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Abstract

Background

Shell color polymorphisms of Mollusca have contributed to development of evolutionary
biology and population genetics, while the genetic bases and molecular mechanisms under-
lying shell pigmentation are poorly understood. The Pacific oyster (Crassostrea gigas) is
one of the most important farmed oysters worldwide. Through successive family selection,
four shell color variants (white, golden, black and partially pigmented) of C. gigas have been
developed. To elucidate the genetic mechanisms of shell coloration in C. gigas and facilitate
the selection of elite oyster lines with desired coloration patterns, differentially expressed
genes (DEGs) were identified among the four shell color variants by RNA-seq.

Results

Digital gene expression generated over fifteen million reads per sample, producing expres-
sion data for 28,027 genes. A total number of 2,645 DEGs were identified from pair-wise
comparisons, of which 432, 91, 43 and 39 genes specially were up-regulated in white,
black, golden and partially pigmented shell of C. gigas, respectively. Three genes of Abca7,
Abca3 and Abcb1 which belong to the ATP-binding cassette (ABC) transporters super-
families were significantly associated with white shell formation. A tyrosinase transcript
(CGI_10008737) represented consistent up-regulated pattern with golden coloration. We
proposed that white shell variant of C. gigas could employ “endocytosis” to down-regulate
notch level and to prevent shell pigmentation.

Conclusion

This study discovered some potential shell coloration genes and related molecular mecha-
nisms by the RNA-seq, which would provide foundational information to further study on
shell coloration and assist in selective breeding in C. gigas.
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Introduction

Color polymorphisms provide tractable systems within which to examine the molecular basis
of adaptation because of their often-simple patterns of inheritance [1], contributing to develop-
ment of evolutionary biology and population genetics. Morgan established the modern theory
of the gene based on the white-eyed Drosophila melanogaster [2]. Much of the pigment-based
coloration in invertebrates results from products of the melanin, ommochrome, pteridine,
papiliochrome and heme synthesis pathways [3]. Of them, melanin is the most widespread pig-
ment in nature, which consists of two classes: eumelanins, which are black or brown, and pheo-
melanins, which are red, orange, or yellow [4]. The enzyme tyrosinase (phenol oxidase) is
essential for all various melanins and even non-pigmented sclerotin [5]. And ommochromes
are often found in animals that also synthesize melanins and effect on colors of yellow, orange,
red, brownish and dark purple [6].

Shell color polymorphisms have always attracted interest of naturalists and biologists, but
have been poorly explored in contrast to other classic polychromatism. Many molluscs are
models for ecological genetics, as well as important fishery and aquaculture species. Among
them, the land snail Cepaea nemoralis is a preeminent model for ecological genetics, because
the outward color and banding phenotype is entirely genetically determined, primarily deter-
mined by a “supergene” of at least five loci [7] through classic crossing work. With shell colors
being used as useful makers for selective breeding in molluscs, such as Patinopecten yessoensis
[8], Hyriopsis cumingii [9], Chlamys farreri [10], the genetic bases and molecular mechanisms
of shell color formation are receiving significantly increasing attention. Comparative transcrip-
tome analysis of Meretrix meretrix suggested that Notch-related genes combine with calcium
signaling, as an upstream component of the shell coloration determination process [11]. For P.
yessoensis, the pathways of tyrosine metabolism and melanogenesis were detected in the mantle
transcriptome, which might play fundamental roles in the biology of shell pigmentation [12].
Yet despite the association of melanins with some shell pigments, there exists no experimen-
tally verified systemic molecular understanding of any shell pigmentation in any mollusc. And
there is no report that genes directly responsible for shell coloration were detected and charac-
terized. Thus the genetic bases and molecular mechanisms underlying shell pigmentation are
only beginning to be elucidated.

The Pacific oyster (Crassostrea gigas) has the largest production among all cultured
aquatic animals [13] and its coloration is of interest to the whole oyster industry [14].

Pacific oysters exhibited distinct shell colors (golden, white, and black) and the shell pigmen-
tation has been considered as a quantitative trait that is controlled by many genes with
small-effects [15]. Quantitative trait locus (QTL) for shell pigmentation and background
coloration have been established with amplified fragment length polymorphism (AFLP)
makers [16-17], which will facilitate our explore to the genetic mechanisms of shell colora-
tion in the C. gigas.

We have developed four C. gigas full-sib families characterized by shell colors, which are
white shell (WS), golden shell (GS), black shell (BS) and partially pigmented shell (NS) (Fig 1),
through selective breeding. These particular samples permit us to analysis specific pigmenta-
tion in shell of C. gigas. Recently, along with the rapid development and cost reduction of next
generation sequencing (NGS), RNA sequencing (RNA-seq) has being a robust and comprehen-
sive tool to analysis gene expression pattern. Moreover, a complete genome sequence of C.
gigas has been accessible [18]. In this study, we used digital gene expression (DGE) profiling to
investigate differentially expressed genes (DEGs) among different shell colors of C. gigas,
which would provide foundational information to further study on the genetic bases and
molecular mechanisms of the shell coloration.
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Fig 1. Oysters (Crassostrea gigas) represented four kinds of shell color variants. WS, the oyster of whole white shell; BS, the oyster of whole black
shell; GS, the oyster of whole golden shell; NS, the oyster of partially pigmentation shell.

doi:10.1371/journal.pone.0145257.g001

Materials and Methods
Ethics statement

The Pacific oysters used in this study were cultured animals, and all the experiments on oysters
were conducted according to institutional and national guidelines. No endangered or protected
species was involved in the experiments of the study. No specific permission was required for
the location of the culture experiment.

Sample collections

Four kinds of Pacific oyster lines, separately named the whole white shell full-sib families
(WS), whole black shell full-sib families (BS), whole golden shell full-sib families (GS), partially
pigmentation shell full-sib families (NS), were developed by six-generation successive family
selection and exhibited steadily hereditary shell color traits. The original parents of white,
black, golden and partially pigmented C. gigas were selected locally from cultured populations
in Weihai, Shandong, China. In 2014, we separately sampled offspring from the four kinds of
full-sib families. We selected three oyster individuals of two-year-old from each of four kinds
of full-sib families for RNA-seq, respectively. Left mantles were taken and reserved in RNA
store (Dongsheng Biotech) before RNA extraction.

RNA extraction and quality controlling

The mantle from each individual was lysed in 1 ml of Trizol Reagent (Invitrogen) for total
RNA extraction according to the manufacturer’s instructions. RNA degradation and con-
tamination was monitored on 1% agarose gels. RNA purity was checked using the Nano-
Photometer™ spectrophotometer (Implen, CA, USA). RNA concentration was measured
using Qubit® RNA Assay Kit in Qubit® 2.0 Flurometer (Life Technologies, CA, USA).
RNA Integrity Number (RIN) was checked using the RNA Nano 6000 Assay Kit of the
Bioanalyzer 2100 system (Agilent Technologies, CA, USA). At least 3 g of total RNA was
pooled from three individuals within each family, a total of four samples were used for

library construction.

PLOS ONE | DOI:10.1371/journal.pone.0145257 December 22, 2015 3/17



@ PLOS | oxe

Genetic Bases of Crassotrea Gigas Shell Pigmentation

Library preparation and DGE sequencing

Sequencing libraries were generated using NEBNext"™ Ultra™ RNA Library Prep Kit for Illu-
mina®™ (NEB, USA) following manufacturer's recommendations and index codes were added
to attribute sequences to each sample. Library quality was assessed on the Agilent Bioanalyzer
2100 system. The quality index-coded samples were clustered on a cBot Cluster Generation
System using TruSeq PE Cluster Kit v3-cBot-HS for Illumina®™ (NEB) according to the manu-
facturer's instructions. After cluster generation, the library preparations (W_ME, B_ME,
G_ME and N_ME) were sequenced on an Illumina Hiseq 2500 platform (Novogene, Beijing,
China) and 50 bp single-end reads were generated.

Quality control and reads mapping

Raw data of FASTQ format (all raw tag data have been deposited in Short Read Archive (SRA)
of the National Center for Biotechnology Information (NCBI)) were firstly processed through
in-house Perl scripts. In this step, clean data were obtained by removing reads containing
adapter, ploy-N and low quality reads from raw data. At the same time, Q20, Q30 and GC con-
tent of the clean data were calculated. All the downstream analyses were based on the clean
data with high quality.

Reference genome and gene model annotation files were downloaded from genome website
directly (ftp://ftp.ncbi.nlm.nih.gov/genomes/Crassostrea_gigas/). Index of the reference
genome was built using Bowtie v2.0.6 [19] and single-end clean reads were aligned to the refer-
ence genome using TopHat v2.0.9 [20]. We selected TopHat as the mapping tool for that it can
generate a database of splice junctions based on the gene model annotation file and thus a bet-
ter mapping result than other non-splice mapping tools.

Quantification of reads and differential expression analysis

Reads count for each gene was obtained from the mapping results by HT'Seq v0.6.1 [21]. And
then Reads Per Kilo base of exon model per Million mapped reads (RPKM) of each gene was
calculated based on the length of the gene and reads count mapped to this gene. RPKM consid-
ers the effect of sequencing depth and gene length for the reads count at the same time, and is
currently the most commonly used method for estimating gene expression levels [22].

Without strict biological replicates for each sequenced library, the read counts were adjusted
by edgeR program package [23] through one scaling normalized factor. Differential expression
analysis of two conditions was performed using the DEGSeq R package (1.12.0) [24]. The P-
values were adjusted using the Benjamini and Hochberg method. Corrected P-value of 0.005
and log2 (fold_change) of +1 were set as the threshold for significantly differential expression.
Volcano plots were applied to intuitively show the DEGs. Hierarchical cluster analysis of DEGs
union was performed to assess the transcriptional pattern variations among W_ME, B_ME,
G_ME and N_ME using Cluster 3.0 [25]. Venn charts were drawn using Venny 2.0.2 (http://
bioinfogp.cnb.csic.es/tools/venny/index.html) to exhibit shared or specific DEGs among differ-
ent pair-wise comparisons.

GO and KEGG enrichment analysis of DEGs

Gene ontology (GO) enrichment analysis is to identify GO terms that are significantly overrep-
resented in a given set of genes, which suggest possible mechanism of regulation that are put
into play, or functional pathways that are activated in that condition [26]. Enrichment analysis
of DEGs was implemented by the GOseq R package [27], within which gene length bias was cor-
rected. GO terms with corrected P-value less than 0.05 were significantly enriched by DEGs.
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Kyoto Encyclopedia of Genes and Genomes (KEGG) is a database of biological systems
(http://www.genome.jp/kegg/) that integrates genomic, chemical and systemic functional
information, for understanding high-level functions and utilities of the biological system, such
as the cell, the organism and the ecosystem, from molecular-level information, especially large-
scale molecular datasets generated by genome sequencing and other high-throughput experi-
mental technologies [28]. The statistical enrichment of DEGs in KEGG pathways was tested by
KOBAS software [29]. KEGG pathway with corrected P-value less than 0.05 were significantly
enriched by DEGs.

Quantitative Real-Time PCR validation

To validate the RNA-seq, 14 DEGs of interest were selected for quantitative real-time PCR
(qRT-PCR) analysis. Total RNA was extracted separately from the same 12 samples used for
RNA sequencing. Then cDNA was synthesized from RNA, which was used for qRT-PCR
quantification, using Prime Script TM RT reagent Kit with gDNA Eraser (TaKaRa, Dalian,
China). Specific primers for qRT-PCR were designed using Premier Primer 5 (S1 Table).
Enlongation Factor was used as an endogenous control [30]. The amplification was performed
in triplicate on the LightCycler 480 real-time PCR instrument (Roche Diagnostics, Burgess
Hill, UK) using SYBR™ Premix Ex TaqTM (TaKaRa). Cycling parameters were 95°C for 5
min, then 40 cycles of 95°C for 5 s, 60°Cfor 20 s. Melting curve analyses were performed follow-
ing amplifications to verify specific amplication. Relative gene expression data was analyzed
using the comparative threshold cycle (CT) method [31]. Data were examined for homogeneity
of variances (F text), and were analyzed by t test using software SPSS 13.0 with P<0.05.

Results
Sequencing and mapping of the DGE libraries

The four C. gigas cDNA libraries of different shell colors lines (WS, BS, GS, NS) were con-
structed and sequenced using Illumina Hiseq 2500, and the raw data were submitted to the
NCBI SRA database with accession numbers of SRR1988511 (B_ME), SRR1997308 (W_ME),
SRR1997309 (G_ME) and SRR1997310 (N_ME). A total of 67,101,512 clean reads filtered
from 67,628,685 single-end raw reads of 50 bp produced in four libraries, with Q20 (%) varying
from 98.00% to 98.11% (Table 1). As a result, the total reads length was 3.35 gigabases (Gb) for
the four samples. Alignment of the sequence reads against the oyster genome yielded 84.84-
85.67% of total aligned reads across the four samples, of which 66.4-69.0% fell in annotated
exons, 8.8-9.8% located in introns, and the remaining 22.0-23.8% was assigned to intergenic
regions (Table 1).

The abundance of all the genes (28,027) was normalized and calculated by RPKMs method
using uniquely mapped reads. Genes with RPKMs in the interval 0-1 were considered not to
be expressed or to be presented at very low levels; genes with RPKMs over 60 were considered
to be expressed at a very high level. The distributions of the expression levels of all the genes
were similar among all four libraries (52 Table). About 66% of the total number of genes
(28,027) were expressed (RPKM>1), and more than 1,962 genes were highly expressed
(RPKM>60) in each library (S2 Table).

Analysis of differentially expressed genes

To minimize the false-positive DEGs among the four libraries, the read counts were adjusted
by the edgeR program with one scaling normalized factor. The DEGs in pairs among four
libraries were detected by DEGseq with corrected P-value <0.005 & |log2 (fold_change)| > 1.
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Table 1. Basic characteristic of reads in four libraries and data of sequencing reads mapping to the reference genome.

Sample name W_ME
Raw reads 16,194,954
Clean reads 16,062,344
Clean bases 0.80G
Q20(%) 98.04
Q30(%) 94.39

GC content(%) 43.53
Total reads 16,062,344

Total mapped
Multiple mapped

13,697,765 (85.28%)
2,079,192 (12.94%)

Uniquely mapped 11,618,573 (72.33%)
Non-splice reads 9,402,808 (58.54%)
Splice reads 2,215,765 (13.79%)
Exon 67.90%

Intron 9.30%

Intergenic 22.80%

B_ME

16,180,110
16,056,566

0.80G

98.00

94.31

43.83

16,056,566
13,622,258 (84.84%)
2,158,490 (13.44%)
11,463,768 (71.4%)
9,227,035 (57.47%)
2,236,733 (13.93%)
68.00%

9.80%

22.20%

G_ME

18,296,565
18,127,078

091G

98.02

94.34

44.30

18,127,078
15,528,795 (85.67%)
2,528,279 (13.95%)
13,000,516 (71.72%)
10,450,901 (57.65%)
2,549,615 (14.07%)
69.00%

8.80%

22.20%

N_ME

16,957,056
16,855,524

0.84G

98.11

94.53

4418

16,855,524
14,402,380 (85.45%)
2,409,373 (14.29%)
11,993,007 (71.15%)
9,709,764 (57.61%)
2,283,243 (13.55%)
66.40%

9.80%

23.80%

Gb: Giga base; Q20: percentage of bases with a Phred value at least 20. Q30: percentage of bases with a Phred value of at least 30.
Ratios of genes number to total gene number are presented.

doi:10.1371/journal.pone.0145257.t001

Consequently, a total of 2,645 DEGs were detected, of which 474, 158, 56, 48 genes specially
were up-regulated in WS, BS, GS and NS respectively. A total number of 1307, 1179, 1056
DEGs were respectively detected from the comparison of W_ME vs B_ME, W_ME vs G_ME,
W_ME vs N_ME, which were significantly larger than the others—867, 801, 267, respectively
from the comparison of B_ME vs G_ME, B_ME vs N_ME, G_ME vs N_ME. A total number of
869, 829, 759 up-regulated genes were detected respectively from the comparison of W_ME vs
B_ME, W_ME vs G_ME, W_ME vs N_ME, which were significantly larger than the down-reg-
ulated genes—438, 350, 297. The numbers of shared or specific DEGs among three pair-wise
comparisons between some DGE library with any of the other three were represented by Venn
digrams (Fig 2). And the numbers of down-regulated, up-regulated and annotation genes of
DEGs in every pair-wise comparison were represented by Histogram (Fig 2). That visually dis-
played the significant expansion of DEGs and up-regulated genes in comparison between
W_ME with any of other three. Consistent results were globally exhibited in volcano plots and
hierarchical clustering. Volcano plots visually displayed that there were more DEGs in pair-
wise comparisons relating to white variant, compared to those in the other pair-wise compari-
sons, and that the up-regulated genes dominated the DGEs in every comparison when white
variant compared with any of other three variants (S1 Fig). Hierarchical clustering exhibited
that the whole expression of DEGs in WS was distinguishable from that in other three samples
(BS, GS, NS), and every variant has itself special high expression genes clusters (S2 Fig).

Enrichment analysis of DEGs

We performed GO enrichment analysis to identify the main molecular function of these DEGs
in each pair-wise comparison among four variants. When WS compared with any of other
three variants, the most significantly enriched GO terms based on up-regulated DEGs were
shared by three GO terms of “nucleotide binding”, “small molecule binding”, “nucleoside phos-
phate binding” (Fig 3), showing uniformly consistent. The three GO terms consist of the same

90 up-regulated genes shared by the three pair-wise comparisons (S3 Table), except that “small
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Fig 2. Venn digrams and histograms for numbers comparisons of DEGs among four DGE libraries
(W_ME, B_ME, G_ME, N_ME). Venn digrams represented the shared or specific DEGs among three pair-
wise comparison between some one DGE library with any one of the three. The numbers of the shared DEGs
are in the cross area, while the numbers of the specific DGEs are in the single area. Histogram represented
the numbers of down-regulated (red), up-regulated (blue), and annotation (yellow) genes of DEGs in every
pair-wise comparison. (a), W_ME compared with other three libraries in pairs (b), B_ME compared with other
three libraries in pairs (c), G_ME compared with other three libraries in pairs (d), N_ME compared with other
three libraries in pairs.

doi:10.1371/journal.pone.0145257.9g002

The Most Enriched GO Terms (G_MEvsW_ME) C The Most Enriched GO Terms (W_MEvsN_ME)

00 term

s 3 . H o 150 50 1o 150
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Fig 3. Gene ontology classification of up-regulated genes in comparisons between WS with any of other three variants. Orange represented
molecular function, green represented biological process.

doi:10.1371/journal.pone.0145257.9003
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molecule binding” includes more two genes. When BS compared with any of other three vari-
ants, the most significantly enriched GO term based on up-regulated DEGs was only one GO
term of “calcium ion binding” (S3 Fig), consisting of 19 up-regulated genes (S4 Table). When
NS or GS compared with the others, there was no GO term showing consistent.

We performed KEGG enrichment analysis to further discover the metabolic processes and
signal transduction pathways, which were related with shell color polymorphisms. When WS
compared with other three variants, “endocytosis” was consistently and significantly enriched
among three comparisons with corrected P-Value <0.05 (Fig 4). The other three libraries had
no shared significantly enrichment pathway.

Furthermore, we conducted function enrichment analysis using DEGs specially expressed
in WS, considering WS had more DEGs compared with other variants. And three GO terms
of “nucleotide binding”, “small molecule binding”, “nucleoside phosphate binding” (S4 Fig)
and one KEGG pathway of “Endocytosis” with corrected P-Value of 0.00026 <0.05 were most
significantly enriched, which showed consistent with the aforementioned shared function
enrichment analysis based on up-regulated DEGs when WS compared with any of other three
variants.

Identification of genes with special interest

Tyrosinase is essential for the synthesis of widespread and various melanins. Tyrosinase gene
family has undergone large expansions in bivalves and suggests an important function in tan-
ning periostracum proteins [32]. 27 tyrosinase gene family members have been identified in C.
gigas [18]. We analysed the 27 tyrosinase related genes and identified 12 transcripts coding for
tyrosinase related genes (Table 2) from DEGs. Of them, the group of WS vs BS of down-regula-
tion has the least differentially expressed tyrosinase related gene with none; the group of BS vs
GS of up-regulation has the most differentially expressed tyrosinase genes with six. And the
gene Tyro_pinma (CGI_10008737) was up-regulated only when GS or NS compared with WS
or BS.

To gain further insights into the association of the DEGs with shell coloration, we integrated
the DEGs and previously reported QTLs by comparing their scaffold positions with those of
the QTLs. A total number of 16 DEGs were located in the same scaffold with QTLs. The posi-
tions of the 16 genes on the scaffold and detailed information about the QTLs were shown in
S6 Table. Among the 16 genes, one was found to be located within the QTL region that was
predicted to have significant genetic effect on shell background color.

Validation by qRT-PCR

Fourteen genes of interest were selected to perform qRT-PCR and compare with the RNA-seq
data by gene’s transcript level (S7 Table). The results showed that the expression patterns of
Rblla, Abcal, Abca3, Rab7a, Notch2-human, Tsgl01, Notch2-rat, Dyi3, Tyrl, Efcb5 and Scp
agreed well between RNA-seq and qRT-PCR. Three genes of Notch, Tyr-3, Pif showed a similar
trend in change of expression pattern between RNA-seq and qRT-PCR, which showed that
qRT-PCR was more sensitive for detection of DEGs.

Discussion

Shell color polymorphisms have promoted development of evolutionary biology and popula-
tion genetics, but have been poorly understood in contrast to other classic polychromatism.
With the progressing in using the marker of shell colors to breed for shellfish varieties of defi-
nite phenotype and good character, the genetic bases and molecular mechanisms of shell color
formation are receiving significantly increasing attention. This study is designed to discover
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Fig 4. The endocytosis pathway was significantly enriched from the KEGG pathways and shared
based on DEGs in comparisons of WS vs any of other three variants. Genes with green background
were discovered in the RNA-seq, and genes with red text were up-regulated in WS.

doi:10.1371/journal.pone.0145257.g004

the genes related with the shell color polymorphisms and molecular mechanisms of shell pig-

mentation regulation by comparative transcriptome analysis among different shell color vari-
ants of C. gigas.

WS had more DEGs compared with other variants

This study applied DGE analysis to identify the genes, which influence shell color variants
formation. Specifically, DEGs that are promising to regulate the shell coloration of C. gigas
were identified by comparing the gene expression profiles in the mantle among four kinds of
shell color variants. All expression level results including density distribution of expression,

Table 2. Tyrosinase transcripts in every pair-wise comparison.

Group

WS vs BS
WS vs BS
WS vs GS
WS vs GS
WS vs NS
WS vs NS
BS vs GS
BS vs GS
BS vs NS
BS vs NS
GS vs NS
GS vs NS

up-regulation
down-regulation
up-regulation
down-regulation
up-regulation
down-regulation
up-regulation
down-regulation
up-regulation
down-regulation
up-regulation
down-regulation

doi:10.1371/journal.pone.0145257.1002

Transcripts of tyrosinase list

CGI_10026230
none

CGI_10017983
CGI_10008737
CGI_10009318
CGI_10008737
CGI_10017983
CGI_10008737
CGI_10009319
CGI_10008737
CGI_10011916
CGI_10017983

CGI_10009318

CGI_10009318

CGI_10011916
CGI_10012743
CGI_10009319
CGI_10026230
CGI_10021076
CGI_10026230

CGI_10011916

CGI_10009319

CGI_10017214

CGI_10011911
CGI_10011916

CGI_10012743

CGI_10017214

CGI_10007793

CGI_10007753
CGI_10012743

CGI_10017214

CGI_10021076

CGI_10021075

PLOS ONE | DOI:10.1371/journal.pone.0145257 December 22, 2015
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hierarchical clustering, volcano plots and Venn charts indicated that WS was distinguishable
from the other three variants (BS, GS and NS). Interestingly, WS with no pigmentation had
the most DEGs, especially up-regulated genes, than BS, GS and NS with more or less pigmen-
tation. All four libraries were constructed from oyster strains obtained by artificial selection
in successive generations, eliminating the interference of genetic background difference
between wild and farmed strains. That phenomenon was not an accident but the result of
white comparing with other colors, which exist in sheep [33], pearl mussel [9], clam [11], and
scallop [34]. Thus, the white variant is regulated by special molecular mechanism involved in
more genes compared with other color variants. And function enrichment based on DEGs
specially expressed in WS showed that the white variant was mainly regulated by endocytosis

involved in genes in terms of “nucleotide binding”, “small molecule binding”, “nucleoside
phosphate binding”.

Analysis of molecular mechanisms on non-pigment shell formation

When WS compared with other three variants, three shared GO terms of “nucleotide binding”,
“small molecule binding”, “nucleoside phosphate binding”, were most significantly enriched.
These GO terms included in the same 91 up-regulated genes, except that “small molecule bind-
ing” included more two genes. Among them, the genes of Abcal, Abca3, Abcbl, fully named as
ATP-binding cassette sub-family A member 1, ATP-binding cassette sub-family A member 3
and multidrug resistance protein 1, respectively, suggested associated with white coloration.
These three genes belong to the ATP-binding cassette (ABC) transporters super-families,
which is one of the largest transporter families and is present in all kingdoms of life [35]. D.
melanogaster white and its thologues in insect are probably the most thoroughly characterized
ABC transporters and are involved in the uptake of pigment precursors in the developing eye
[35], which determined the coloration of the compound eye. Mutations located at various sites
in the alleles of white differently influenced on the transportation of pigment precursors. Muta-
tions identified within the nucleotide binding domain caused substantial and similar decreases
of red and brown pigments. ABC transporters that effected on coloration have also been dis-
covered in silkworm. Bmwh3 was responsible for the transportation of ommochrome precur-
sors and uric acid into pigment granules and urate granules, respectively [36]. Null mutants of
Bmwh3 have white eyes and eggs because they lack ommochrome pigments [37] and have the
distinct phenotype of translucent larval skin because the lack of uric acid [36]. Similarly, we
can hypothesis that there were some ABC transporters responsible for transportation of pig-
ment related substrate to influence pigmentation in oyster. Abcal and Abcgl, the human
homology of the Drosophila white gene [38], synergize to mediate cholesterol export in periph-
eral tissues [39]. And cholesterol regulates melanogenesis and increases melanin content in
human epidermal melanocytes and melanoma cells in a concentration-dependent manner
[40]. Furthermore, Abcgl in WS was also found to express more than in BS with log2 (fold_-
change) of 1.0249. So we supposed that Abcal and Abcgl synergize to mediate cholesterol
export in mantle of C.gigas to decrease melanin. Abca3 was expressed in human choroid-retinal
pigment epithelium and retinal pigment epithelial cells, mutations in which were associated
with cataract-microcornea syndrome (CCMC) [41]. However, the exact mechanism of Abca3
action and its role in dominant CCMC pathogenesis remain unclear, and future functional
studies will be important [41]. Abcbl have been identified as potential unconjugated bilirubin
transporters, which export the pigment from the cells [42]. And Abcb1 was also found to func-
tion in melanoma cells, but the specific role of AbcbI in the melanomas remains to be estab-
lished [43]. Above all, the three ABC genes- Abcal, Abca3, Abcbl, especially Abcal showed
promising influence on non-pigment shell formation.
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When WS compared with other three variants, “endocytosis” was significantly enriched
among three comparisons by KEGG analysis. Endocytosis is a mechanism for cells to remove
ligands, nutrients, plasma membrane proteins and lipids from the cell surface, bringing
them into the cell interior [44]. And endocytosis influences pigment granules formation. For
instance, the aforementioned white, scarlet and brown genes are located in the membranes of
pigment granules within pigment cells and retinula cells, and correlate to pigment granule
function through endocytosis [45]. Specifically, ligands and receptors that mediate cell-cell
interactions during development were removed from the cell surface by endocytosis [46]. Sub-
sequently, many of these internalized proteins were detected in multivesicular bodies (MVBs),
and some of them were delivered to lysosomes or pigment granules in D. melanogaster and
melanosomes in mammalian cells by trafficking through MVBs [47]. As shown in the endocy-
tosis pathway figure, most up-regulated genes aggregated in the ESCRT pathway of endocyto-
sis, within which components are highly conserved in yeast, insects and humans [48]. The
ESCRT machinery consists of the peripheral membrane protein complexes ESCRT-0, -1, -II,
-III, and Vps4-Vtal, and the ALIX homodimer, the majority of which are from the class E vac-
uolar protein sorting (VPS) morphological group [49]. Mutants in Class E VPS result vacuoles
larger than wild-type, with a very large, aberrant late endosome/MVB or prevacuolar compart-
ment [50], which is similar with the deep orange (dor) mutant in D. melanogaster. The com-
plete loss of dor function resulted in giant multivesicular structures in mutant pigment cells
and white patches in adult compound eyes [51]. The dor and carnation form a fly homolog of
the HOPS-complex, which are required for cargo delivery, not only to lysosomes, but also to
their pigment-containing relatives [46]. Moreover, ESCRT-I and perhaps additional ESCRT
components are required to ensure tyrosinase-related proteinl (Tyrpl) steady-state localiza-
tion to the mature melanosome limiting membrane [52]. Melanosomes are tissue-specific
lysosome-related organelles of pigment cells, in which melanins are synthesized, stored and
secreted [53]. Tyrpl trafficking was blocked in cells in which ESCRT-I component Tsg101 is
depleted or in which ESCRT function is generally inhibited by dominant-negative overexpres-
sion of inactive Vps4 or of Tsgl01 [52]. Hrs, a component of the “ESCRT-0” complex, is
enriched in the clathrin-containing coats of stage I melanosomes [53]. Hrs over-expression dis-
rupted the early endosomal trafficking and depleted Tyrpl from mature melanosomes [52].
Besides these components of the ESCRT pathway, Rab5, Rab7 and Rab11 have also been found
in the endocytosis as up-regulated genes. These three genes belong to a large family Rab
GTPases in eukaryotic genomes, which has been identified as central regulators of intracellular
transport [54]. Rab5, Rab7 and Rab11 occupy distinct membrane domains sequentially tra-
versed by recycling cargo. And cargo destined for degradation is first internalized into Rab5
domains on early endosomes and later appears in Rab7 domains on late endosomes [55].
Moreover, Rab?7 is associated with melanosome biogenesis and the transport of TyrpI from the
trans-Golgi network to melanosomes [56], just like Hrs [52]. Altogether, the endocytosis path-
way is composed of distinct organelles and subdomains, some of which are closely associated
with the biogenesis of pigment granules and largely influence pigmentation. The identified up-
regulated genes belonging to class E VPS or Rab GTPases in the endocytosis are promising to
effect on shell coloration.

Analysis of mechanisms on pigmented shell formation

When BS compared with other three variants, the most significantly enriched and shared GO
term is only “calcium ion binding”, which is consistent with transcriptome analysis of shell
color-related genes in M. meretrix. And Notch-related genes in this term are predicted to com-
bine with calcium signaling, as an upstream component of the shell coloration determination
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process, which are involved in the shell pigmentation and color patterning [11]. Notch signal-
ing pathway functions in an enormous diversity of developmental processes, and has a simple
framework that is highly conserved throughout the animal kingdom [57]. It is an essential cell-
cell interaction mechanism, which regulates processes such as cell proliferation, cell fate deci-
sions, differentiation or stem cell maintenance [58]. Signaling is triggered by binding of the
ligands Delta or Serrate, resulting in a concerted two-step proteolysis of the Notch receptor
[46]. Both the Notch receptor and its ligands, Delta and Serrate, are transmembrane proteins
with large extracellular domains that consist primarily of epidermal growth factor (EGF)-like
repeats [57]. Though the basic core Notch-transduction pathway is same in most Notch-depen-
dent processes, the mechanisms that regulate the pathway are different and still unclear [57]. It
is noteworthy that the endocytosis and endosomal sorting of the receptor effect on the notch
signaling pathway. Studies have shown that Notch colocalizes with the small Rab GTPases
Rab5 and Rab7, which are both markers of the endocytic pathway [59]. Mutations in the
ESCRT components VPS25 and TSGI01 result in dramatic hyperplasia that is due to over-acti-
vation of the notch pathway [60-61]. In the D. melanogaster retina, notch is down-regulated by
endocytosis, which is essential for pigment cell determination and survival [62]. In this study,
Notch was presented in the aforementioned “calcium ion binding”, and Notch2 was shared by
the three groups down-regulated genes when WS compared with other three variants. Taken
together, white shell oysters could employ endocytosis to down-regulate notch level and lead to
melanoblasts apoptosis, preventing pigmentation.

When the other two variants (GS, NS) compared with the WS and BS, there were no sig-
nificantly shared GO terms or KEGG pathways discovered. It is interpreted that the molecu-
lar mechanism that control golden shell and partially pigmentation shell is the intermediate
of the throughout molecular pathway controlling from whole-pigmentation to non-pigmen-
tation in shell, just like pigment metabolism in D. melanogaster. The synthesis of all pigments
begin with the conversion of tyrosine to dopa, some of which are then converted to black
dopa melanin, while some of which are then converted to pigment precursors dopamine [5].
Dopamine can be converted to brown melanin or other pigment precursors, N-B-alanyl
dopamine (NBAD, yellow sclerotin) and N-acetyl dopamine (NADA, colorless or transpar-
ent sclerotin) [5]. Thus, every comparison between one of GS or NS with other one represents
different part of the throughout pigmentation molecular pathway, which share relatively
less similarity. Even though, all comparisons represent valuable information on shell colora-
tion and still remain to discover when more information on shell coloration mechanisms is
available.

Analysis of genes with special interest

Melanin, as the most widespread pigments in nature, has also been found in molluscan [63].
Dopa melanin (black), dopamine melanin (brown), NBAD (yellowish tan) and NADA (unpig-
mented) are all synthesized by the catalysis of tyrosinase (phenol oxidases) [5]. Tyrosinase-like
protein existed in the biosynthesis of both melanin and betalain (nitrogen-containing water-
soluble compounds, yellow/red colors) [34]. Thus tyrosinase is essential for varied coloration.
We identified 12 transcripts coding for tyrosinase related genes from DEGs, of which none was
identified in the group of BS vs WS of up-regulation. In contrast, the group of BS vs GS of up-
regulation has the most differentially expressed tyrosinase genes with six. That may suggest
that tyrosinase is essential for golden shell formation in oysters. It was noteworthy that the
gene Tyro (CGI_10008737) was up-regulated only when GS or NS compared with WS or BS.
In the other way, Tyro (CGI_10008737) was up-regulated only when shell represented yellow
coloration and was promising to influence yellow coloration.
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Integrated analysis of DEGs and QTLs revealed that 16 DEGs located in the same scaffold
with QTLs, significantly suggested their effect on pigmentation or shell background coloration.
Of them, one (CGI_10014768) located in the region of AFLP maker (O11{375) linked with
background color, which could be special to C.gigas and regulate the shell coloration without
annotation. Dynein intermediate chain 3 (Dyi3) is a component of dynein, which are molecular
motors responsible for many different types of microtubule-based motility [64]. And it has
been suggested to power melanosome transport and be responsible for pigment motility in the
cell [65]. Protein PIF (Pif) has been demonstrated to regulate nacre formation [66], and its
function in shell coloration needed further study. The other linked DEGs represented no clue
to pigmentation and needed more research.

In conclusion, we performed RNA-seq for C. gigas from different shell colors full-sib fami-
lies, which were developed by successive family selection. And a total number of 2,645 DEGs
were identified from pair-wise comparisons, of which 432, 91, 43, 39 genes were specially up-
regulated in WS, BS, GS and NS respectively, which provided invaluable RNA-seq data to assist
in identifying genetic bases of shell coloration. The GO terms of “nucleotide binding”, “small
molecule binding”, “nucleoside phosphate binding”, “calcium ion binding” and KEGG path-
way of “endocytosis” provided significant clues to understand the molecular mechanisms of
shell color polymorphisms and to identify potential shell coloration genes. We proposed that
white shell variant could employ “endocytosis” to down-regulate notch level and to prevent
pigmentation. Three genes of Abcal, Abca3 and Abcbl which belong to the ABC transporters
super-families were potentially associated with white shell formation. A tyrosinase transcript
(CGI_10008737) represented consistent up-regulated pattern with golden coloration. This
study represents the first attempt to identify the genetic bases and molecular mechanisms
underlying shell coloration in transcriptome scale, and provides fundamental information for
systematic analysis of shell coloration and assist in selective breeding in C. gigas.

Supporting Information

S1 Fig. Volcano plots displayed differentially expressed genes in each pair-wise compari-
son.
(TIF)

S$2 Fig. Hierarchical clustering of DGEs union in four DGEs libraries (W_ME, B_ME,
G_ME, and N_ME), using the RNA-seq data based on log;,RPKM value.
(TIFF)

S3 Fig. Gene Ontology classification based on up-regulated genes in comparisons between
BS vs any of other three variants.
(TIF)

$4 Fig. Gene Ontology classification based on DEGs specially expressed in WS.
(TIF)

S$1 Table. Primer sequences for QRT-PCR.
(DOCX)

S2 Table. Distribution of gene expressions in the four shell colors oysters.
(DOCX)

$3 Table. The shared DEGs among the GO terms of nucleotide binding, small molecule
binding, nucleoside phosphate binding based on up-regulated genes in W_ME.
(DOCX)

PLOS ONE | DOI:10.1371/journal.pone.0145257 December 22, 2015 13/17


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0145257.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0145257.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0145257.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0145257.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0145257.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0145257.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0145257.s007

@ PLOS | oxe

Genetic Bases of Crassotrea Gigas Shell Pigmentation

S4 Table. The shared DEGs among the GO term of calcium ion binding based on up-regu-
lated genes in B_ME.
(DOCX)

S5 Table. The shared DEGs among the KEGG pathways of endocytosis based on up-regu-
lated genes in W_ME.
(DOCX)

S6 Table. Detailed information on the DEGs potentially linked with the reported QTLs for
shell pigmentation and background coloration.
(DOCX)

S$7 Table. qRT-PCR validation and comparative analyses with RNA-seq data.
(DOCX)

Acknowledgments

This study was supported by the grants from National Natural Science Foundation of China
(31372524), Shandong Seed Project and Shandong Province (2014GHY115002).

Author Contributions

Conceived and designed the experiments: QL HY LFK XLZ DDF. Performed the experiments:
DDF XLZ. Analyzed the data: DDF. Contributed reagents/materials/analysis tools: QL HY
LFK. Wrote the paper: DDF. Manuscript revision: QL HY XLZ.

References

1. Croucher PJP, Brewer MS, Winchell CJ, Oxford G, Gillespie RG (2013) De novo characterization of the
gene-rich transcriptomes of two color-polymorphic spiders, Theridion grallator and T. californicum (Ara-
neae: Theridiidae), with special reference to pigment genes. BMC genomics, 14(1): 862. doi: 10.1186/
1471-2164-14-862 PMID: 24314324

2. Morgan TH (1910) The method of inheritance of two sex-limited characters in the same animal. Experi-
mental. Biology and Medicine, 8(1), 17-19. doi: 10.3181/00379727-8-12

3. TakeuchiK, Satou Y, Yamamoto H, Satoh N (2005) A genome-wide survey of genes for enzymes
involved in pigment synthesis in an ascidian, Ciona intestinalis. Zoological science, 22(7): 723-734.
doi: 10.2108/zsj.22.723 PMID: 16082161

4. True JR, Edwards KA, Yamamoto D, Carroll SB (1999) Drosophila wing melanin patterns form by vein-
dependent elaboration of enzymatic prepatterns. Current Biology, 9(23): 1382—-1391. doi: 10.1016/
S0960-9822(00)80083-4 PMID: 10607562

5. Wittkopp PJ, Carroll SB, Kopp A (2003) Evolution in black and white: genetic control of pigment pat-
terns in Drosophila. TRENDS in Genetics, 19(9): 495-504. doi: 10.1016/S0168-9525(03)00194-X
PMID: 12957543

6. Bandaranayake WM (2006) The nature and role of pigments of marine invertebrates. Natural Product
Reports, 23(2): 223-255. doi: 10.1039/B307612C PMID: 16572229

7. Richards PM, Liu MM, Lowe N, Davey JW, Blaxter ML, Davison A (2013) RAD-Seq derived markers
flank the shell color and banding loci of the Cepaea nemoralis supergene. Molecular ecology, 22(11),
3077-3089. doi: 10.1111/mec.12262 PMID: 23496771

8. Chang YQ, Chen XX, Ding J, Cao XB, Li RL, Sun XW (2007) Genetic diversity in five scallop popula-
tions of the Japanese scallop (Patinopecten yessoensis). Acta Ecologica Sinica, 27, 1146—1152.

9. BaiZ, ZhengH, LinJ, Wang G, Li J (2013) Comparative analysis of the transcriptome in tissues secret-
ing purple and white nacre in the pearl mussel Hyriopsis cumingii. PloS one, 8(1), €53617. doi: 10.
1371/journal.pone.0053617 PMID: 23341956

10. Fengl, Hul, FuX, LiaoH, Li X, Zhan A, etal. (2014) An Integrated Genetic and Cytogenetic Map for

Zhikong Scallop, Chlamys farreri, Based on Microsatellite Markers. PloS one, 9(4), €92567. doi: 10.
1371/journal.pone.0092567 PMID: 24705086

PLOS ONE | DOI:10.1371/journal.pone.0145257 December 22, 2015 14/17


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0145257.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0145257.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0145257.s010
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0145257.s011
http://dx.doi.org/10.1186/1471-2164-14-862
http://dx.doi.org/10.1186/1471-2164-14-862
http://www.ncbi.nlm.nih.gov/pubmed/24314324
http://dx.doi.org/10.3181/00379727-8-12
http://dx.doi.org/10.2108/zsj.22.723
http://www.ncbi.nlm.nih.gov/pubmed/16082161
http://dx.doi.org/10.1016/S0960-9822(00)80083-4
http://dx.doi.org/10.1016/S0960-9822(00)80083-4
http://www.ncbi.nlm.nih.gov/pubmed/10607562
http://dx.doi.org/10.1016/S0168-9525(03)00194-X
http://www.ncbi.nlm.nih.gov/pubmed/12957543
http://dx.doi.org/10.1039/B307612C
http://www.ncbi.nlm.nih.gov/pubmed/16572229
http://dx.doi.org/10.1111/mec.12262
http://www.ncbi.nlm.nih.gov/pubmed/23496771
http://dx.doi.org/10.1371/journal.pone.0053617
http://dx.doi.org/10.1371/journal.pone.0053617
http://www.ncbi.nlm.nih.gov/pubmed/23341956
http://dx.doi.org/10.1371/journal.pone.0092567
http://dx.doi.org/10.1371/journal.pone.0092567
http://www.ncbi.nlm.nih.gov/pubmed/24705086

@ PLOS | oxe

Genetic Bases of Crassotrea Gigas Shell Pigmentation

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.
22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

Yue X, Nie Q, Xiao G, Liu B (2015) Transcriptome Analysis of Shell Color-Related Genes in the Clam
Meretri meretrix. Marine Biotechnology, 17(3), 364—374. doi: 10.1007/s10126-015-9625-0 PMID:
25680512

Sun X, Yang A, Wu B, Wang Y, Wang A (2015) Characterization of the Mantle Transcriptome of Yesso
Scallop (Patinopecten yessoensis): Identification of Genes Potentially Involved in Biomineralization
and Pigmentation. PloS one, 10(4). doi: 10.1371/journal.pone.0122967 PMID: 25856556

FAO (Food and Agriculture Organization) (2014) Fishery and aquaculture statistics 2012. Food and
Agriculture Organization of the United Nations, Rome

Kang JH, Kang HS, Lee JM, An CM, Kim SY, Lee YM, et al. (2013) Characterizations of shell and man-
tle edge pigmentation of a Pacific oyster, Crassostrea gigas, in Korean Peninsula. Asian-Australas J
Anim Sci 26:1659-1664. doi: 10.5713/ajas.2013.13562 PMID: 25049755

Evans S, Camara MD, Langdon CJ (2009) Heritability of shell pigmentation in the Pacific oyster, Cras-
sostrea gigas. Aquaculture 286, 211-216. doi: 10.1016/j.aquaculture.2008.09.022

Ge J, LiQ, Yu H, Kong L (2014) Identification and mapping of a SCAR marker linked to a locus involved
in shell pigmentation of the Pacific oyster (Crassostrea gigas). Aquaculture 434: 249-253. doi: 10.
1016/j.aquaculture.2014.08.027

Ge J, LiQ, YuH, Kong L (2015) Identification of Single-Locus PCR-Based Markers Linked to Shell
Background Color in the Pacific Oyster (Crassostrea gigas). Marine Biotechnology, 2015, 17(5): 655—
662. doi: 10.1007/s10126-015-9652-x PMID: 26239186

Zhang G, Fang X, Guo X, Li L, Luo R, Xu F, etal. (2012) The oyster genome reveals stress adaptation
and complexity of shell formation. Nature, 490(7418), 49-54. doi: 10.1038/nature11413 PMID:
22992520

Langmead B, Salzberg SL (2012) Fast gapped-read alignment with Bowtie 2. Nature methods. doi: 10.
1038/nmeth.1923 PMID: 22388286

Kim DG, Pertea G, Trapnell C, Pimentel H, Kelley R (2012) TopHat2: Parallel mapping of transcrip-
tomes to detect InDels, gene fusions, and more.

Anders S (2010) HTSeq: Analysing high-throughput sequencing data with Python.

Mortazavi A, Williams BA, McCue K, Schaeffer L, Wold B (2008) Mapping and quantifying mammalian
transcriptomes by RNA-Seq. Nature methods. doi: 10.1038/nmeth.1226 PMID: 18516045

Robinson MD, McCarthy DJ, Smyth GK (2010) edgeR: a Bioconductor package for differential expres-
sion analysis of digital gene expression data. Bioinformatics. doi: 10.1093/bicinformatics/btp616 PMID:
19910308

Wang L, Feng Z, Wang X, Zhang X (2010) DEGseq: an R package for identifying differentially
expressed genes from RNA-seq data. Bioinformatics. doi: 10.1093/bioinformatics/btp612 PMID:
19855105

De Hoon MJ, Imoto S, Nolan J, Miyano S (2004) Open source clustering software. Bioinformatics, 20,
1453-1454. PMID: 14871861

Khatri P, Draghici S (2005) Ontological analysis of gene expression data: current tools, limitations, and
open problems. Bioinformatics, 21(18), 3587-3595. PMID: 15994189

Young MD, Wakefield MJ, Smyth GK, Oshlack A (2010) Gene ontology analysis for RNA-seq: account-
ing for selection bias. Genome Biology. doi: 10.1186/gb-2010-11-2-r14 PMID: 20132535

Kanehisa M, Araki M, Goto S, Hattori M, Hirakawa M, Itoh M, et al. (2008) KEGG for linking genomes to
life and the environment. Nucleic acids research. PMID: 18077471

Mao X, Cai T, Olyarchuk J, Wei L (2005). Automated genome annotation and pathway identification
using the KEGG Orthology (KO) as a controlled vocabulary. Bioinformatics. PMID: 15817693

Renault T, Faury N, Barbosa-Solomieu V, Moreau K (2011) Suppression substractive hybridisation
(SSH) and real time PCR reveal differential gene expression in the Pacific cupped oyster, Crassostrea
gigas, challenged with Ostreid herpesvirus. Developmental & Comparative Immunology, 35(7), 725—
735. doi: 10.1016/j.dci.2011.02.004 PMID: 21371503

Livak KJ, Schmittgen TD (2001) Analysis of relative gene expression data using real-time quantitative
PCR and the 2-AACT method. methods, 25(4), 402—-408. doi: 10.1006/meth.2001.1262 PMID:
11846609

Aguilera F, McDougall C, Degnan BM (2014) Evolution of the tyrosinase gene family in bivalve mol-
luscs: independent expansion of the mantle gene repertoire. Acta biomaterialia, 10(9), 3855-3865.
doi: 10.1016/j.actbio.2014.03.031 PMID: 24704693

Fan R, Xie J, Bai J, Liu X, Geng L, Zhang C, et al. (2013) Skin transcriptome profiles associated with
coat color in sheep. BMC genomics, 14(1), 389. doi: 10.1186/1471-2164-14-389

PLOS ONE | DOI:10.1371/journal.pone.0145257 December 22, 2015 15/17


http://dx.doi.org/10.1007/s10126-015-9625-0
http://www.ncbi.nlm.nih.gov/pubmed/25680512
http://dx.doi.org/10.1371/journal.pone.0122967
http://www.ncbi.nlm.nih.gov/pubmed/25856556
http://dx.doi.org/10.5713/ajas.2013.13562
http://www.ncbi.nlm.nih.gov/pubmed/25049755
http://dx.doi.org/10.1016/j.aquaculture.2008.09.022
http://dx.doi.org/10.1016/j.aquaculture.2014.08.027
http://dx.doi.org/10.1016/j.aquaculture.2014.08.027
http://dx.doi.org/10.1007/s10126-015-9652-x
http://www.ncbi.nlm.nih.gov/pubmed/26239186
http://dx.doi.org/10.1038/nature11413
http://www.ncbi.nlm.nih.gov/pubmed/22992520
http://dx.doi.org/10.1038/nmeth.1923
http://dx.doi.org/10.1038/nmeth.1923
http://www.ncbi.nlm.nih.gov/pubmed/22388286
http://dx.doi.org/10.1038/nmeth.1226
http://www.ncbi.nlm.nih.gov/pubmed/18516045
http://dx.doi.org/10.1093/bioinformatics/btp616
http://www.ncbi.nlm.nih.gov/pubmed/19910308
http://dx.doi.org/10.1093/bioinformatics/btp612
http://www.ncbi.nlm.nih.gov/pubmed/19855105
http://www.ncbi.nlm.nih.gov/pubmed/14871861
http://www.ncbi.nlm.nih.gov/pubmed/15994189
http://dx.doi.org/10.1186/gb-2010-11-2-r14
http://www.ncbi.nlm.nih.gov/pubmed/20132535
http://www.ncbi.nlm.nih.gov/pubmed/18077471
http://www.ncbi.nlm.nih.gov/pubmed/15817693
http://dx.doi.org/10.1016/j.dci.2011.02.004
http://www.ncbi.nlm.nih.gov/pubmed/21371503
http://dx.doi.org/10.1006/meth.2001.1262
http://www.ncbi.nlm.nih.gov/pubmed/11846609
http://dx.doi.org/10.1016/j.actbio.2014.03.031
http://www.ncbi.nlm.nih.gov/pubmed/24704693
http://dx.doi.org/10.1186/1471-2164-14-389

@ PLOS | oxe

Genetic Bases of Crassotrea Gigas Shell Pigmentation

34.

35.

36.

37.

38.

39.

40.

4.

42,

43.

44.

45.

46.
47.

48.

49.

50.

51.

52.

53.

54.

Ding J, Zhao L, Chang Y, Zhao W, Du Z, Hao Z (2015) Transcriptome Sequencing and Characterization
of Japanese Scallop Patinopecten yessoensis from Different Shell Color Lines. PloS one, 10(2). doi:
10.1371/journal.pone.0116406 PMID: 25680107

Dermauw W, Van Leeuwen T (2014) The ABC gene family in arthropods: comparative genomics and
role in insecticide transport and resistance. Insect biochemistry and molecular biology, 45, 89-110.
doi: 10.1016/j.ibmb.2013.11.001 PMID: 24291285

Kémoto N, Quan GX, Sezutsu H, Tamura T (2009) A single-base deletion in an ABC transporter gene
causes white eyes, white eggs, and translucent larval skin in the silkworm w-3oe mutant. Insect bio-
chemistry and molecular biology, 39(2), 152—156. doi: 10.1016/j.ibmb.2008.10.003 PMID: 18996197

Goldsmith MR, Wilkins AS (1995) Genetics of the silkworm: revisiting an ancient model system. Molec-
ular model systems in the lepidoptera, 21-76.

Klucken J, Biichler C, Orsé E, Kaminski WE, Porsch-Ozciiriimez M, Liebisch G, et al. (2000) ABCG1
(ABC8), the human homolog of the Drosophila white gene, is a regulator of macrophage cholesterol
and phospholipid transport. Proceedings of the National Academy of Sciences, 97(2): 817-822. doi:
10.1073/pnas.97.2.817

Gelissen IC, Harris M, Rye KA, Quinn C, Brown AJ, Kockx M, et al. (2006) ABCA1 and ABCG1 syner-
gize to mediate cholesterol export to apoA-I. Arteriosclerosis, thrombosis, and vascular biology. 26(3):
534-540. doi: 10.1161/01.ATV.0000200082.58536.e1 PMID: 16357317

Schallreuter KU, Hasse S, Rokos H, Chavan B, Shalbaf M, Spencer JD, et al. (2009) Cholesterol regu-
lates melanogenesis in human epidermal melanocytes and melanoma cells. Experimental dermatol-
ogy, 18(8): 680-688. doi: 10.1111/j.1600-0625.2009.00850.x PMID: 19469904

Chen P, Dai Y, Wu X, Wang Y, Sun S, Xiao J, et al. (2014) Mutations in the ABCA3 Gene Are Associ-
ated With Cataract-Microcornea Syndrome ABCAS3 Gene and Cataract Microcornea Syndrome. Inves-
tigative ophthalmology & visual science, 55(12): 8031-8043. doi: 10.1167/iovs.14-14098 PMID:
25406294

Gazzin S, Berengeno AL, Strazielle N, Fazzari F, Raseni A, Ostrow JD, et al. (2011) Modulation of
Mrp1 (ABCc1) and Pgp (ABCb1) by bilirubin at the blood-CSF and blood-brain barriers in the Gunn rat.
PLoS One, 6(1): e16165. doi: 10.1371/journal.pone.0016165 PMID: 21297965

Chen KG, Valencia JC, Gillet JP, Hearing VJ, Gottesman MM (2009) Involvement of ABC transporters
in melanogenesis and the development of multidrug resistance of melanoma. Pigment cell & melanoma
research, 22(6): 740-749. doi: 10.1111/j.1755-148X.2009.00630.x PMID: 19725928

Donaldson JG, Porat-Shliom N, Cohen LA (2009) Clathrin-independent endocytosis: a unique platform
for cell signaling and PM remodeling. Cellular signalling, 21(1), 1-6. doi: 10.1016/j.cellsig.2008.06.020
PMID: 18647649

Mackenzie SM, Howells AJ, Cox GB, Ewart GD (2000) Sub-cellular localisation of the white/scarlet

ABC transporter to pigment granule membranes within the compound eye of Drosophila melanogaster.
Genetica, 108(3), 239-252. PMID: 11294610

Kramer H (2002) Sorting out signals in fly endosomes. Traffic, 3(2), 87-91. PMID: 11929598

Raposo G, Tenza D, Murphy DM, Berson JF, Marks MS (2001) Distinct Protein Sorting and Localization
to Premelanosomes, Melanosomes, and Lysosomes in Pigmented Melanocytic Cells. The Journal of
cell biology, 152(4), 809—-824. PMID: 11266471

Li Z, Blissard G (2014) The vacuolar protein sorting genes in insects: A comparative genome view.
Insect biochemistry and molecular biology. doi: 10.1016/j.ibmb.2014.11.007 PMID: 25486452

Hurley JH (2010) The ESCRT complexes. Critical reviews in biochemistry and molecular biology, 45
(6), 463—487. doi: 10.3109/10409238.2010.502516 PMID: 20653365

Bowers K, Stevens TH (2005) Protein transport from the late Golgi to the vacuole in the yeast Saccha-
romyces cerevisiae. BiochimicaetBiophysicaActa (BBA)-Molecular Cell Research, 1744(3), 438—454.

Sevrioukov EA, He JP, Moghrabi N, Sunio A, Kramer H, Moghrabi N, et al. A role for the deep orange
and carnation eye color genes in lysosomal delivery in Drosophila. Molecular cell, 1999, 4(4): 479—
486. PMID: 10549280

Truschel ST, Simoes S, Setty G, Rao S, Harper DC, Tenza D, et al. (2009). ESCRT-I Function is
Required for Tyrp1 Transport from Early Endosomes to the Melanosome Limiting Membrane. Traffic,
10(9), 1318-1336. doi: 10.1111/j.1600-0854.2009.00955.x PMID: 19624486

Theos AC, Truschel ST, Tenza D, Hurbain |, Harper DC, Berson JF, et al. (2006) A lumenal domain-
dependent pathway for sorting to intralumenal vesicles of multivesicular endosomes involved in organ-
elle morphogenesis. Developmental cell, 10(3), 343-354. PMID: 16516837

Bock JB, Matern HT, Peden AA, Scheller RH (2001) A genomic perspective on membrane compart-
ment organization. Nature, 409(6822), 839-841. PMID: 11237004

PLOS ONE | DOI:10.1371/journal.pone.0145257 December 22, 2015 16/17


http://dx.doi.org/10.1371/journal.pone.0116406
http://www.ncbi.nlm.nih.gov/pubmed/25680107
http://dx.doi.org/10.1016/j.ibmb.2013.11.001
http://www.ncbi.nlm.nih.gov/pubmed/24291285
http://dx.doi.org/10.1016/j.ibmb.2008.10.003
http://www.ncbi.nlm.nih.gov/pubmed/18996197
http://dx.doi.org/10.1073/pnas.97.2.817
http://dx.doi.org/10.1161/01.ATV.0000200082.58536.e1
http://www.ncbi.nlm.nih.gov/pubmed/16357317
http://dx.doi.org/10.1111/j.1600-0625.2009.00850.x
http://www.ncbi.nlm.nih.gov/pubmed/19469904
http://dx.doi.org/10.1167/iovs.14-14098
http://www.ncbi.nlm.nih.gov/pubmed/25406294
http://dx.doi.org/10.1371/journal.pone.0016165
http://www.ncbi.nlm.nih.gov/pubmed/21297965
http://dx.doi.org/10.1111/j.1755-148X.2009.00630.x
http://www.ncbi.nlm.nih.gov/pubmed/19725928
http://dx.doi.org/10.1016/j.cellsig.2008.06.020
http://www.ncbi.nlm.nih.gov/pubmed/18647649
http://www.ncbi.nlm.nih.gov/pubmed/11294610
http://www.ncbi.nlm.nih.gov/pubmed/11929598
http://www.ncbi.nlm.nih.gov/pubmed/11266471
http://dx.doi.org/10.1016/j.ibmb.2014.11.007
http://www.ncbi.nlm.nih.gov/pubmed/25486452
http://dx.doi.org/10.3109/10409238.2010.502516
http://www.ncbi.nlm.nih.gov/pubmed/20653365
http://www.ncbi.nlm.nih.gov/pubmed/10549280
http://dx.doi.org/10.1111/j.1600-0854.2009.00955.x
http://www.ncbi.nlm.nih.gov/pubmed/19624486
http://www.ncbi.nlm.nih.gov/pubmed/16516837
http://www.ncbi.nlm.nih.gov/pubmed/11237004

@ PLOS | oxe

Genetic Bases of Crassotrea Gigas Shell Pigmentation

55.

56.

57.

58.

59.

60.

61.

62.

63.
64.

65.

66.

Rink J, Ghigo E, Kalaidzidis Y, Zerial M (2005) Rab conversion as a mechanism of progression from
early to late endosomes. Cell, 122(5), 735-749. PMID: 16143105

Hirosaki K, Yamashita T, Wada I, Jin HY, Jimbow K (2002) Tyrosinase and tyrosinase-related protein 1
require Rab7 for their intracellular transport. Journal of investigative dermatology, 119(2), 475—-480.
PMID: 12190873

Bray SJ (2006) Notch signalling: a simple pathway becomes complex. Nature reviews Molecular cell
biology, 7(9), 678—689. PMID: 16921404

Artavanis-Tsakonas S, Rand MD, Lake RJ (1999) Notch signaling: cell fate control and signal integra-
tion in development. Science, 284:770-776. PMID: 10221902

Wilkin MB, Carbery AM, Fostier M, Aslam H, Mazaleyrat SL, Higgs J, et al. (2004) Regulation of notch
endosomal sorting and signaling by Drosophila Nedd4 family proteins. Current Biology, 14(24), 2237—
2244. PMID: 15620650

Vaccari T, Bilder D (2005) The Drosophila tumor suppressor vps25 prevents nonautonomous overproli-
feration by regulating notch trafficking. Developmental cell, 9(5), 687—-698. PMID: 16256743

Moberg KH, Schelble S, Burdick SK, Hariharan IK (2005) Mutations in erupted, the Drosophila ortholog
of mammalian tumor susceptibility gene 101, elicit non-cell-autonomous overgrowth. Developmental
cell, 9(5), 699-710. PMID: 16256744

Peralta S, Gémez Y, Gonzalez-Gaitan MA, Moya F, Vinds J (2009) Notch down-regulation by endocy-
tosis is essential for pigment cell determination and survival in the Drosophila retina. Mechanisms of
development, 126(3), 256-269. doi: 10.1016/j.m0d.2008.10.011 PMID: 19027066

Verhecken A. The indole pigments of mollusca. Annls. Soc. R. Zool. Belg, 1989, 119(2): 181-197.

Ogawa K, Kamiya R, Wilkerson CG, Witman GB (1995) Interspecies conservation of outer arm dynein
intermediate chain sequences defines two intermediate chain subclasses. Molecular biology of the cell,
6(6): 685—-696. PMID: 7579688

Levi V, Serpinskaya AS, Gratton E, Gelfand V (2006) Organelle transport along microtubules in Xeno-
pus melanophores: evidence for cooperation between multiple motors. Biophysicaljournal, 90(1): 318—
327. PMID: 16214870

Suzuki M, Saruwatari K, Kogure T, Yamamoto Y, Nishimura T, Kato T, et al. (2009) An acidic matrix pro-
tein, Pif, is a key macromolecule for nacre formation. Science, 325(5946): 1388—1390. doi: 10.1126/
science.1173793 PMID: 19679771

PLOS ONE | DOI:10.1371/journal.pone.0145257 December 22, 2015 17/17


http://www.ncbi.nlm.nih.gov/pubmed/16143105
http://www.ncbi.nlm.nih.gov/pubmed/12190873
http://www.ncbi.nlm.nih.gov/pubmed/16921404
http://www.ncbi.nlm.nih.gov/pubmed/10221902
http://www.ncbi.nlm.nih.gov/pubmed/15620650
http://www.ncbi.nlm.nih.gov/pubmed/16256743
http://www.ncbi.nlm.nih.gov/pubmed/16256744
http://dx.doi.org/10.1016/j.mod.2008.10.011
http://www.ncbi.nlm.nih.gov/pubmed/19027066
http://www.ncbi.nlm.nih.gov/pubmed/7579688
http://www.ncbi.nlm.nih.gov/pubmed/16214870
http://dx.doi.org/10.1126/science.1173793
http://dx.doi.org/10.1126/science.1173793
http://www.ncbi.nlm.nih.gov/pubmed/19679771

