of the Pacific oyster, which can be divided into three basic
types: secretory, intracellular and transmembrane type [13,14].
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Fig. 1. Pigmentation of Pacific oyster shells and mantle edges. (A) The white and black shells of Pacific oyster. (B) The white and black mantles of Pacific oyster. (C)
The optical density values (ODV) of shell pigmentation determined by the grayscale comparison; the mantle edge pigmentation values (MPV) of Pacific oysters; the

TYR content; the relative mRNA expression profiles of 4 Tyr. Each bar represents the mean * S.D. (n

12). * indicated P < 0.05. ** indicated P < 0.01.

Abbreviations: W, white-shelled Pacific oysters (WSO); B, black-shelled Pacific oysters (BSO).

Preliminary studies have shown that different members of the TYR gene
families could play a role in independent pigmentation in different
organs of Pacific oysters [15].

In the current study, two groups of Pacific oysters in different shell
colours with different melanin contents were established: Black-shelled
Pacific oysters (BSO) and White-shelled Pacific oysters (WSO). Then,
RNA-Seq was used to provide a comprehensive understanding of mo-
lecular mechanisms of these two kinds of Pacific oysters. Moreover, the
different immune strategies were screened out by gene-set enrichment
analysis and verified by physiology changes.

2. Materials and methods
2.1. Animal collection
Adult BSO and WSO (shell length: 8-10 cm) were sampled and in-

vestigated from the same selective breeding population in Changdao,
Yantai City, Shandong Province, China. The oysters were acclimated in
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filtered (1 um) and aerated seawater (pH 8.1, temperature 18 °C and
salinity 29%o) for 2 weeks before the start of the experiment. During the
acclimation period, the oysters were fed with Isochrysis galbana at a
concentration of 5.0 X 10° cells mL™" three times a day. The seawater
was renewed every day. Two experimental groups, BSO and WSO, were
selected by the comparison of shell pigmentation according to the
methods in Section 2.2.

In RNA-Seq analysis, the mantle tissues of 3 individuals were
combined to form one sample; 12 individuals from each BSO and WSO
group were randomly selected for related physiological measurements.
In addition, 6 other individuals from each group were used for quan-
titative real-time PCR (qRT-PCR) assays. All the mantle tissues were
flash frozen in liquid nitrogen and then stored at —80 °C.

2.2. Measurement of shell pigmentation

To describe the pigmentation of Pacific oyster shells, a digital
camera was used to get images of oysters illuminated by two light bulbs
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Fig. 2. The BinGO enrichment analysis of up-regulated Gene Ontology biological process (BP) terms in black-shelled Pacific oysters. BP terms are shown as nodes
with the node size, and color intensity representing their enrichment and statistical significance. Insignificant BP terms in the network are shown in white. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

5.00E2 ¢s.oe-7  Fig. 3. The BinGO enrichment analysis of up-regulated Gene
Ij Ontology biological process (BP) terms in white-shelled
Pacific oysters. BP terms are shown as nodes with the node
size, and color intensity representing their enrichment and
statistical significance. Insignificant BP terms in the network
are shown in white. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web
version of this article.)
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Devel
mounted on both sides of the sample board. The bulbs provided uni- the oyster shells to create areas of interest. The intensity calibration was
form and consistent illumination for the photography. The optical set to the standard optical density and the gray scale value was con-
density of each shell was analyzed by Image-Pro Plus image analysis verted to an optical density value (ODV), on a scale ranging from 0
software 6.0 (Media Cybernetics Inc., USA). The measurement/ (completely white) to 2.4 (completely black). The ODV of each image
counting/size/scale regulator was set automatically to the contour of was measured by using macros as the values of the shell pigmentation.
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According to ODV [16], the classification were as follows: (1) very
light (white, with little or no pigmentation present, ODV 0-0.5); (2)
light (having only slight pigmentation, mixed with light hues, ODV
0.5-0.7); (3) dark (showing some dark or black pigmentation, also with
light color areas, ODV 0.7-0.9); and (4) very dark (having very dark
pigmentation, mostly black, ODV 0.9-1.4). In this study, the oysters
confirming to the ‘very light’ category were used as the WSO samples,
while oysters confirming to the ‘very dark’ category used as the BSO
ones.

2.3. RNA preparation and RNA-Seq

Total RNA of Pacific oyster mantles was isolated by TRIzol reagent
(Invitrogen, USA), and then subjected to DNAse digestion with RQ1
DNAse (Promega, USA) according to the manufacturer's instructions.
RNA integrity was evaluated using Agilent 2100 Bioanalyzer (Agilent
Technologies, Santa Clara, CA, USA). Samples with RNA Integrity
Number (RIN) = 7 were subsequently analyzed. According to the
manufacturer's instructions, these libraries were constructed using
TruSeq Stranded mRNA LT Sample Prep Kit (Illumina, San Diego, CA,
USA). mRNA was purified, fragmented, and then synthesized to cDNA
using SuperScript II Reverse Transcriptase (Invitrogen). The cDNA was
purified and adenylated at the 3’ end using A-tailing control (1 pL A-
tailing control + 99 pL resuspension buffer). Ligation control (1 pL
ligation control + 99 pL resuspension buffer) was then added to ligate
adapters on the cDNA. Then the DNA fragment was enriched as follows:
1 cycle 98 °C for 30 s; 15 cycles 98 °C for 10 s, 60 °C for 30 s, 72 °C for
30 s; 1 cycle 72 °C for 5 min; keep at 10 °C. After purification, the
library was validated by Agilent 2100 Bioanalyzer. Qualified libraries
were sequenced on the Illumina Sequencing Platform (HiSeq™ 2500) to
produce 125 bp paired-end reads.

NGS QC Toolkit was used to evaluate and control the quality of raw
data files obtained from the Illumina Sequencing Platform [17]. The
reads containing poly-N and low-quality reads were removed to obtain
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clean reads, which were then mapped to the reference genome using
HISAT2 [18]. The gene expression level was calculated with the frag-
ments per kb per million reads (FPKM) method [19]. Differentially
expressed genes (DEGs) were identified through the negative binomial
distribution (NB) test, and the significance of the differences was esti-
mated by the base mean value. On the basis of hypergeometric dis-
tribution, Gene Ontology (GO) enrichment and Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway enrichment analysis of DEGs
were performed using The R Programming Language [20].

2.4. Measurement of mantle edge pigmentation

The mantle edge pigmentation values (MPV) of the oysters was
measured according to the method described by De Xing et al. [21] and
Debecker et al. [22], with some modifications. The mantle edge (0.10 g)
was dissected from each oyster and placed in a centrifugal tube con-
taining 1 mL of 1.0 M NaOH. The samples were then incubated in a
water bath at 80 °C for 2h and centrifuged at 12 000 g for 10 min. Su-
pernatants were transferred to a spectrophotometer to analyze the total
melanin content at 400 nm absorbance (A400). The A400 values were
used to represent the total melanin content, and the absorbance values
of extracts in pathlength cuvettes were read to the last three decimal
places.

2.5. Physiological assays

Each mantle sample (1:10, w:v) from the WSO or BSO group was
homogenized in ice-cold lysis buffer (0.01 mM Tris, 0.0001 mM EDTA-
2Na, 0.01 mM sucrose, 0.8% NaCl, pH 7.4), and then subjected to the
activity assays. The TYR content (Mollusk Tyrosinase Elisa Kit) was
determined by the tetramethylbenzidine method using a commercial kit
(Nanjing Jiancheng Bioengineering Institute, China). The increase in
the percentage of Caspase-3 activity was assayed by Caspase-3
Colorimetric Assay Kit (CASP3, BC3830, Solarbio Science & Technology
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Fig. 5. Schematic illustration of different immunity strategies in black-shelled Pacific oysters (BSO) and white-shelled Pacific oysters (WSO), respectively, based on
GO and KEGG enrichment analysis. (A) The immunity strategies in BSO. (B) The immunity strategies in WSO. Circles indicate differential expression genes (green

ones represent down-regulated genes and red ones represent up-regulated genes); yellow triangle indicate the KEGG pathway; blue round rectangle indicate GO
terms. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Co.,Ltd, China). Measurements of anti-superoxide anion radical (ASOR,
A052), suppression of hydroxyl radical (*OH) (SHR, A018), total anti-
oxidant capacity (T-AOC, A015) and peroxidase (POD, A084-1) were
performed using commercial enzyme kits (Nanjing Jiancheng
Bioengineering Institute, China). Taking bovine serum albumin as the
standard, the protein concentration (A045-4) was determined by
Bradford method [23].

2.6. Assessment of reactive oxygen species production using flow cytometry

The concentration of intracellular reactive oxygen species (ROS)
was measured by fluorescent probe DCFH-DA. Fresh mantle tissues
were crushed by eye scissors and separated into a single cell suspension
by 0.25% trypsin at 37 °C. After being treated for 30 min, the mantle
cells were collected and washed twice with cold PBS. The cells were
then centrifuged at 500 x g for 10 min at 4 °C and the supernatant was
discarded. 10° cells in each group were suspended in 500 yL of PBS and
then incubated with 10 uM DCFH-DA at 37 °C for 30 min in the dark.
The stained cells were immediately analyzed by flow cytometry (BD
FACSCalibur™ Flow Cytometer, USA) with excitation and emission
wave lengths of 488 and 530 nm, respectively. FlowJo Software 10.0
(USA) was used to analyze the data.

2.7. qRT-PCR

qRT-PCR was used to further confirm the gene expression level with
6 individuals in each group. Total RNA was treated with DNase I
(Promega, USA) and the cDNA was then synthesized with Reverse
Transcriptase M-MLV kit (Promega, USA) according to the manufac-
turer's instructions. The target genes were then assayed by SYBR Green
on Bio-Rad CFX Connect™ Real-Time PCR Detection System, with ri-
bosomal protein S18 (RS18) as an endogenous control [24]. All the
primers used in this assay are listed in Table S1. The amplification ef-
ficiency of each primer pair was calculated by the dilution series of
c¢DNA (1:10 for reference genes and 1:5 for genes of interest). PCR
amplification was performed at 20 puL volume, with 10 pL. SYBR Green
PCR Master Mix, 2L diluted ¢cDNA, 0.8 uL primers (5pmol/L), and
7.2 uL. DEPC-treated water. The thermal profile was 50 °C for 2 min,
94 °C for 10 min followed by 40 cycles of 9 °C for 55, 55 °C for 15, and
72°C for 10s. The relative expression levels of these genes were ana-
lyzed by the 2-2ACT method [25,26].

2.8. Statistical analysis

One-way analysis of variance (one-way ANOVA) was used to ana-
lyze gene expression and physiology changes by SPSS 16.0 statistical
software. P < 0.05 were considered statistically significant.

Principal component analysis (PCA) used GGEBiplot of The R
Programming Language to evaluate the variability associated with
physiological indicators (TYR, CASP3, ASOR, SHR, T-AOC, POD, and
ROS).

3. Results and discussion
3.1. Fundamental physiological differences between BSO and WSO

The ODV and MPV results of BSO and WSO were shown in Fig. 1C.
The average grayscale-based ODV of BSO and WSO were 0.98 and 0.32,
respectively, indicating that BSO had more melanin pigmentation than
WSO (P < 0.01). The average absorbance-based MPV of BSO and WSO
were 1.79 and 1.26, respectively, indicating that the mantles of BSO
also has greater melanin pigmentation than those of WSO (P < 0.01).
Both results reinforce previous findings [1,15], which indicated that
pigmentation in the shells of Pacific oyster was positively correlated
with pigmentation in the mantles, suggesting that the darker the shell
color is, the darker the mantle color is. In this study, the upregulation of
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TYR content and expression of 4 Tyr genes (LOC105344040,
LOC105346503, LOC105348943, and LOC105320007) were accom-
panied by increased melanin pigmentation in BSO mantles (P < 0.05,
Fig. 1C). The above results demonstrated the fundamental physiological
differences between BSO and WSO.

3.2. Molecular differences between BSO and WSO mantles

Of the total reads (47 177 274 and 46 591 402), 70.06% and 70.42%
were uniquely mapped to the oyster reference genome assembly in BSO
and WSO, respectively (Table S2). A total of 1288 genes were identified
as DEGs in mantles by comparing BSO and WSO (P < 0.05). The DEGs
from BSO mantles had more genes upregulated compared with WSO
mantles (735 genes versus 553 genes, respectively) (Table S3). The
expression of randomly selected 5 DEGs was verified by qRT-PCR (Fig.
S1).

GO enrichment analysis showed that, in the molecular function
classification, most DEGs were enriched in metalloendopeptidase in-
hibitor activity and POD activity. Metallothionein can be used as an
inhibitor for tyrosinase [27], and metalloendopeptidase inhibitor could
regulate the activity of metallothionein, thereby regulating the ex-
pression of Tyr genes in BSO. PODs are kind of oxidoreductases, and
these DEGs may be involved in the processes of response to oxidative
stress. In the classification of cell components, DEGs (116/1288) are
mainly concentrated in extracellular area and extracellular space. Based
on KEGG enrichment, the pathways of ‘extracellular matrix-receptor
interaction’ also showed significant differences, suggesting the se-
creting function of mantle tissues in Pacific oysters.

In order to further understand the classification of DEGs, only sig-
nificant changes (P < 0.05) in GO biological process (BP) terms and
KEGG pathways were considered as differential ones. Among them, 97
up-regulated and 48 down-regulated BP terms, and 6 up-regulated and
3 down-regulated KEGG pathways in BSO were compared with WSO.

The functional properties of these identified unigenes were classi-
fied by searching non-redundant (NR) database (ftp://ftp.ncbi.nih.gov/
blast/db). Compared with WSO, the up-regulated BP terms in BSO
could be classified in 8 categories, including the regulation of calcium
ion and calcification, nerve conduction and signaling pathway, protein
metabolism, energy and primary metabolism, tissue organization, im-
mune function, stress responses and other cellular processes (Table S4).
Compared with BSO, the up-regulated BP terms in WSO involved cy-
toskeleton structure, nerve conduction and signaling pathway, protein
metabolism, morphogenesis and development, immune function and
other cellular processes (Table S5).

The hierarchy and network of GO BP items were classified and in-
tegrated by using BinGO enrichment analysis method, and BP items
with family-wise error rate (FWER) < 0.05 were further screened.
Fig. 2 summarized that responses to stimulus, biological regulation,
muti-organism process, death and immune system process, etc were
significantly up-regulated in BSO. Fig. 3 summarized that multicellular
organismal process, developmental process, multicellular organismal
development, cell development and spermatid development were sig-
nificantly up-regulated in WSO.

The up-regulated KEGG pathways in BSO were ABC transporters,
tyrosine metabolism, aminoacyl-tRNA biosynthesis, ubiquitin mediated
proteolysis, fatty acid metabolism and autophagy-animal. And the up-
regulated KEGG pathways in WSO were ECM-receptor interaction,
phagosome and purine metabolism (Table S6).

Based on the above results, BSO and WSO may have different
characteristics in the molecular modulation mechanism, respectively.

3.3. Some physiological evidences for molecular differences
To verify the physiological differences between BSO and WSO, TYR,

CASP3, ASOR, SHR, ROS, T-AOC and POD were detected and compared
by PCA analysis (Table S7). Two main factors were extracted from the
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PCA results to explain 51.20% of the total data variance. The first
component (PC1) accounted for 31.41% of the total variance. The re-
sults showed that the WSO sits on the positive side of the PC1 axis,
while the most BSO sits on the negative side of the PC1 axis. (Fig. 4).
High levels of TYR, CASP3 and SHR and low levels of ROS in BSO de-
fined this separation. The second component (PC2) explained 19.79%
of the total variance, with BSO and WSO falling almost on the same side
of PC2.

In this study, BSO showed a significant increase in TYR content and
CASP3 activity compared with WSO, suggesting that the processes of
melanin synthesis and apoptosis were up-regulated in BSO. However, in
the mantles of BSO versus WSO, there was no difference in the levels of
the antioxidant POD and T-AOC. These might demonstrate the enrich-
ment analysis that BSO and WSO both could response to oxidative stress
though they maybe use different strategy. However, different ROS
contents and free radical scavenging capacity may indicate different
antioxidant patterns between BSO and WSO. ROS are a major form of
free radicals, with superoxide anion (O-) and hydroxyl (*OH) free ra-
dicals being the important components [28-30]. Previous studies have
shown that the rapid elimination of excess free radicals is vital in
maintaining normal cell metabolism and improving the body's re-
sistance and immunity [31]. Pacific oyster with the high level of mel-
anin content, may also have the high performance of scavenging free
radicals.

3.4. Immune recognition and modulation

The up-regulated BP terms in BSO (Table S4) suggested that there
might be some difference between BSO and WSO in response to im-
mune antigens. Although both BSO and WSO showed defensive re-
sponses to bacteria and viruses (Table S4, S5), DEGs related to response
to lipopolysaccharide, interferon, and prostaglandin, were up-regulated
in BSO, suggesting that the BSO may be more sensitive to immune
substances. Negative or positive regulations of interleukins and inter-
ferons were up-regulated in BSO, and the regulation of complement
activation and lectin pathway was up-regulated in WSO, indicating that
there may exist different immune modulations between BSO and WSO.

3.5. Apoptosis and phagocytosis

Enrichment analysis also showed that the apoptotic process and
phagocytosis of BSO and WSO may be carried out in different ways.
There were more up-regulated DEGs of the apoptotic process in BSO
than WSO (24 versus 11), including the caspase-3 gene (Casp3,
LOC105318843, LOC105346972), which could promote cell apoptosis
[32]. Increased activity of caspase-3 protein was also detected (Table
S7). The 5 up-regulated tumor necrosis factors (Tnf related genes, in-
cluding LOC105319637, LOC105323598, LOC105344264,
LOC105346921, LOC105344264) in BSO, suggesting that TNF family
may play a vital role in activating cell apoptosis and phagocytosis in
BSO. The KEGG pathway ‘autophagy-animal’ was up-regulated in BSO,
but ‘phagosome’ was up-regulated in WSO, which suggested the pha-
gocytosis in WSO is more dependent on phagocyte-like macrophage
(LOC105324874). On the contrary, the cellular substances, such as
cathepsin L (LOC105334651) and halomucin (LOC105339849) may
play an autophagic role in BSO.

3.6. Oxidative stress

RNA-Seq analysis (Table S3) showed that there were 7 types of up-
regulated Pods (LOC105324738, LOC105331837, LOC105341159,
LOC105341168, LOC105342217, LOC105347596, LOC105347615) in
BSO, which resulted in a significant up-regulation of the ‘response to
oxidative stress’ in biological processes in BSO, and an up-regulation of
the ‘oxidation-reduction process’ in biological processes in WSO, be-
cause of the up-regulated retinal dehydrogenase (Rdh, LOC105334906)
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and flavin-containing monooxygenase (LOC105325018,
LOC105340800). Antioxidant enzymes control the toxic effects of ROS
produced in different cellular compartments. Peroxisomes, which are
important cell organelles involved in oxidative metabolism, contain
PODs, thus contributing to the cellular production of ROS [33].
Therefore, the production of PODs maybe an important pathway of
response to oxidative stress in BSO. So, different oxidation-related
pathways were enriched in both BSO and WSO, suggesting the different
response strategies of BSO and WSO to oxidative stress.

4. Conclusions

This study investigated the molecular and physiological differences
between BSO and WSO. Different immunity-related BP terms and KEGG
pathways between BSO and WSO were visualized in Cytoscape 3.4.0
(Fig. 5).

The results showed that there may be some differences between BSO
and WSO in immune recognition and modulation, as well as in the
mode of apoptosis and phagocytosis, and the different response stra-
tegies to oxidative stress.
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