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Abstract The yellow-colored line of pearl oyster Pinctada fucata martensii displays a yellow prismatic layer and a white nacreous
layer that can be used as an ideal model for research on shell color formation. Micro-Raman spectroscopy and transcriptome analyses
were performed to explore the potential molecular mechanism underlying the phenotype differentiation. The micro-Raman spectros-
copy results indicate that the prismatic layer exhibits distinct characteristic peaks of carotenoids, while these peaks are not prominent
in the nacreous layer. In the transcriptome comparison of the central zone of mantle and mantle edge tissue, which function in nacre-
ous and prismatic layer formation, respectively, 935 significantly differentially expressed genes (DEGs) were identified, with 385 genes
upregulated and 227 genes downregulated (|log,(Fold change)|>1 and false discovery rate<0.05) in the mantle edge tissue. Among these
genes, some were associated with melanoma/melanogenesis, such as tyrosinase, zinc metalloprotease, glutathione S-transferase, and
ATP-binding cassette sub-family; some were associated with the carotenoid-related pathway, including scavenger receptors, cytochrome
P450 and lipoprotein receptor. Genes associated with porphyrin metabolism, including porphobilinogen deaminase, and copper/zinc
superoxide dismutase, and genes associated with shell matrix protein, including amorphous calcium carbonate binding protein, shema-
trin, PIF, and collagen, also exhibited significantly different expressions. It is speculated that the different colours between prismatic
layer and nacreous layer in the yellow-colored line of P. f. martensii might be resulted from melanin, carotenoids and porphyrin me-
tabolism, while genes related to shell structure and biomineralization might also affect coloration. Our results provide new insights to
understand the mechanism of shell color formation in mollusca.
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pearl oyster, has attributed attention of researchers and were
reported in multiple species. Genetic data analysis of no-
ble scallop (Zheng et al., 2013) and oyster (Xing et al.,
2018) has revealed that genes or genetic factors function

1 Introduction

Coloration patterns of animals are essential phenotypic

characters related to their biological functions, including
immunity (Clotfelter et al., 2007), thermoregulation (Smith
et al., 2016), camouflage (Théry et al., 2005), selective mat-
ing (Houde and Endler, 1990), and speciation (Kocher,
2004). In addition, coloration can influence customers’
choice, as they generally believe vivid and bright colors
mean better quality (Shahidi and Brown, 1998; Wu and Sun,
2013). Species of phylum Mollusca exhibit different shell
colors, and the shell color phenotype has been used as a
breeding trait associated with survival, growth, and immu-
nity (Brake ef al., 2004; Wei et al., 2019). Therefore, shell
color formation or pigmentation in molluscs, especially in
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in shell color, and environmental changes, including sali-
nity (Sokolova and Berger, 2000) and diet (Liu ef al., 2009),
exert an influence on shell color. Transcriptome analysis
provides a method to identify differentially expressed genes
(DEGs) among different color phenotypes in aquatic ani-
mals. Transcriptome analysis of the clam Meretrix meretrix
revealed that calcium signaling might participate in shell
color patterning by activating the Notch pathway (Yue ef al.,
2015). In oysters with white shell, the Notch level was
down-regulated by endocytosis (Feng et al., 2015). Betalain
biosynthesis, tyrosine metabolism, and metalloporphyrins
contribute to shell color formation in Yesso scallop Patino-
pecten yessoensis (Ding et al., 2015). Melanin synthesis
and biomineralization associated genes may participate in
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the pigmentation of Yesso scallop (Sun et al., 2015) and
Pinctada margaritifera (Lemer et al., 2015). Furthermore,
color formation in Manila clam shell was associated with
porphyrin and chlorophyll metabolism together with the
calcium signaling pathway (Nie et al., 2020).

Pearl oysters exhibit multiple shell and pearl color phe-
notype variations, and their diversity is associated with co-
lor polymorphism of the mantle (Ky ez al., 2019). The ex-
pression of biomineralization genes of the mantle leads to
pearl production and shell formation (Joubert et al., 2010;
Gardner et al., 2011; Wang et al., 2017). Shell color varia-
tion depends on genes involved in shell structure and pig-
ment synthesis, and differential expression of genes involved
in calcitic layer formation may also be involved in shell
color variation (Lemer et al., 2015). In the biomineraliza-
tion process of shell and pearl, the binding of aragonite to
pigments also functions in nacre color formation (Snow
et al., 2004). For example, changes in the expression of Pif-
177, collagen alpha-1 XI chain precursor, and zinc metallo-
protease, which participate in nacre formation and melanin
biosynthesis, indicated that color variation or polymorphism
occurred at different stages of shell formation (Lemer et al.,
2015). Tyrosinase, a key enzyme that functions in biomine-
ralization (Sun et al., 2015), is one of the potential factors
involved in the coloration pigmentation of shell layers (Le-
mer et al., 2015).

Pearl oyster Pinctada fucata martensii, which mainly in-
habits Southern China, Australia, Southeast Asia, Japan, and
India (Li et al., 2018; Yang et al., 2020), is famous for pro-
ducing high-quality pearls, and accounts for more than
90% of marine pearl production (He ef al., 2020; Wu et al.,
2022). The significant correlation between shell color and
phenotypic traits can be used to select and cultivate varie-
ties with characteristic shell color and growth traits. A three
successive generation selection for yellow shell color in the
base stock was conducted to produce the third-generation
yellow-colored line. The base stock was developed by se-
lecting yellow-colored individuals as parental breeders in
the Liushagang stocks, Zhanjiang, Guangdong Province,
China (Wang et al., 2012). The yellow-colored line of P, f.
martensii displays yellow in the outer prismatic layer and
white in the inner nacreous layer of shell (Figs.1A, B). The
present study aimed to explore the molecular mechanism
of pigmentation in these layers of P. f. martensii using man-
tle branch-specific ribonucleic acid (RNA) sequencing. The
results can contribute to understand the underlying mecha-
nism of shell color formation and promote the selection pro-
cess for the desired color of shell and pearl.

2 Materials and Methods

2.1 Animals

A total of 284 pearl oysters with a mean shell length of
58.32mm=4.96 mm were selected from our breed of the
yellow-colored line of P. f. martensii (Deng et al., 2013)
and cleaned to remove fouling animals. The yellow-color-
ed line of P, f* martensii displays yellow in the outer pris-
matic layer and white in the inner nacreous layer of shell
(Figs.1A, B). Regions of the nacreous and prismatic lay-

ers (three locations each) of shell were selected. Measure-
ments were taken using a precision colorimeter (NR60CP;
3nh, Shenzhen, China) to obtain four parameters: L (light-
ness), a (red/green intensity), b (yellow/blue intensity), and
AE (color difference). L>0 indicates lighter shades, whe-
reas L <0 indicates darker shades. >0 indicates reddish
tones, while a<0 indicates greenish tones. 5>0 indicates
yellowish hues, while <0 indicates bluish hues. AE re-
presents the color difference, while higher AE values indi-
cate darker colors. Marginal zone of mantle (ME) and cen-
tral zone of mantle (MC) were collected from the P. £ mar-
tensii yellow-colored line, instantly preserved in liquid ni-
trogen, and stored at —80°C for later analysis.

2.2 Micro-Raman Spectroscopy Investigation

The shells were thoroughly cleaned and cut into small
squares with a size of 0.5cmx0.5cm. The nacreous and
prismatic layers of the shells were dissected. High-reso-
lution confocal Raman microscopy (laser: 532 nm; alpha-
300R; WITec, Ulm, Germany) was used for detection. The
testing conditions included a laser power of 40.0mW, a
grating of 300gmm ', a 20x objective lens (Olympus, To-
kyo, Japan), an integration time of 20s, and an accumula-
tion of 8 times. Raman spectra were collected from three
regions of each sample, and the data were processed us-
ing Origin 2019b software (OriginLab Corporation, North-
ampton, MA, USA).

2.3 Sequencing and Bioinformatics Analysis of MC
and ME Transcriptomes

Total RNA from ME and MC was extracted separately
with TRIzol (Invitrogen, Waltham, MA, USA) according
to the manufacturer’s instructions, and messenger RNA
(mRNA) was enriched by Oligo (dT) magnetic beads. The
enriched mRNA was fragmented and reverse-transcribed
into complementary DNA (cDNA). Then, the prepared
cDNA was sequenced on the NovaSeq 6000 platform (Illu-
mina Inc., San Diego, CA, USA). Raw reads were filtered
with fastp (v0.18.0) to obtain clean reads. HISAT2.2.4 was
used to analyze the mapping of clean reads to the refer-
ence genome. The fragments per kilobase of transcript per
million mapped reads (FPKM) of genes were analyzed by
RSEM to evaluate gene expression.

2.4 DEG Identification and Analysis

DEGs were analyzed by DESeq?2 (Jlog, (FC)|>1 (FC is
fold change), and false discovery rate (FDR)<0.05). They
were further classified according to Gene Ontology (GO)
terms (http://www.geneontology.org/) and GO enrichment
(P<0.05). Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway enrichment analysis of DEGs was also
performed (P<0.05).

3 Results
3.1 Color Values of Shell Color

Color values of the prismatic and nacreous layers were
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detected using the International Commission on Illumina-
tion (CIE) model with the parameters of a, b, L, and AFE.
The values of Aa* and Ab* were calculated, and the high-
er values indicate greater red and yellow coloration, re-
spectively. These values were significantly higher for the

prismatic layer than for the nacreous layer (Figs.1C, D, E,
F; P<0.05). AL of the prismatic layer was significantly
lower than that of the nacreous layer (Figs.1C, D, E, F; P
<0.05), indicating that the prismatic layer had a darker
color.
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Fig.1 Characteristics of yellow-colored line of P. f. martensii. (A) and (B) show the color phenotypes of yellow-colored
line of P. - martensii. (C), (D), (E), and (F) show the result of Aa*, AE, Ab*, and AL¥*, respectively. (G) shows micro-
Raman spectroscopy analysis of prismatic layer. (H) shows micro-Raman spectroscopy analysis of nacreous layer. (I) is

the enlargement of (H, left).

3.2 Raman Spectra of Shell

The Raman spectra of the prismatic layer are shown in
Fig.1G. A broad peak was observed at 3127cm ', which
might be attributed to the stretching vibration of O-H or
C-H in carotenoids present in the solution. The small peak
at 1752cm " was likely the sum frequency of the peaks at
710 and 1084 cm ', indicating the vibration of carbonate
ions. The small peak at 1589 cm ' might have arisen from
the stretching vibration of C=C in carotenoids. The small
peak at 1322 cm™' might be attributed to the out-of-plane
bending vibration of C-H. These peaks suggest the pre-
sence of organic phase carotenoids in the prismatic layer.
The strongest peak at 1084 cm ' could be attributed to the
symmetric stretching vibration of carbonate ions. Figs.1H
and 11 show the Raman spectra of the nacre, which main-
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ly concentrated between 100 and 1250 cm . The two cha-
racteristic peaks represent the stretching and bending vi-
brations of calcium carbonate at 1084cm ' and 704 cmﬁl,
respectively (Zhang et al., 2001; Withnall et al., 2003).

3.3 Transcriptome Sequencing and DEG Analysis

A total of 40944221 and 41112721 raw reads from ME
and MC were sequenced respectively. From these reads,
40848235 and 41032457 clean reads were obtained, and
the rate of clean reads mapped to the reference genome
was 62.23% and 64.69%, respectively (Table 1). DEG iden-
tification and the transcriptome analysis results showed
that 935 DEGs were obtained from MC and ME (FDR<
0.05 and [log,FC|>1) (Fig.2A). Among these DEGs, the ex-
pressions of 573 genes were significantly downregulated,
while the expressions of 362 genes were significantly up-
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regulated in ME compared with MC (Fig.2B). DEGs were
associated with melanoma/melanogenesis, such as tyrosi-
nase, zinc metalloprotease, glutathione S-transferase (GST),
and ATP-binding cassette sub-family; the carotenoid-relat-
ed pathway, including scavenger receptors, cytochrome

P450, and lipoprotein receptors; porphyrin metabolism,
such as porphobilinogen deaminase and copper/zinc super-
oxide dismutase (SOD); and shell matrix proteins, includ-
ing amorphous calcium carbonate binding protein (ACCBP),
shematrin, Pif, and collagen (Fig.2C).

Table 1 Transcriptome analysis of ME and MC

Group Raw_reads Clean_reads Q20 (%) Q30 (%) Mapped rate (%)
41950800 41864656 (99.79%) 97.42 92.63 63.03
MC 40687896 40609596 (99.81%) 97.41 92.68 65.05
40699466 40623120 (99.81%) 97.50 92.79 66.00
38543322 38437032 (99.72%) 97.11 92.15 64.25
ME 42443780 42350530 (99.78%) 97.05 91.99 60.29
41845562 41757144 (99.79%) 97.18 92.26 62.16

3.4 DEG Enrichment Analysis

GO enrichment analysis of DEGs (Fig.3) showed that
they were enriched in 2431 GO terms, including 206 GO
terms that showed significant enrichment (P<0.05). The
significantly enriched GO terms involved 139 ‘biological
process’ terms, 44 ‘molecular function’ terms, and 23 ‘cel-
lular component’ terms. GO terms with the most signifi-
cant enrichment are shown in Fig.3, which include mem-
brane-bounded vesicle (GO:0031988), vesicle (GO:0031
982), peptidase inhibitor activity (GO:0030414), tricarbo-
xylic acid transmembrane transporter activity (GO:00151
42), and membrane transport-related terms.

KEGG pathway enrichment analysis of DEGs showed
that they were significantly enriched in 17 pathways (P<
0.05) (Fig.4), such as proteasome, vitamin digestion and
absorption, and arachidonic acid metabolism. DEGs were
also enriched in pigmentation or color-related signaling
pathways, such as retinol metabolism, tyrosine metabolism,
ABC transporter pathway, calcium signaling pathway, por-
phyrin metabolism, and melanogenesis.

4 Discussion

The color of the prismatic and nacreous layers of the shell
is crucial when selecting donor and recipient pearl oysters
for producing pearls with desirable color (Wada and Ko-
maru, 1996). The prismatic layer is formed by secretions
from the ME area, whereas the nacreous layer is formed
by secretions from the MC area (Marin et al., 2000). To un-
derstand the reasons causing the shell color variation, it is
necessary to identify and quantify the substances respon-
sible for shell coloration. Transcriptome profiling and func-
tional analysis offer a suitable approach to gain a better un-
derstanding of how genetic and molecular factors contri-
bute to differences in color-causing substances, ultimately
influencing the coloration of both shell and pearl.

4.1 Melanin Synthesis

Melanin, comprising two types of pigments eumelanin
and pheomelanin, occurs in molluscs (Williams, 2017), and
the colors of eumelanin and pheomelanin are brown to black
and yellow to red, respectively (Ito and Wakamatsu, 2003).

Enzymes and regulators are involved in melanin synthesis
in molluscs. In the present study, melanin-related genes,
including laccase and tyrosinase genes, were identified as
DEGs. In melanogenesis, tyrosinase, a key rate-limiting en-
zyme, participated in the catalytic processes of hydroxyl-
lation and oxidation (Oetting, 2000). Tyrosinases also con-
tribute to mollusc tissue and shell formation, including na-
tive immune response (Asokan et al., 1997; Cong et al.,
2005) and shell matrix formation (Feng et al., 2017). In P
persica, tyrosinases functioned in calcitic layer formation
of shell and melanin synthesis between different color mor-
phs (Stenger et al., 2021b), and similar results were also
found in P, fucata (Nagai et al., 2007), Pteria penguin oys-
ter (Yu et al., 2018), Pacific oyster Crassostrea gigas (Yu
et al., 2014), Illex argentinus (Naraoka et al., 2003), and
hard clam Mercenaria mercenaria (Hu et al., 2020). In P,
fucata, zinc metalloprotease, a homolog of tyrosinase-re-
lated protein 1, participated in melanin biosynthesis of the
periostracum layer (Zhang et al., 2006). Different from the
results of Lemer ef al. (2015) and Ky et al. (2019), tyro-
sinase (TYR) expression was significantly higher in ME
than in MC. Orange phenotype may be associated with non-
functional melanin protein composition, such as zinc me-
talloprotease (Parvizi et al., 2023). Laccase, tyrosinase, and
zinc metalloprotease genes were more highly expressed in
ME compared with MC in our study. Parvizi et al. (2023)
also reported that TYR2A had higher expression in the
orange phenotype of P. persica (Parvizi ef al., 2023).
Melanin synthesis is regulated by transcriptional regu-
latory factors and signal transduction pathways (Walter
et al., 2019). Calcium participates in the regulation of cel-
lular processes (Petersen et al., 2005), and calcium ion bind-
ing genes were enriched in the present study. The Notch
and calcium signaling pathways contributed to the deve-
lopment of pigment-producing cells in shell color forma-
tion in M. meretrix (Yue et al., 2015). Here, genes of the
calcium signaling pathway were also enriched, and the neu-
rogenic locus Notch protein-like gene showed higher ex-
pression in ME than in MC. ATP-binding cassette trans-
porters (ABC transporters), one of the largest families of
transporters, could hydrolyze ATP during the transport of
substrates across membranes and showed an association
with pigmentation in Arthropoda (Ito and Wakamatsu, 2003).
Silkworm ABC gene (BmABCG6) showed low expres-
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sion in the eyes and eggs of white mutants (Abraham et al.,
2000; Xie et al., 2012). In oysters and hard clams, ABC
transporter genes were associated with white coloration
(Feng et al., 2015; Hu et al., 2020). White gene, as a homo-
logous gene of ABC subfamily member were also research-
ed and showed their potential function in pigmentation. In
the compound eyes of Drosophila melanogaster, white gene
could play a role in the transport of pigment precursors to

(A) MC vs. ME volcano plot
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pigment cells (Ewart and Howells, 1998; Xiao et al., 2017).
Silkworm white gene (Bmwh3) inhibition led to white mu-
tants in silkworm eggs (Quan et al., 2002). The knockdown
of the Ar-white gene in Athalia rosae led to insufficience
(nearly 60%) or complete absence (33%) of eye pigmen-
tation in embryos (Sumitani ef al., 2005). Therefore, ABC
transporters, which were also enriched in the present study,
might be responsible for shell pigmentation.
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Fig.2 Analysis results of DEGs. (A) Volcano plot of DEGs. Red and blue dots represent up-regulated and down-regulated
genes in the ME compared with MC, respectively. (B) DEGs in ME and MC groups. Red and blue columns represent the
number of up-regulated and down-regulated genes in the ME and MC, respectively. (C) Heatmap of the expression pro-
files of focus DEGs. Red and green colors represent high expression and low expression, respectively.
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4.2 Carotenoid-Related Pathway

Carotenoids have been identified in noble scallop Chla-
mys nobilis (Liu et al., 2015), pearl mussel Hyriopsis cu-
mingii (Li et al., 2014), and Yesso scallop (Wade et al.,
2009; Zhao et al., 2017) for their contribution to orange,
red, and yellow shell color formation (Shahidi and Brown,
1998). Studies have shown that bivalves cannot synthesize
carotenoids but can accumulate them from a microalgal diet
(Petersen et al., 2005). Therefore, carotenoid pigmentation
depends on carotenoid metabolism. Low-density lipopro-
tein and scavenger receptors, which are key receptors for
carotenoid uptake (Walsh et al., 2012; Toews et al., 2017),
showed higher expressions in ME in the present study.
Low-density lipoprotein receptors participate in the pigmen-
tation of Yesso scallop by accumulating carotenoids (Zhao
et al., 2017). Scavenger receptors recognize lipoproteins
with carotenoids and promote carotenoid transfer into cells
(Kiefer et al., 2002; Sakudoh et al., 2013). They were found
to participate in carotenoid absorption in P, f. martensii (Lei
et al., 2017) and showed significant upregulated expres-
sion in yellow individuals compared with black individuals
(Xu et al., 2019). Furthermore, the micro-Raman spectro-
scopy results indicated that the prismatic layer exhibited
distinct characteristic peaks of carotenoids, whereas these
peaks were not prominent in the nacreous layer. These find-
ings indicate an important role of carotenoids in yellow
shell pigmentation.

Stenger et al. (2023) identified cytochrome P450 genes
that influence shell color of P. margaritifera. In our study,
three genes from the cytochrome P450 family showed low-
er expression in ME than in MC. Cytochrome P450 3A4
(CYP3A4) could function in the metabolic processes of
anthocyanidin and anthocyanin pigments, and showed low-
er expression in yellow shells than in darker shells of P, f.
martensii (Srovnalova et al., 2014; Xu et al., 2019). CYP-
26A1, CYP2C8, and CYP3A29 could affect carotenoid con-
centrations by modifying the process of f-carotene degra-
dation into all-trans-retinoic acids, resulting in B-carotene
and pigmented carotenoid accumulation (Chichili et al.,
2005; Hill and Johnson, 2012).

4.3 Porphyrin Metabolism

Tetrapyrroles, also known as porphyrins (either red or
orange), comprise cyclic structures as shell pigments (Wil-
liams, 2017; Hu et al., 2020). In Clanculus pharaonius and
C. margaritarius, uroporphyrin I and III were detected in
shells (Williams et al., 2016). Porphyrin contributes to red-
dish-brown color formation or pigmentation of shells by
combining with zinc and iron ions (Zheng et al., 2013; Ding
et al., 2015). In this study, the porphobilinogen deaminase
gene showed higher expression in ME than in MC. Pig-
mentation-related pathways generate reactive molecule por-
phyrins that can be oxidized and produce reactive oxygen
species. Cu/Zn SOD catalyzes the dismutation of the super-
oxide radical into either hydrogen peroxide or ordinary
molecular oxygen, and its expression is high in vitiligo
patients because of the melanogenesis pathway perturba-

tion (Wacewicz et al., 2018). In this study, seven copper/
zinc SOD genes, three GST genes, and one glutathione per-
oxidase-like gene showed lower expressions in ME than in
MC. Stenger et al. (2023) also reported that copper/zinc
SOD influenced the shell color of P. margaritifera.

4.4 Shell Color Induced by Shell Matrix Proteins

In addition to participating in nacre lamellae formation,
restraining undesired growth of aragonite crystal faces, and
stopping calcite nucleation and growth (Ma et al., 2007),
ACCBP can also modify the shell color by physical regu-
lation (Rousseau and Rollion-Bard, 2012; Stenger et al.,
2021a). In this study, three ACCBP genes and one gluta-
thione peroxidase-like gene were highly expressed in ME
compared with MC. Stenger et al. (2023) also reported that
ACCBP may impact the shell color of P margaritifera. She-
matrin proteins are important prismatic layer matrix pro-
teins, which are synthesized in ME, and they provide a te-
nacious framework for calcification (Yano et al., 2006). In
this study, two shematrin genes were highly expressed in
ME compared with MC. Shem4 was also highly express-
ed in orange samples in the research of Ky et al. (2019).

In the present study, one Pif and six collagen genes were
highly expressed in ME compared with MC. Pif-177 con-
tributes to nacre growth in pearl oysters as organic matrix
(Suzuki et al., 2009), which includes chitin-binding domain,
protein-protein interaction domain, and aragonite binding
domain (Feng et al., 2017). Pif plays an important role in
shell color formation, and it shows lower expression in al-
bino than in black individuals of P. margaritifera (Lemer
et al., 2015). Pif expression was higher in orange indivi-
duals than in black individuals of P, persica (Parvizi et al.,
2023), which was consistent with the results of the present
study. Collagen VI-like gene is significantly expressed in
the pallial mantle and responsible for nacre-layer forma-
tion in shells of pearl oyster (Zheng et al., 2017). Lemer
et al. (2015) showed that both Pif and collagen functioned
in the establishment of P. margaritifera shell color (Suzu-
ki and Nagasawa, 2007). Thus, yellow pigmentation may
be associated with special shell structure and biominerali-
zation-related genes.

5 Conclusions

A total of 935 DEGs were identified in the transcriptome,
with 362 genes upregulated and 573 genes downregulated
in ME. Among these genes, those associated with melano-
ma/melanogenesis (tyrosinase, zinc metalloprotease, GST,
and ATP-binding cassette sub-family), carotenoid-related
pathway (scavenger receptors, cytochrome P450, and lipo-
protein receptors), porphyrin metabolism (porphobilinogen
deaminase and copper/zinc SOD), and shell matrix deve-
lopment (ACCBP, shematrin, Pif, and collagen) might re-
sult in the color difference between prismatic and nacreous
layers in the yellow-colored line of pearl oyster P. . mar-
tensii. These results provide insights into the complexity
of shell color differentiation in shellfish and serve as a va-
luable resource for further research.
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