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Abstract

Background: The Fujian oyster Crassostrea angulata is an economically important species that has typical
settlement and metamorphosis stages. The development of the oyster involves complex morphological and
physiological changes, the molecular mechanisms of which are as yet unclear.

Results: In this study, changes in proteins were investigated during larval settlement and metamorphosis of
Crassostrea angulata using epinephrine induction. Protein abundance and identity were characterized using label-
free quantitative proteomics, tandem mass spectrometry (MS/ MS), and Mascot methods. The results showed that
more than 50% (764 out of 1471) of the quantified proteins were characterized as differentially expressed. Notably,
more than two-thirds of the differentially expressed proteins were down-regulated in epinephrine-induced larvae.
The results showed that “metabolic process” was closely related to the development of settlement and
metamorphosis; 5 × 10− 4 M epinephrine induced direct metamorphosis of larvae and was non-toxic. Calmodulin
and MAPK pathways were involved in the regulation of settlement of the oyster. Expression levels of immune-
related proteins increased during metamorphosis. Hepatic lectin-like proteins, cadherins, calmodulin, calreticulin,
and cytoskeletal proteins were involved in metamorphosis. The nervous system may be remodeled in larval
metamorphosis induced by epinephrine. Expression levels of proteins that were enriched in the epinephrine
signaling pathway may reflect the developmental stage of the larvae, that may reflect whether or not larvae were
directly involved in metamorphosis when the larvae were treated with epinephrine.

Conclusion: The study provides insight into proteins that function in energy metabolism, immune responses,
settlement and metamorphosis, and shell formation in C. angulata. The results contribute valuable information for
further research on larval settlement and metamorphosis.
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Highlights
Seven hundred sixt-four of 1471 quantified proteins are
differentially expressed in Crassostrea angulata.
10− 5 M epinephrine can induce direct metamorphosis

of larvae.
Proteins of adrenaline signaling pathway may reflect

the development stage of larvae.
Transcriptional regulation is involved in the process of

settlement and metamorphosis.
Proteins were involved in immune responses, meta-

morphosis and shell formation.

Background
Oysters are a group of commercially important species
cultured along the coast of China. The annual produc-
tion of oysters was about 4.88 million tonnes in 2017
(China Fishery Statistical Yearbook for 2018) [1]. The
Fujian oyster Crassostrea angulata accounts for about
50% of the total oyster production in China [2, 3].
Embryonic and larval development are key phylogen-

etic events [4], and embryological research contributes
to the development of environmental pollution monitor-
ing and the aquaculture industry [5]. Size and age at
reproduction of the offspring may have important conse-
quences for population dynamics and demography [6];
larval developmental plasticity is a crucial source of vari-
ation and can directly influence the evolution of popula-
tions and species in adult phenotypes [7, 8]. Oysters are
a typical two-phase life cycle species that have a pelagic
phase and a benthonic phase; the transition between the
two forms usually occurs rapidly [9]. Larval settlement
and metamorphosis are importmant transition periods
associated with the evolution of mollusks, and these fac-
tors also impact population distribution, phenotypic dif-
ferentiation, and speciation [10, 11]. Even in cultured
oysters, metamorphosis is a crucial step for the aquacul-
ture facility, because oysters that have successfully set-
tled usually show increased survival.
Metamorphosis of oysters includes complex morpho-

logical and behavioral changes that are irreversible and that
are essential for survival. Pre-settlement or post-
metamorphosis larvae are proposed to be regulated by en-
dogenous chemical signals and endocrine proteins. How-
ever, the molecular mechanisms underlying metamorphosis
of model species, such as frogs and fruit flies, have been
studied in much greater depth than those in marine mol-
lusks. In the Fujian oyster, Cacaspase-2, Cacaspase-3
mRNA, and settlement and metamorphosis-related protein
(SMRP1) are highly expressed in larvae during settlement
and metamorphosis [12, 13].
Cranfield et al. described the behaviour of Ostrea edu-

lis before attachment [14–16]. Ke and Feng [17] de-
scribed the settlement process of Crassostrea angulata.
The choice of settlement substratum is critical because

an inappropriate settlement substratum is often fatal to
juveniles [18]. Scallop or oyster shells are often used as
substrata in oyster farms; the shells are placed into cages
for raft- or long-line culture [19]. In addition, the trad-
itional farming methods are laborous and costly; food
acquisition and growth rate of the oysters are often af-
fected by the high-density farming that causes large indi-
vidual differences and reduced economic value. Thus, it
is important to understand the breeding biology of
oysters.
Oyster hatcheries have been developing multiple

methods for clutchless oyster spat production for many
years [20]. The most widely used inducer for oysters is
epinephrine (EPI, also known as adrenaline) [21]. Epi-
nephrine induction has shown the capability to generate
non-attached spat (juveniles) in various oyster species
[20, 22, 23]. Coon et al. [20] report that EPI and nor-
epinephrine are able to induce cultchless spats, demon-
strating that EPI is able to induce oyster metamorphosis
without settlement or negative effects on survival and
development [20]. In comparison with oysters attached
to the substratum, clutchless oysters are superior in
shape and are more uniform, traits that are economically
favorable [24]. Thus, the use of EPI has become a com-
mon practice in many bivalve hatcheries [25, 26]. EPI
has been widely used to induce the settlement and meta-
morphosis of bivalve mollusks [25, 27–30]. The positive
effects of EPI on metamorphosis in a wide range of bi-
valve species have been summarised recently [31].
Nonetheless, the molecular mechanisms of EPI induc-

tion are unclear. Coon et al. proposed that adrenergic re-
ceptors are involved in the regulation of settlement and
metamorphosis in oysters [20, 32]. In 2012, molecular
characterization and functional analysis of adrenergic-like
receptors during larval metamorphosis in Crassostrea
angulata was studied by our research group [33].
Recently, many studies of the molecular mechanisms

of metamorphosis have used sequencing techniques,
transcriptome, and genomic data analysis [34]. However,
genetic data are unable to reveal the complete molecular
mechanisms [35], because there is no direct correlation
between gene expression intensity and protein abun-
dance [36]. Proteomic analysis is a crucial approach for
studies of bivalve oyster metamorphosis [35].
Proteomics analysis has been carried out on multiple

marine genera during their settlement and metamor-
phosis stages [37–42]. As such, proteomic analysis has
become a powerful tool to investigate the molecular
mechanisms involved during different stages of develop-
ment of marine invertebrates, and the method has been
employed in embryonic developmental stages of several
mollusks, including larvae [35, 36, 43, 44] reproduction
[45], attachment, and metamorphosis [46–50]. These
studies provide comprehensive information on the
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molecular mechanisms involved. Proteomic analysis is
an appropriate approach to study larval settlement and
metamorphosis of C. angulata.
Label-free quantification proteomics involves the ap-

plication of a label-free quantification algorithm used in
Maxquant for proteomics data. This technique is rapid,
clean, and simple. The method can directly and precisely
quantify protein expression without using labeling, and
it has been broadly applied to biomarker discovery and
proteomic profiling [51]. In this study, label-free prote-
omic analysis was carried out on larvae of the oyster C.
angulata that had been induced by epinephrine during
settlement and metamorphosis. The collected data were
analysed using Scaffold Proteomics Software with data-
base [52]. In addition, gene function annotation, GO en-
richment, KEGG enrichment, and transcriptome and
proteome combined analysis and qPCR verification were
carried out. The results provide insights into the differ-
ent protein groupings active during energy metabolism,
shell formation, attachment and metamorphosis, and
immune-related activities in C. angulata.

Results
Identification and quantitative results
In this study, a total of 412,946 spectra were identified
(Supplementary Fig. 1), with 137,372 unique specta, 102,
696 peptide fragments, 60,245 unique peptide fragments,
and 1471 proteins. The relative molecular weights of the
identified proteins were mainly distributed in the range
of 10–60 kDa, of which 20–30 kDa was the largest group
(Supplementary Fig. 2A), accounting for 17.3%; Supple-
mentary Fig. 2B showed that the length of the identified
peptide segments was mainly distributed in 10–18 kDa,
of which 11–14 kDa was the largest group, accounting

for 35.0%. Supplementary Fig. 2C illustrates the coverage
of the identified peptide segments, in which 49.4%
coverage was more than 20%. Supplementary Fig. 2D
shows that a number of identified proteins contained
only one or two peptide segments, and three peptide
segments accounted for 48.7%.

Identification and analysis of differentially expressed
proteins (DEPs)
Protein abundances with at least 1.5-fold change among
the groups were compared and considered as up-
regulated or down-regulated (Fig. 1a). A total of 611
proteins were differentially expressed in at least one lar-
val stage among the PL-PA-MET process. There were
117 co-expressed proteins in the PL-PA and PA-MET
groups (Fig. 1 b). The results of a cluster analysis
showed that expression levels of most proteins had a
consistent trend in the PL-PA-MET developmental
process (Fig. 1 b).
There were 246, 341, and 230 DEPs in the PL-eSEN

group, the PL-einSEN group, and the eSEN-einSEN
groups, respectively (Fig. 1a). There were 35 DEPs present
in all 3 groups, of which 22 were down-regulated in the
PL-eSEN and PL-einSEN groups, and 3 proteins were
down-regulated in the eSEN group (Fig. 2a) and up-
regulated in the einSEN group (Cluster 1 of Fig. 2c). A
total of 101 proteins were differentially expressed only in
the PL-einSEN group and eSEN-einSEN group (Fig. 2a-b);
there were 26 proteins that were down-regulated in the
eSEN group but up-regulated in the einSEN group. The
trend of expression is shown in cluster 2 of Fig. 2c.
There were 560, 539, and 443 DEPs in the PL-MET,

PL-eMET and MET-eMET groups, respectively, of
which 286, 235, and 194 proteins were up-regulated and

Fig. 1 Basic information concerning different groups and the analysis of the PL-PA-MET groups regarding DEPs
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