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Towards a better understanding of allograft-induced stress response in the
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ARTICLE INFO ABSTRACT

Implantation of a spherical nucleus into a recipient oyster is a critical step in artificial pearl production. The
implanted nucleus is known to trigger cellular stress responses at several levels, yet the molecular mechanism
underpinning physiological adaptation of the pearl oysters to nucleus implantation is still poorly understood. In
this study, we took advantage of the iTRAQ-based proteomics and LC-MS/MS approach to look into allograft
induced gene regulation at the protein expression level in the pearl oyster Pinctada fucata martensii, across a
period of 30 days following nucleus implantation. A wide variety of proteins, including a group of immune-
related proteins such as E3 ubiquitin-ligase and heat shock proteins, exhibited differential expression in response
to the surgical operation. Further comparisons between different sampling points revealed that GO terms in-
cluding “translation” and “oxidation-reduction process” and KEGG pathways including “glycolysis/gluconeo-
genesis” and “pyruvate metabolism” were significantly enriched at several time points, indicating the important
roles of these molecular events in the stress response of pearl oysters to nucleus implantation. In addition,
considerable discrepancy between protein expression level and gene transcript abundancy was identified, as only
a few genes showed at least 2-fold expression changes at both proteomic and transcriptomic levels. The result
implies that post-transcriptional gene regulation for the key proteins may represent an important aspect of
allograft-induced stress response in the pearl oysters. Taken together, the data obtained would contribute to a
deeper understanding of the molecular mechanisms enabling stress adaptation of the pearl oysters in response to
nucleus implantation.
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1. Introduction

Artificial pearl production involves the implantation of a spherical
shell bead (or nucleus) imbedded in mantle pieces into the visceral mass
of a recipient oyster [1]. The implanted mantle tissue, or allograft, will
develop into a pearl sac and pearl nacre will be secreted from the sac,
giving rise to the formation of a pearl [2]. Upon the stimulation of
foreign mantle pieces, the oyster can quickly mount responses of its
immune system to accommodate the effects of the allograft [3]. How-
ever, if the immune system fails to respond in a timely and effectively
manner, the implanted nucleus will be eradicated from the body,
leading to failure of pearl production and sometimes death of the oy-
sters [4,5]. Hence, understanding the molecular mechanisms under-
pinning immune tolerance of the pearl oysters to allograft is critical for
improving the performance of pearl culture [6].

The pearl oyster, Pinctada fucata martensii, is one of the most

important marine oysters cultured widely for the production of pearls
[7]. Improvement in the techniques of oyster breeding, cultivation and
nucleus insertion has helped to increase the success rate of pearl cul-
ture, but the quality of cultured pearls remains unpredictable and im-
munogenic rejection still represents a major problem in pearl culture
[8,9]. The implanted mantle pieces are known to trigger cellular stress
responses of the oysters, with differential regulations at several levels
[6]. To date, the immune responses of P. fucata martensii to nucleus
implantation have been studied from different angles [10-12]. The
antibacterial capability of the hemolymph was found to decrease sig-
nificantly following the surgical operation [9], and activities of meta-
bolic enzymes such as superoxide dismutase, lysozyme and anti-
microbial peptides declined sharply after nucleus implantation,
partially contributing to the high mortality rate of the pearl oyster [9].
Individual genes such as AIF-1 and Galactin have been identified as
involved in the wound healing and immune tolerance of P. fucata
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martensii [12,13], but a systematic understanding of the molecular basis
underlying allograft induced stress response is still lacking [14,15].

In recent years, the application of high-throughput biotechnologies,
including next generation sequencing (NGS)-based transcriptomic
analysis and isobaric tags for relative and absolute quantitation
(iTRAQ)-based proteomics, has provided unprecedented opportunities
for studies on non-model organisms to identify molecular players in-
volved in various physiological processes [3,16,17]. Previously, the
short-term transcriptomic responses of the pearl oyster P. fucata mar-
tensii to allograft or xenograft have been examined using the RNA se-
quencing method, and a large number of genes potentially involved in
immune tolerance of the pearl oyster has been identified [10,17]. In our
previous study, the chronic gene expression changes at seven time
points over a period of 60 days following nucleus implantation have
been thoroughly investigated in the pearl oyster P. fucata martensii [3].
A variety of genes were found to show differential expression at dif-
ferent time points, including many immune-related genes such as toll-
like receptor, lectin, scavenger receptor, and peroxidase [3]. In addi-
tion, genes related to two pathways, namely “cell adhesion molecules”
and “primary immunodeficiency” were proposed to play crucial roles in
the immune tolerance of the pearl oysters [3].

Despite the progress in our understanding of the molecular me-
chanism underlying the physiological adaptation of the pearl oysters
following nucleus implantation, the key molecular players involved in
allograft-induced stress tolerance still remain to be validated from dif-
ferent perspectives [9,17]. In the current study, we took advantage of
the iTRAQ-based proteomics and LC-MS/MS approach to look into al-
lograft induced gene regulation at the protein expression level in the
pearl oyster P. fucata martensii. Protein quantification and character-
ization were performed for samples taken at 0 day, 10 days, 20 days and
30 days post nucleus implantation, and the dynamic protein expression
changes as well as associated biological processes and gene pathways
under regulation were examined.

2. Materials and methods
2.1. Nucleus implantation and sample collection

Animals used in the experiment were collected from the Dajing
Pearl Culture Base in Xuwen, Zhanjiang, Guangdong Province. The
oysters were cultured in natural seawater throughout the experiment
and the nucleus insertion was performed in situ. 2-years-old oysters with
a shell length about 6-8 cm were used for the experiment. The im-
plantation operation was performed by an experienced technician ac-
cording to methods in previous studies [3,10]. Before the nucleus im-
plantation, hemolymph from six oysters was extracted as the control
group using 1 mL syringes. Following nucleus insertion, samples of
hemolymph were taken from another six oysters at each of the fol-
lowing time points: 10 days post implantation (dpi), 20 dpi, and 30 dpi.
The hemolymph was centrifuged at 3500 r/min for 5min and the
precipitant at the bottom was separated to collect hemocytes. The he-
mocytes were first placed in liquid nitrogen and then stored at —80 °C.
Hemocytes from three individuals were mixed as a sample, and two
replicate samples were prepared for each time point.

2.2. Protein preparation

Each sample was grinded in liquid nitrogen and transferred to a 5-
mL centrifuge tube. Then a 5-fold volume of lysis buffer (8 M urea, 1%
Protease Inhibitor Cocktail) was added to each sample and three times
of sonication on ice were performed using a high intensity ultrasonic
processor. The supernatant was then collected by centrifugation at
12,000 g and 4 °C for 10 min, and the protein concentration was mea-
sured with BCA kit according to the manufacturer's instructions.
Following that, the protein solution was treated with 5mM dithio-
threitol for 30 minat 56 °C and 11 mM iodoacetamide for 15min at
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room temperature in the dark. Then, trypsin was added at 1:50 trypsin-
to-protein mass ratio to digest overnight and 1:100 trypsin-to-protein
mass ratio for another 4 h digestion. The digested peptides were pur-
ified by the method of high-performance liquid chromatography
(HPLC).

2.3. iTRAQ labeling and SCX fractionation

Total protein (~100 ug) extracted from each sample was digested
with Trypsin Gold (Promega, USA) with a protein-to-trypsin ratio of
30:1 at 37 °C overnight. The digested peptides were dried by vacuum
centrifugation and further processed in 0.5 M TEAB. The iTRAQ reagent
(Applied Biosystems) were first thawed and treated with isopropanol,
and then mixed with the digested peptides. Samples taken from 0 dpi to
30 dpi were labeled with iTRAQ reagents 113-121. The labeled pep-
tides were then pooled and dried by vacuum centrifugation. Then, the
peptide mixture was purified using strong cation exchange chromato-
graphy (SCX), and separated with a LC-20AB HPLC Pump system
(Shimadzu, Japan). The peptide mixture was first treated with 4 mL
buffer A (containing 25 mM NaH,PO4 in 25% CAN with a pH of 2.7)
and then loaded onto an Ultremex SCX column containing 5 mm par-
ticles (Phenomenex). The peptides were further eluted with buffer A
and buffer B (comprising 25 mM NaH,PO4 and 1 M KCl in 25% CAN
with a pH of 2.7). By measuring the absorbance at 214 nm, elution was
monitored, and fractions were collected every 1 min. The eluted pep-
tides were pooled into 20 fractions, processed with a Strata X C18
column (Phenomenex) and vacuum-dried.

2.4. LC-MS/MS analysis

A Triple TOF 5600 System was utilized for LC- MS/MS analysis.
Parameters used for the system included an ion spray voltage of 2.5 kV,
curtain gas of 30 psi, nebulizer gas of 15 psi, and an interface heater
temperature of 150 °C. MS operation was conducted using a RP of no
less than 30,000 FWHM. Survey scans were acquired in 250 ms for IDA,
and if a threshold of 120 counts per second (counts/s) was exceeded, up
to 30 ion scans were collected. A multichannel TDC detector containing
a four-anode channel was used to detect and sum ions from each scan at
a 11 kHz pulse frequency. iTRAQ adjusted rolling collision energy and
sweeping collision energy with 35 * 5 eV were combined for appli-
cation to all precursors. Peptides with +2 to +3 charge states were
selected, and a fragment intensity multiplier value of 20 and a max-
imum accumulation time of 2s were applied.

2.5. Data analysis

The ProteinPilot Software v4.5 (SCIEX, USA) was used to analyze
the original MS/MS data. For protein identification, the previously
available transciptome annotation of P. fucata martensii was used as
references. The Proteomics System Performance Evaluation Pipeline
(PSPEP) in ProteinPilot was applied for false discovery rate (FDR) es-
timation. Only proteins with at least one unique peptide and an unused
value above 1.3 were used for downstream analysis. As in other similar
studies [18,19], peptides that met at least one of the following criterion
were excluded from further analysis: (1) peaks of iTRAQ labels were not
detected; (2) peptides were identified with low confidence; (3) peptides
assigned to more than one protein; (4) the signal-to-noise (S/N) ratio
was too low; (5) peptides with a combined feature probability < 30%.
All MS/MS data were processed with the ProteinPilot software and
protein abundance values were normalized before calculation of ex-
pression change ratios. A 2-fold difference and P-value < 0.05 were
used as thresholds for significant differential expression. In addition,
functional annotations of the proteins were conducted using Blast2GO
program against the non-redundant protein database (NR; NCBI). The
KEGG database (http://www.genome.jp/kegg/) were also used to
identify significantly enriched pathways represented by the
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g distinct peptides using a global FDR rate of 5%. These peptides were
g€ 1000 further mapped to 2705 proteins based on available transcriptome data
z of P. fucata martensii. The distribution of protein coverage and number
500 of peptides matched to each protein were summarized in Fig. 1. As
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ns) and the number In this study, differentially expressed proteins between adjacent
sampling points (0 dpi vs 10 dpi, 10 dpi vs 20 dpi, and 20 dpi vs 30 dpi)
were analyzed (Table S1). For each protein, a fold change of expression
level over 2 was considered as up-regulation while a fold change less
than 0.5 was considered as down-regulation. Using this criteria, the up-
regulated and down-regulated proteins between each pair of samples
were identified, and functional enrichment of GO terms and KEGG
pathways associated with the differentially expressed proteins were
also examined.
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Fig. 2. Enrichment of Gene Ontology terms (A) and KEGG pathways (B) for differentially expressed proteins between 0 dpi and 10 dpi samples. The top GO terms in
the category of biological process, cell component and molecular function as well as the most enriched KEGG pathways were shown.
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202 proteins were repressed. Proteins showing the largest increase in
expression levels included many proteins related to metabolism, such as
17-beta-hydroxysteroid dehydrogenase 14, serine threonine kinase 39,
V-type proton ATPase subunit D, and arginine kinase. The most down-
regulated proteins included ribosomal protein S5, leucine-zipper-like
transcriptional regulator 1, antibacterial r-amino acid oxidase, fibro-
blast growth factor receptor 2, and heat shock protein HSP 90-alpha 1.
To gain an overview of the physiological processes associated with
these differentially expressed proteins, GO and KEGG enrichment ana-
lysis was further performed. The result showed that translation, peptide
biosynthetic process and peptide metabolic process were the three most
over-represented terms in the category of biological process, while
structural constituent of ribosome, structural molecule activity and
RNA binding were the three most over-represented terms in the cate-
gory of molecular function (Fig. 2A). In terms of KEGG pathway en-
richment, glycolysis, ascorbate and aldarate metabolism, pyruvate
metabolism, cysteine and methionine metabolism, ribosome, RNA
transport, proteasome, and dorso-ventral axis formation pathways were
significantly enriched (Fig. 2B).

3.2.2. 10 dpi vs 20 dpi

Using the above mentioned criteria, 167 proteins were detected as
showing significant differential expression between samples taken at 10
dpi and 20 dpi. Among them, 83 proteins were significantly induced
while 84 proteins were significantly repressed. Proteins showing the
largest magnitude of induction included nuclear ribonucleoprotein K,
stromal membrane-associated protein 2, alpha-aminoadipic semi-
aldehyde synthase, far upstream element-binding protein 3, and lyso-
zyme. The most down-regulated proteins included extended synapto-
tagmin-like protein 2, adenylate kinase isoenzyme 1, arginine kinase,
vitellogenin-6, protocadherin Fat 4, and monocarboxylate transporter
12. Following the identification of these differentially expressed pro-
teins, GO and KEGG enrichment analysis was further conducted. The
result showed that oxidation-reduction process, single-organism in-
tracellular transport and single-organism metabolic process were the
three most enriched terms in the category of biological process, while
RNA binding, poly(A) RNA binding and oxidoreductase activity were
detected as the three most enriched terms in the category of molecular
function (Fig. 3A). In terms of KEGG pathway enrichment, glycolysis,
pyruvate metabolism, glycerolipid metabolism, cysteine and methio-
nine metabolism, and spliceosome pathways were significantly en-
riched (Fig. 3B).

3.2.3. 20 dpi vs 30 dpi

Between samples taken at 20 dpi and 30 dpi, a total of 173 proteins
exhibited significant differential expression. 80 proteins displayed sig-
nificant increase in expression levels while 93 proteins were sig-
nificantly repressed. Proteins with the maximum levels of increase in
expression included thymosin beta-4-like, tripartite motif-containing
protein 2, transketolase-like protein 2, transmembrane protein C9orf5,
and thioredoxin. In addition, the most down-regulated proteins in-
cluded interferon-induced protein 44-like protein, bile acyl-CoA syn-
thetase, Ras-related C3 botulinum toxin substrate 1, alpha-actinin,
multimerin-1, and prostaglandin E synthase 3. GO and KEGG enrich-
ment analysis was further conducted for these differentially expressed
proteins. The result revealed that amide biosynthetic process, organo-
nitrogen compound biosynthetic process, peptide biosynthetic process
were the three most enriched terms in the category of biological pro-
cess, while oxidoreductase activity, structural constituent of ribosome,
and structural molecule activity were detected as the three most en-
riched terms in the category of molecular function (Fig. 4A). In terms of
KEGG pathway, synthesis and degradation of ketone, cysteine and
methionine metabolism, and taurine and hypotaurine metabolism were
significantly enriched (Fig. 4B).
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3.2.4. Gene network and protein interaction analysis

To examine the changing profiles of differentially expressed pro-
teins from a comparative and dynamic point of view, analysis of pro-
tein-protein interactions for each pair of samples was further con-
ducted, and the enriched GO terms or KEGG pathways associated with
these interacting proteins were also identified. As shown in Fig. 5, the
profiles of protein interactions for the first two groups (0 vs 10 dpi and
10 vs 20 dpi) were quite similar. Although proteins present in the
network varied between the two groups, their associated GO terms or
KEGG pathways shared much similarity. Both these groups contained
ascorbate and aldarate metabolism, glycerolipid metabolism, glyco-
lysis/gluconeogenesis, pyruvate metabolism, cysteine and methionine
metabolism, and ribosome. By contrast, proteins present in the network
for the group 20 vs 30 dpi were obviously distinct from the previous
two groups, and most of their associated GO terms or KEGG pathways
were only detected in this group (Fig. 5). These included the citrate
cycle (TCA cycle), biosynthesis of unsaturated fatty acids, synthesis and
degradation of ketone bodies, 2-oxocarboxylic acid metabolism, bu-
tanoate metabolism, taurine and hypotaurine metabolism, and mis-
match repair.

3.3. Correlation between proteomic and transcriptomic analyses

Result of the proteomic analysis was compared with that of our
previous transcriptomic study [3], and the correlation between the
differentially expressed proteins and gene transcripts identified in the
two studies were examined. Out of the 319, 167, and 173 differentially
expressed proteins in the above three groups of comparison (Fig. 6),
only 144, 62, and 77 corresponding genes showed consistent expression
changes at the transcriptional level (Fig. 7 and Fig. 8).

Between 0 dpi and 10 dpi, 48 genes displayed increased expression
levels in both proteomic and transcriptomic analyses, including cyto-
chrome P450 3A29, pyruvate kinase, malate dehydrogenase, and syn-
taxin-7 (Fig. 7). Meanwhile, 96 genes showed reduced expression levels
in both proteomic and transcriptomic analyses, including many ribo-
somal process related genes such as 60S ribosomal protein L38, 60S
ribosomal protein L5, and ribosomal protein L14, and some well-char-
acterized genes such as insulin-like growth factor 2 mRNA-binding
protein 1, elongation factor 1 alpha, importin subunit alpha-7, receptor
for activated C-kinase, and toll-like receptor 3 (Fig. 8).

Between 10 dpi and 20 dpi, 22 genes showing increased expression
levels and 40 genes showing decreased expression levels in both pro-
teomic and transcriptomic analyses were identified (Figs. 7 and 8). The
up-regulated genes included synapse-associated protein 1, elongation
factor 1 alpha, and histone hl-delta, while the down-regulated genes
included peroxiredoxin-5, malate dehydrogenase, stress response pro-
tein NhaX and cytochrome p450 2C8.

Between 20 dpi and 30 dpi, 33 genes were detected as showing
increased expression levels while 44 genes showed decreased expres-
sion levels (Figs. 7 and 8), in both proteomic and transcriptomic ana-
lyses. The up-regulated genes included actin-interacting protein 1, al-
dehyde oxidase, eukaryotic translation initiation factor 3 subunit b, and
the down-regulated genes included G-protein-signaling modulator 2,
tropomyosin and glyoxylate reductase.

In addition, when using the same criteria of a fold change value
larger than 2 or less than 0.5 to define significant differential expres-
sion, only a handful of genes could be regarded as differentially ex-
pressed in both proteomic and transcriptomic analyses. The up-regu-
lated genes with more than 2-fold increase in expression level in both
analyses included Rab-18-B, syntaxin, histone h1-delta, myosin chain b,
eukaryotic translation initiation factor 3 subunit b, extended synapto-
tagmin-like protein 2, and myotubularin-related protein 15 (MTMR15).
Moreover, the down-regulated genes with more than 2-fold decrease in
expression level in both analyses included spectrin beta chain, calponin-
2, myosin heavy chain, sortilin, actin-binding Rho-activating protein-
like, Elks/rab6-interacting protein, and several hypothetic proteins
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with ambiguous annotation.

4. Discussion

P. fucata martensii is one of the most important marine shellfish for
artificial pearl production in China [20]. As a key technique for artifi-
cial pearl culture, the operation of nucleus implantation has a major
impact on the physiology of the pearl oyster and to a large extent de-
termine the success of pearl culture [21]. Thus, the stress response and
adaptation mechanism of pearl oysters to nucleus implantation has
attracted wide attention from scholars and practitioners in the pearl
culture industry [22-24]. Previously, to clarify the molecular me-
chanism underlying immune tolerance of P. fucata martensii, our re-
search team performed a comprehensive transcriptomic study on the
pearl oyster [3]. The chronic gene expression changes across a period of
60 days following nucleus implantation has been examined, and a
variety of genes including many immune-related genes such as toll-like
receptor and lectin were found to show differential expression at dif-
ferent time points [3]. Despite the progress that have been achieved,
transcriptomic profiling may only provide clues on gene expression
changes at the transcriptional level, and may offer limited insights into
the physiological adaptation of pearl oysters in response to nucleus
implantation [17].

In this study, iTRAQ technology was utilized to examine differen-
tially expressed proteins during a period of 30 days following im-
plantation of the nucleus, so as to identify candidate proteins and their
associated molecular processes involved in the physiological adaptation
of pearl oyster to nucleus implantation. Through comparison of protein
expression profiles between the four sampling points, differentially

190

expressed proteins with a wide range of biological functions were
identified. Among them were a group of immune-related proteins, such
as E3 ubiquitin-ligase, heat shock proteins (HSP), tumor necrosis factor
receptor-associated factors (TRAF) and protocadherin (PCDH).

E3 ubiquitin-ligase is the main component of ubiquitin-proteasome
degradation system [25]. Many research has shown that E3 ubiquitin
ligase plays an important role in innate immunity [26]. Knockdown of
E3 ubiquitin ligase gene in pDC cells resulted in inhibition of the TLR2/
4/7/9 signaling pathways and impaired the immune defense response
[27]. As a kind of E3 ubiquitin-ligase, tripartite motif (TRIM) protein is
composed of RING finger, B-box and coiled-coil domains, and involved
in important life processes such as cell cycle regulation, apoptosis,
signal transduction, and antiviral response [28-30]. Previous studies
reported that more than half of the 75 E3 ubiquitin ligases identified in
mammalian cells were induced upon pathogenic stimulus [31], and
about 20 homologues of E3 ubiquitin ligases were highly up-regulated
in HEK293 cells to prohibit the multiplication and release of HIV or
MLV [32]. In this study, it was found that expression of an E3 ubiquitin-
ligase decreased gradually following nucleus implantation, and reached
the lowest level on the 30th day. Moreover, two TRIM proteins also
showed decreasing expression levels after nucleus implantation. It was
thus speculated that the immune defense reaction of the oyster caused
by the implantation of nuclear beads had weakened after 10 days, and
the decreased expression of E3 ubiquitin-ligases may be necessary to
inhibit the production of inflammatory reaction factors [31].

Heat shock proteins are a group of molecular chaperone proteins
involved in protein folding and damage repair, and they are rapidly
synthesized in the cell under stressful conditions [33]. HSP70 is one of
the most conservative and abundant type in the HSP family [34]. Some
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studies have shown that HSP70 is involved in immune response and can
inhibit inflammatory reaction [34]. It can inhibit the expression of in-
flammatory mediators such as interleukin-1 and tumor necrosis factor
[35], and assist the immune defense system to identify and remove
foreign invasive material [34], contributing to the activation of specific
and non-specific immune responses [36]. In our study, expression of
HSP70 was found to be significantly decreased on the 10th day, and
then gradually increased but was still lower than the pre-implantation
level on the 30th day. Repression of HSP70 may suggest that the cel-
lular stress response machinery was affected by the immune defense
system following nucleus implantation.

Tumor necrosis factor receptor-associated factors (TRAF) is a kind of
joint protein implicated in signal transduction processes mediated by
tumor necrosis factor receptors, toll and interleukin 1 receptors [37].
They are involved in a variety of biological processes including innate
immune response, embryonic development, stress response and bone
metabolism [38-40]. Some studies have shown that the RING region of
TRAF2 and TRAF6 has the activity of E3 ubiquitin-ligase, and can ac-
tivate downstream MAP3K family kinases such as MEK1-3 and NIK
[37,41,42]. In the current study, a TRAF related protein was sig-
nificantly up-regulated on the 10th day but then reduced to the control
level on the 20th and 30th days following nucleus implantation. The
result indicated that the TRAF protein was likely to participate in the
immune regulation process of the pearl oyster, but its specific func-
tional mechanism still needs further investigation.

PCDHs are a large family of cell adhesion molecules [43]. Studies on
vertebrates have found that PCDHs were mainly expressed in the ner-
vous system and were widely involved in intracellular signal trans-
duction and intercellular adhesion [44]. Recent studies on PCDH family
members have shown that PCDHs also participate in the negative reg-
ulation of cancer cell proliferation, migration and invasion [45,46]. In
this study, 6 PCDHs were found to reach the maximum expression le-
vels on the 20th day and gradually drop to the control level by the 30th

day. Previous studies on P. fucata martensii reported that from 15 to 20
days after nuclear implantation, the outer epidermal cells of the mantle
pieces would migrate to the surface of the pearl nucleus, giving rise to a
stable pearl sac [8]. The induction of PCDHs on the 20th day after
nuclear implantation implies that they are probably involved in the
migration process of epidermal cells during pearl formation.

Other than the above mentioned immune-related proteins, GO
functional enrichment analysis revealed that in the category of biolo-
gical process, the “translation” process was significantly enriched
throughout the whole experiment, and “oxidation-reduction process”
was significantly enriched on the 20th and 30th day. Moreover, in the
category of molecular function, the “RNA binding” and “oxidoreductase
activity” terms were significantly enriched in all three groups of com-
parisons. Enrichment of these GO terms implies the important roles of
these molecular events in the adaptation of pearl oysters to allograft
[10]. In addition, “glycolysis/gluconeogenesis” and “pyruvate meta-
bolism” pathways were significantly enriched in the first 20 days after
nucleus implantation but were absent in the comparison between the
last two time points, indicating the involvement of these pathways
during the initial period of stress adaptation in response to allograft
caused injury [3]. When protein-protein interactions for different
groups of comparisons were further analyzed, it was noticed that GO
terms or KEGG pathways associated with the interacting proteins were
quite similar for the first two groups, O vs 10 dpi and 10 vs 20 dpi
(Fig. 5). But the scenario for the last group (20 vs 30 dpi) was appar-
ently distinct from the previous two groups, as the majority of the as-
sociated GO terms or KEGG pathways were unique for this group, im-
plying that this period may require special cellular reprogramming to
facilitate pearl formation and immune adaptation [3,47].

By comparing result of the current proteomic study and result of our
previous transcriptomic study on the same samples, considerable dis-
crepancy between protein expression data and gene transcript abun-
dancy was noticed. A total of 319, 167, and 173 differentially expressed
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proteins were identified from the comparisons of 0 dpi vs. 10 dpi, 10 on the transcriptional level. If the magnitude of expression change was
dpi vs. 20 dpi, and 20 dpi vs. 30 dpi, respectively (Table S1 and Fig. 6). taken into account, the number of genes showing accordant tran-
However, only 144, 62, and 77 corresponding genes showed consistent scriptomic and proteomic changes was even less because very few
expression changes (up-regulated or down-regulated in both analyses) transcripts also showed a fold change of expression level larger than 2
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or less than 0.5. The up-regulated genes showing more than 2-fold in-
crease in expression level in both proteomic and transcriptomic ana-
lyses, such as Rab-18-B, syntaxin and histone h1l-delta, and the down-
regulated genes with more than 2-fold decrease in expression level in
both analyses, such as spectrin beta chain, calponin-2 and Sortilin, may
represent attractive targets that can be explored in following in-depth
functional studies. They may also be developed as molecular markers
for the application in pearl culture, as the expression profiles of these
genes are likely to be associated with stress tolerance capacity or other
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quality traits of the pearl oysters [3,48,49]. In addition, the discrepancy
between protein expression level and gene transcript abundancy further
demonstrates that transcriptomic changes not necessarily translate into
protein expression changes [50,51]. Post-transcriptional gene regula-
tion, especially for the key proteins with potential pivotal roles in the
physiological adaption to nucleus implantation, may represent an im-
portant aspect of allograft-induced stress response in the pearl oysters
[52], which merits further finer-scale mechanistic studies in the future.
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5. Conclusion

Overall, the current study identified candidate proteins as well as
their associated biological processes and pathways involved in the
chronic physiological adaptation of the pearl oyster P. fucata martensii
following nucleus implantation. During the 30-day experiment, a wide
variety of proteins, including a group of immune-related proteins such
as E3 ubiquitin-ligase and heat shock proteins, exhibited differential
expression at different time points. Moreover, proteins related to GO
terms including “translation” and “oxidation-reduction process” and
KEGG pathways including “glycolysis/gluconeogenesis” and “pyruvate
metabolism” were significantly enriched at multiple sampling points,
indicating the crucial roles of these molecular events in the stress re-
sponse of P. fucata martensii to nucleus implantation. In addition, con-
siderable discrepancy between protein expression data and gene tran-
script abundancy was identified, implying that post-transcriptional
gene regulation for the key proteins may represent an important aspect
of allograft-induced stress response in the pearl oysters.
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