
Contents lists available at ScienceDirect

Fish and Shellfish Immunology

journal homepage: www.elsevier.com/locate/fsi

Full length article

p38 MAPK is involved in the immune response to pathogenic Vibrio in the
clam Meretrix petechialis

Shujing Zhanga,c,d, Jiajia Yua,d, Hongxia Wanga,b, Baozhong Liua,b,d, Xin Yuea,b,∗

a CAS Key Laboratory of Experimental Marine Biology, Institute of Oceanology, Center for Ocean Mega-Science, Chinese Academy of Sciences, 7 Nanhai Road, Qingdao,
266071, China
b Laboratory for Marine Biology and Biotechnology, Qingdao National Laboratory for Marine Science and Technology, 1 Wenhai Road, Qingdao, 266000, China
c Shandong Provincial Key Laboratory of Animal Cell and Developmental Biology, Anti-aging & Regenerative Medicine Research Institution, School of Life Sciences,
Shandong University of Technology, Zibo, Shandong, 255049, China
dUniversity of Chinese Academy of Sciences, Beijing, 100049, China

A R T I C L E I N F O

Keywords:
p38 MAPK
Vibrio challenge
Immune defence
MITF

A B S T R A C T

p38 mitogen-activated protein kinases (MAPKs) are involved in the response to various extracellular stimuli via
regulating gene expression. In the present study, a p38 MAPK gene (MpP38) was identified from the clam
Meretrix petechialis. The full-length cDNA ofMpP38measures 1,720 bp, consisting of a 134-bp 5′-UTR, a 1,095-bp
ORF and a 491-bp 3′-UTR. Both the mRNA and protein expression levels of MpP38 increased after Vibrio
challenge, implying that MpP38 is involved in clam immunity. Based on our previous study, a transcription
factor activated by p38 MAPK, i.e. microphthalmia-associated transcription factor (MITF), participated in clam
immunity by regulating the expression of phenoloxidase (PO). Coupled with other related reports, the me-
chanism underlying the involvement of MpP38 in clam immunity is most likely that pathogen stimuli induce the
phosphorylation of p38 MAPK and thus activate MITF to regulate the expression of the immune-related gene PO.
The results obtained in this study support this mechanism. First, we found that the MpP38 phosphorylation level
increased in response to Vibrio challenge. Second, as revealed by a yeast two-hybrid assay, there was a direct
interaction between MpP38 and MITF. Meanwhile, inhibiting the phosphorylation of MpP38 decreased the
phosphorylation level of MpMITF, implying that MpP38 phosphorylation is required for MpMITF activation.
Additionally, our results showed that there was a regulatory relationship between MpP38 phosphorylation level
and PO expression level. With increased MpP38 phosphorylation level, the PO expression level was also in-
creased after Vibrio challenge; when MpP38 phosphorylation was inhibited, the PO expression level was sig-
nificantly decreased. This study describes the immune function of p38 MAPK in the clam for the first time and
analyses its potential underlying mechanism, which will help to elucidate the immune mechanism in the clamM.
petechialis.

1. Introduction

The clam, Meretrix petechialis, an important commercial species of
marine bivalve molluscs, is widely distributed on the southeastern coast
of Asia [1]. With the development of artificial breeding, M. petechialis
has become one of the most widely cultured molluscs in China [2]. In
recent years, the mass mortality of clams caused by pathogens has been
a threat to the mollusc farming industry. Among these pathogens, Vibrio
has been reported to cause outbreaks of disease in clams [3]. The clam
M. petechialis, as an invertebrate species, responds to Vibrio challenge
primarily relying on the innate immune system to execute cellular and

humoral immune reactions [4,5]. It is necessary to investigate the
mechanism of the pathogen resistance of M. petechialis.

The mitogen-activated protein kinases (MAPKs) are members of
discrete signalling cascades that play important roles in response to
extracellular stimuli [6]. Four subgroups of the MAPK family have been
described, including extracellular signal-regulated kinases (ERKs), c-jun
N-terminal or stress-activated protein kinase (JNK/SAPK), ERK5/big
MAP kinase 1 (BMK1) and p38 group of protein kinases [7]. Each MAPK
family is involved in biochemically distinct signalling cascades. p38
MAPKs have been found to play an essential role in regulating many
cellular processes, including inflammation, apoptosis, cell
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differentiation, cell growth and death [8]. p38 MAPKs can be activated
by many stimuli, including hormones, growth factors, pathogen-asso-
ciated molecular patterns (PAMPs) and danger-associated molecular
patterns (DAMPs), and environmental stresses [6,9].

p38 MAPK (p38) contains a conserved serine/threonine protein
kinase catalytic domain (S_TKc) that includes an activation loop with a
dual phosphorylation site of the Thr-Gly-Tyr (TGY) motif and several
specific-binding sites for ATP and substrates [10]. The conserved dual
phosphorylation sites Thr180 and Tyr182 in the TGY motif can be
phosphorylated and activated by upstream MAP kinase kinases (MKKs)
[11]. Pathogen stimuli can induce the phosphorylation of p38 [6].
Some transcription factors, such as transcription factor 1 (ATF1), serum
response factor (SRF) and microphthalmia-associated transcription
factor (MITF), can be activated by phosphorylated p38 and thereby
regulate the expression of downstream genes [6,12]. As a transcription
factor activated by p38, MITF is involved in regulating cell prolifera-
tion, survival and immune defence [13]. MITF participates in immune
defence by regulating a number of target genes involved in innate im-
mune signalling pathways, e.g., phenoloxidase (PO) [14]. According to
the previous reports on the p38 MAPK signalling pathway [6,14,15], we
include that p38 is involved in the response to pathogen stimuli; and
one potential mechanism is that pathogen stimuli induce the phos-
phorylation of p38 and then activate MITF by phosphorylation, then the
activated MITF binds to the promoter of an immune-related gene PO to
regulate its expression (Fig. 1).

In this study, a p38 gene (MpP38) was identified from the clam M.
petechialis. The expression profile of MpP38 during infection implies the
involvement of MpP38 in the immune response to the Vibrio challenge.
Our previous study has shown that MITF is involved in the immune
response to Vibrio infection in M. petechialis [16] by regulating the
downstream immune-related gene PO [14]. Thus, a regulatory

relationship among MpP38, MpMITF and PO probably exists in M. pe-
techialis, which is probably the mechanism underlying the MpP38 in-
volvement in clam immunity. To verify this mechanism in the clam, we
first detected the influence of Vibrio infection on MpP38 phosphoryla-
tion level, then the interaction between MpP38 and MpMITF, and fi-
nally the regulatory relationship between the MpP38 phosphorylation
level, MITF phosphorylation level and PO expression level. This re-
search will provide information about the role of p38 in clam innate
immunity.

2. Materials and methods

2.1. Experimental clams, Vibrio challenge and tissue collection

The adult clams applied to the Vibrio challenge were bought from an
aquatic market in Qingdao, China. These clams were supplied with
filtered aerated seawater and microalgae and were acclimated to la-
boratory conditions for one week. For the tissue distribution analysis,
five healthy clams were collected, and the hepatopancreas, mantle,
foot, gill and adductor muscle tissues were separately dissected. For the
Vibrio challenge assay, clams were challenged by immersion in sea-
water with a concentration of 1×107 CFUmL−1 of V. parahaemolyticus
[17]. Five clams were separately sampled at days 0, 1, 2, 3, 5 and 12
post-challenge. The hepatopancreas of each clam were dissected and
applied to the RNA extraction for mRNA expression analysis. Mean-
while, the hepatopancreas of five clams was separately collected at days
0, 2 and 5 post-challenge and applied to the protein extraction for
Western blot analysis.

2.2. Total RNA extraction and cDNA synthesis

Total RNA was isolated from each sampled tissue using a total RNA
Kit (Omega, USA) according to the manufacturer's instructions. The
extracted total RNA was quantified using a NanoDrop ND1000 spec-
trophotometer (Thermo Scientific, USA). The first-strand cDNA was
synthesized from total RNA with a PrimeScript™ 1st Strand cDNA
Synthesis Kit (TaKaRa, Japan) following the manufacturer's instruc-
tions. The cDNA used for quantitative real-time PCR (qRT-PCR) was
synthesized from total RNA using a PrimeScript™ RT reagent Kit with a
gDNA Eraser (TaKaRa, Japan).

2.3. Molecular cloning and bioinformatic analysis

The SMART™ RACE cDNA Amplification Kit (Clontech, USA) was
used to clone the full-length cDNA of MpP38 based on the fragment
from our NGS transcriptomic data of M. petechialis. Briefly, specific
primers MpP38-5′GSP, MpP38-5′NGSP, MpP38-3′GSP and MpP38-
3′NGSP were used to amplify the fragments by nested PCR (Table 1).
The PCR reaction conditions were as follows: 94 °C for 5min, 35 cycles
of 94 °C for 40 s, annealing at a suitable temperature depending on
primers for 30 s and 72 °C for 2min followed by another 10min of final
extension at 72 °C. The whole assembled sequence was confirmed by
PCR using cMpP38-F and cMpP38-R primers (Table 1) and sequencing.

The ORF was predicted with ORF Finder (https://www.ncbi.nlm.
nih.gov/orffinder/). The nucleotide sequence was translated into the
amino acid sequence with DNAMAN 8.0 software. The molecular
weight (MW) of the predicted protein was calculated using the online
software ExPASy Server (http://www.expasy.org/vg/index/Protein).
Multiple sequence alignments and a neighbor-joining (NJ) phylogenetic
analysis were conducted using the software ClustalX and MEGA 6.0,
respectively [18]. The domain architecture of MpP38 was predicted by
online software SMART (http://smart.embl-heidelberg.de/).

2.4. Quantitative real-time PCR (qRT-PCR)

The mRNA expression levels of genes were detected by qRT-PCR

Fig. 1. Schematic illustration of one potential mechanism underlying the in-
volvement of p38 in the immunity. p38 resides in the cytoplasm of resting cells.
Pathogen stimuli induce the phosphorylation of p38, and then phosphorylated
p38 translocates into the nucleus and activates downstream MITF by phos-
phorylation. Finally, activated MITF binds to the promoter of PO to regulate its
expression. The letter (P) represents the phosphorylation of proteins.
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using appropriate primers. A QuantiNova SYBR Green PCR Kit (Qiagen,
Germany) was used in the qRT-PCR with an ABI 7500 Fast Real-Time
Thermal Cycler machine (Applied Biosystems, USA). β-Actin (GenBank
accession No. JN084197) was used as the internal reference to nor-
malize the expression levels between samples [26], and the results were
then verified by another internal reference EF1α [19,20]. The primers
used in this experiment are listed in Table 1. The efficiency of each
primer pair was analysed with serial 10-fold dilutions of cDNA (1,
10−1, 10−10, 10−100 and 10−1000). Three repeats of each sample were
run in a 10-μl reaction volume containing 20 ng of template, 0.3 μM of
each primer and 5 μl of QuantiNova SYBR Green PCR Master Mix. The
PCR parameters were 95 °C for 2min followed by 40 cycles of 95 °C for
5 s and 60 °C for 20 s. The 2−ΔΔCT method was used to analyse the re-
lative gene expression levels according to the procedure reported in
Livak et al. and Bustin et al. [21,22]. For the expression analysis among
different tissues, the expression level in the gill tissue was set as the
calibrator; for the expression analysis during the Vibrio challenge, the
expression level at D0 was defined as the calibrator; for the expression
analysis between the p38 inhibition group and control group, the ex-
pression level in the control clams was defined as the calibrator.

2.5. Western blot analysis

Western blotting was conducted to detect the protein expression
according to our previous procedure [19] using a rabbit anti-p38 an-
tibody (catalogue No. A10832. ABClonal, USA), a rabbit anti-phospho-
p38 antibody (catalogue No. AP0297. ABClonal, USA) or a rabbit anti-
phospho-MITF antibody (catalogue No. AF3027. Affinity biosciences,
USA). Briefly, the total protein was extracted from the hepatopancreas
or haemocytes using a Total Protein Extraction Kit (BestBio, China).
The protein concentration was quantified using a BCA Protein Assay Kit
(BestBio, China) following the manufacturer's instructions. Equal
amounts of total protein samples were separated by SDS-PAGE (12%)
and transferred onto a PVDF membrane. The membrane with trans-
ferred proteins was immersed in 5% nonfat milk in TBST for 2 h at room
temperature. Then, the membrane was incubated with the diluted pri-
mary antibody (1:1,000) at 4 °C overnight. After washing three times
for 10min with TBST, the membrane was incubated with the diluted
secondary HRP-antibody (1: 5,000). The target protein signals were
detected with the Enhanced HRP-DAB Chromogenic Substrate Kit
(Tiangen, China).

2.6. Yeast two-hybrid assay

The full-length cDNA sequences of MpP38 and MpMITF were am-
plified by PCR using specific primers MpP38-ORF-F/R and MpMITF-
ORF-F/R, respectively (Table 1). The cDNA encoding MpP38 was
cloned into a vector pGBKT7 to construct a recombinant plasmid
pGBKT7-p38 that allows the expression of the fused protein MpP38 and
DNA binding domain (BD), while the cDNA encoding MpMITF was
cloned into a vector pGADT7 to construct a recombinant plasmid
pGADT7-MITF that allows the expression of the fused protein MITF and
activation domain (AD). The two recombinant plasmids were co-
transfected into the Y2HGold yeast strain using the YeastMaker™ yeast
transformation system 2 (Clontech, USA). Then, the transfected yeast
cells were grown on SD/-Ade/-His/-Leu/-Trp/AbA/X-α-Gal medium
(SD medium without Ade, His, Leu and Trp but supplemented with AbA
and X-α-Gal). If the two expressed proteins MpP38 and MpMITF in-
teract in the yeast cells, BD and AD are brought in close distance and
thus become able to activate the transcription of the reporter gene LacZ,
leading to the growth of blue bacterial colonies on the medium. Yeast
cells co-transfected with pGBKT7-53 and pGADT7-T were used as po-
sitive controls. Yeast cells co-transfected with pGBKT7-p38 and empty
pGADT7 were the negative control.

2.7. p38 inhibition experiment

To analyse the relationship among p38, MITF and PO, a p38 in-
hibition experiment was performed using the p38-specific inhibitor
SB203580 (Beyotime Biotechnology, China). This inhibitor can inhibit
the phosphorylation of p38 and thus block the activation of down-
stream genes. Briefly, the haemocytes extracted from healthy clams
were treated with SB203580 (the p38 inhibitor group) or DMSO (the
control group) for 12 h at 18 °C. The haemocytes were washed three
times with PBS and then stored at −70 °C for RNA extraction and
protein extraction. The phosphorylation levels of MpMITF in the p38
inhibitor group and the control group were detected by Western blot-
ting using an anti-phospho-MITF antibody (see section 2.5). In addition,
the relative expression level of MpPO was compared between the p38
inhibitor group and the control group by qRT-PCR.

2.8. Statistical analysis

All data are presented as the means ± S.D. Statistically significant
differences were analysed by one-way ANOVA using SPSS 19.0 soft-
ware. The significance level was set as P < 0.05.

Table 1
Primers used in this study.

Primer Sequence (5′-3′) Efficiency Tm (°C) Product size

Actin-F TTGTCTGGTGGTTCAACTATG 96% 57.3 180 bp
Actin-R GACTGATTTCTTACGGATG 53.0
EF1α-F CTGGAAGAGATGCCAAAGGT 100% 59.3 128 bp
EF1α-R ATGTCACGCACAGCAAAACG 61.5
P38-RT-F TTGATGTCTGGTCAGTTGGGTGTA 100% 63.3 237 bp
P38-RT-R CTATGGCATGTGGATTTGCTCC 61.1
PO-RT-F TGGGACTCTACCCTAGATGACC 91% 61.7 165 bp
PO-RT-R CGTGCCACCTGTACCAGAATAT 61.7
cMpP38-F GCCATAATCCGGAAGTTTCTCG 60.7 1649 bp
cMpP38-R CAATAACAGCATGCTAGCACTC 58.9
MpP38-ORF-F ATGTCGAATAAGCAGCAACTGAAA 60.8 1095 bp
MpP38-ORF-R TCATTCCATTGCATCCATCCCG 62.7
MpMITF-ORF-F GCAGATTCAGGCATTGACATAGA 60.2 1365 bp
MpMITF-ORF-R TAAGCCATAATCCATGCTATCATCGT 61.7
MpP38-5′GSP GGCTTGCTCTGCCGTGATTCGT 68.3 ——
MpP38-5′NGSP TTGGCATGAATTGCTGACTGAAAGG 67.4 ——
MpP38-3′GSP CGCAAGACAGTGACGGGATGGA 67.6 ——

MpP38-3′NGSP GTGTTGCTGCCTTTAATTCATA 55.5
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3. Results

3.1. Sequence analysis of MpP38

The full-length cDNA sequence of MpP38 was obtained from M.
petechialis, which measures 1,720 bp (GenBank: MK558275), consisting
of a 134-bp 5′-UTR, a 1,095-bp ORF and a 491-bp 3′-UTR. The nu-
cleotide sequence of MpP38 was predicted to encode a polypeptide of
365 amino acid residues with a molecular weight of 41 kDa. The nu-
cleotide and putative amino acid sequences are shown in Supplemental
Fig. 1 (Fig. S1). A conserved S_TKc domain with a conserved TGY
phosphorylation site and an ATP-binding site were detected in the
MpP38 protein sequence (Fig. 2A). In addition, the results of multiple
sequence alignments showed that MpP38 was similar in the protein
sequence of S_TKc domain to the p38 of other species, including oyster
Crassostrea hongkongensis, scallop Mytilus coruscus, river prawn Macro-
brachium nipponense, white prawn Palaemon carinicauda, mud crab
Scylla paramamosain, spoon worm Urechis unicinctus, segmented worm
Capitella teleta, tongue sole Cynoglossus semilaevis, amphioxus Bran-
chiostoma belcheri, clawed frog Xenopus tropicalis, rat Rattus norvegicus
and human Homo sapiens (Fig. 2B). Based on the above p38 proteins and
MpP38, a phylogenetic tree was conducted (Fig. 3), showing that
MpP38 has the closest evolutionary relationship with those from bi-
valves, e.g., oyster and scallop.

3.2. Changes in both mRNA and protein expression of MpP38 during Vibrio
challenge

The mRNA expression of MpP38 in the hepatopancreas, mantle,
foot, gill and adductor muscle of clams was analysed by qRT-PCR. The
results showed that MpP38 mRNA was most highly expressed in the
hepatopancreas followed by the mantle and adductor. The lowest ex-
pression of MpP38 was detected in the gill (Fig. 4, Fig. S2). The hepa-
topancreas is the main immune organ in clams [23]; therefore, the

hepatopancreas was selected for further study.
To investigate the response of MpP38 to Vibrio challenge, we ana-

lysed changes in both mRNA and protein expression of MpP38 during a
Vibrio challenge. As shown in Fig. 5A and Fig. S2, the mRNA expression
level of MpP38 increased at 2 days post-infection (dpi), peaked at 3 dpi,
and then decreased to the base level at 12 dpi. A significant difference
was detected at 3 dpi compared to that at 0 dpi (P<0.05). By Western
blot analysis, we found that the protein expression of MpP38 increased
at 2 dpi and 5 dpi compared to 0 dpi (Fig. 5B). These results imply that
MpP38 is associated with the immune response against Vibrio infection.

3.3. Interaction between MpP38 and MpMITF

To investigate whether MpP38 directly interacts with MpMITF, a
yeast two-hybrid assay was performed. As shown in Fig. 6, the yeast
strain co-transfected with pGBKT7-p38 and pGADT7-MITF activated
the reporter gene and thus exhibited blue colonies on the selective SD/-
Ade/-His/-Leu/-Trp/AbA/X-α-Gal medium; the yeast strain co-trans-
fected with pGBKT7-p38 and the empty pGADT7 vector did not grow
on the selective medium. The yeast two-hybrid results indicate that
MpP38 is able to directly bind to MpMITF.

3.4. Influence of Vibrio challenge on the MpP38 phosphorylation level

We found a TGY dual phosphorylation site in the protein sequence
of MpP38 (Fig. 2), suggesting that MpP38 can be phosphorylated. Pa-
thogen stimuli can induce the phosphorylation of p38 [24,25]. To verify
whether Vibrio challenge can cause MpP38 phosphorylation, Western
blotting was performed. Almost no phosphorylated MpP38 was de-
tected before Vibrio infection (0 dpi), while the phosphorylation level of
MpP38 was increased after Vibrio infection, with the highest level being
at 2 dpi (Fig. 7). These results indicate that Vibrio challenge is able to
induce the phosphorylation of MpP38 in clams.

Fig. 2. (A) Domain architecture of the MpP38 protein, predicted by SMART (http://smart.embl-heidelberg.de/). (B) Multiple alignments based on amino acid
sequences of MpP38 and p38s of other species. GenBank accession numbers and species for the used p38 sequences: MK558275 (Meretrix petechialis), APC65297.1
(Crassostrea hongkongensis), AGW27417.1 (Mytilus coruscus), ASM46958.1 (Macrobrachium nipponense), ASU54245.1 (Palaemon carinicauda), AHH29322.1 (Scylla
paramamosain), ALF99798.1 (Urechis unicinctus), ELU14889.1 (Capitella teleta), XP_008318491.1 (Cynoglossus semilaevis), XP_019645887.1 (Branchiostoma belcheri),
NP_001005824.1 (Xenopus tropicalis), NP_112282.2 (Rattus norvegicus), NP_620583.1 (Homo sapiens).
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3.5. Regulatory relationships between the MpP38 phosphorylation level,
MpMITF phosphorylation level and MpPO expression level

To clarify the influence of MpP38 phosphorylation on the activation
of MpMITF, we inhibited MpP38 phosphorylation and then analysed
changes in the MpMITF phosphorylation level by Western blot. The
results showed that the phosphorylated MpMITF was decreased in the
p38 inhibitor group compared to the control group (Fig. 8A), implying
that phosphorylated MpP38 can activate MpMITF by kinase activity.

Our previous research has demonstrated that PO is an immune-re-
lated target gene of MITF [14]. In this study, to investigate whether the
expression of PO was related to the phosphorylation level of MpP38,
some experiments were performed. First, MpPO expression levels were
detected during the Vibrio challenge. Similar to the changes in MpP38
phosphorylation level (Fig. 5B), the expression level of MpPO also sig-
nificantly increased at 2 dpi compared to 0 dpi (P< 0.05) (Fig. 8B, Fig.
S2). In addition, changes in the expression of MpPO were detected after
MpP38 phosphorylation was inhibited. As shown in Fig. 8C and Fig. S2,
the expression of MpPO was significantly decreased in the p38 inhibitor

group compared to the control group (P < 0.05). Our results imply
that phosphorylated MpP38 increases the MpMITF phosphorylation
level and ultimately upregulates the expression level of MpPO.

4. Discussion

p38 mediates a wide variety of cellular behaviours in response to
extracellular stimuli and plays an important role in regulating gene
expression [6]. The functions of p38 have been reported in vertebrate
species, especially in mammals [9]; however, few studies on p38 have

Fig. 3. Neighbor-joining phylogenetic tree based on p38 protein sequences. The p38 sequences used are the same as those analysed in multiple alignments. The
numbers refer to the bootstrap values.

Fig. 4. Relative mRNA expression of MpP38 in different tissues ofM. petechialis.
Error bars represent the SD. Different letters indicate significant differences in
expression level (P < 0.05).

Fig. 5. MpP38 expression in the hepatopancreas of M. petechialis during the
Vibrio challenge. (A) Relative mRNA expression levels measured by qRT-PCR.
Error bars represent SD. The asterisk (*) represents a significant difference
found when compared to 0 dpi (P < 0.05). D0/1/2/3/5/12 means 0/1/2/3/5/
12 days post Vibrio infection. (B) Protein expression, measured by Western
blotting. β-Actin was used to confirm that equal amounts of protein were run on
gel. D0/2/5 means 0/2/5 days post Vibrio infection.
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been published to date in molluscs. In this study, we identified a p38
(MpP38) gene from the clam M. petechialis and revealed its immune
function, which may help to elucidate the immune mechanism in the
clam M. petechialis.

The full-length cDNA and predicted protein sequence of MpP38
were obtained (Supplemental Fig. 1). p38 reported in other species
contains an S_TKc domain. For instance, p38 in the Chinese mitten crab
Eriocheir sinensis has an S_TKc domain containing active sites, such as an
activation loop and an ATP binding site [26]. Similarly, a conserved
S_TKc domain with an activation loop and several specific binding sites
is also detected in the p38 of rock bream Oplegnathus fasciatus [27]. A
multiple sequence alignment showed a high similarity in the sequences
of the S_TKc domain between MpP38 and p38s of some species, in-
cluding invertebrates and vertebrates (Fig. 2). To the best of our
knowledge, all known MAPKs can be categorised based on the sequence
of the Thr-Xaa-Tyr (TXY) motif [28]. The ERK group possesses a Thr-
Glu-Tyr (TEY) motif. The JNK group has a Thr-Pro-Tyr (TPY) motif.
p38s have a Thr-Gly-Tyr (TGY) motif [29]. Each MAPK group has a
distinct substrate specificity and is regulated by a separate signal
transduction pathway [30]. In the S_TKc domain of MpP38, a TGY motif
containing a dual phosphorylation site was found (Fig. 2). In summary,
MpP38 is highly conserved and may have an equivalent function with
other reported p38 MAPKs.

p38s are ubiquitously expressed in different tissues, such as the
kidney, lung, testis and muscle, in mammals [31]. We investigated the
tissue expression pattern of MpP38 and found that MpP38 was widely
expressed in all five detected tissues, including hepatopancreas, mantle,
foot, gill and adductor muscle, and the highest expression level was
detected in hepatopancreas (Fig. 4). As hepatopancreas is an important
organ involved in the immune response in invertebrates [23], hepato-
pancreas was selected for further study. In mammals, p38 plays a cri-
tical role in the cellular immune response to different environmental
stressors and pathogen infections [32]. Moreover, the p38 pathway
participates in Drosophila host defence in response to microbial

infection [33]. p38 mediating resistance to bacterial infection has also
been well-established in C. elegans [34]. In this study, we found that
MpP38 mRNA expression was significantly increased during the Vibrio
challenge and that MpP38 protein expression also showed the same
trend (P < 0.05) (Fig. 5). Similarly, the expression of p38 is increased
in response to different immune stimuli in vertebrates, such as rock
bream Oplegnathus fasciatus and grass carp Ctenopharyngodon idella
[27,35], and invertebrates, such as shrimps [36,37]. These data suggest
that MpP38 participates in the immune response of the clam M.

Fig. 6. Interaction between MpP38 and MpMITF, measured by the yeast two-
hybrid assay. “SD/-Ade/-His/-Leu/-Trp/AbA/X-α-Gal” is the selective medium
used in the yeast two-hybrid assay. “pGBKT7-p38 + pGADT7-MITF” represents
the pGBKT7-p38 plasmids, and pGADT7-MITF plasmids were co-transfected
into the yeast strain. The pair of pGBKT7-53 and pGADT7-T is a positive con-
trol, indicating the interaction between the p53 and T7 proteins. The pair of
pGBKT7-p38 and pGADT7-AD is a negative control, showing the absence of an
interaction lacking MITF protein.

Fig. 7. Phosphorylated MpP38 (p-p38) expression in the hepatopancreas of M.
petechialis during the Vibrio challenge, measured by Western blot. β-actin was
used as the internal reference to normalize the total protein quantity between
samples. D0/2/5 means 0/2/5 days post Vibrio infection.

Fig. 8. (A) Phosphorylated MpMITF (p-MITF) expression in the haemocytes of
M. petechialis in the control group and p38 inhibitor group, as measured by
Western blot. β-actin was used as the internal reference to normalize the total
protein quantity between samples. (B) Relative mRNA expression of MpPO in
the hepatopancreas of M. petechialis during the Vibrio challenge, measured by
qRT-PCR. The asterisk (*) represents a significant difference found when
compared to 0 dpi (P < 0.05). D0/2/5 means 0/2/5 days post Vibrio infection.
(C) Relative mRNA expression of MpPO in the haemocytes of M. petechialis in
the control group and p38 inhibitor group, measured by qRT-PCR. Error bars
represent SD. The asterisk (*) represents a significant difference found between
the control group and p38 inhibitor group (P < 0.05).
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petechialis.
As a further question, we need to know how MpP38 functions in the

clam immune response. Previous studies have demonstrated the inter-
action between p38 and MITF, which is essential for the activation of
the latter and the resulting regulation of the downstream genes [12,38].
In this study, we performed a yeast two-hybrid assay to detect the in-
teraction between MpP38 and MpMITF, and the results indicate that
MpP38 can directly bind to MpMITF (Fig. 6). PO, an important im-
mune-related gene of molluscs [39], has been demonstrated to be a
downstream gene of MITF in mouse and molluscs [14,40]. In M. pe-
techialis, MpMITF participates in the clam immune defence [16] by di-
rectly regulating the expression of downstream immune-related genes,
e.g., PO [14]. Thus, it is suggested that in M. petechialis, MpP38 is in-
volved in clam immune defence by activating MpMITF and thereby
influencing the expression of the downstream immune-related gene
MpPO.

Previous studies have demonstrated that only phosphorylated p38
can activate MITF and thus influence the expression of downstream
genes [12,41]. We analysed the phosphorylation level of MpP38 during
Vibrio infection by Western blot analysis, and the results showed that
MpP38 phosphorylation levels obviously increased after Vibrio infection
(Fig. 7). This result was consistent with that observed in oyster Cras-
sostrea gigas. The phosphorylation level of p38 in oyster haemocytes
significantly increased after LPS stimulation [24]. A similar result was
also observed in Drosophila, showing that the phosphorylation level of
p38 increased after exposure to environmental toxicants [25]. Our re-
sults suggest that Vibrio infection induces the phosphorylation of
MpP38.

Phosphorylated p38 can activate MITF by kinase activity, thereby
upregulating the transcriptional expression of the downstream gene
[42]. To investigate whether MpMITF is activated by phosphorylated
MpP38, the relationship between the MpP38 phosphorylation level and
the MpMITF phosphorylation level was detected. We found that the
MpMITF phosphorylation level was decreased after blocking the phos-
phorylation site in MpP38 by a specific inhibitor (Fig. 8A). Bhatta-
charyya et al. also demonstrated that phosphorylated p38 increased the
MITF phosphorylation level [43]. To further clarify the influence of
phosphorylated p38 on MpMITF and its downstream gene, we analysed
the regulatory relationship between the MpPO expression level and the
MpP38 phosphorylation level. Our results showed that during Vibrio
infection, the mRNA expression of MpPO increased with the increase of
phosphorylated MpP38 (Fig. 8B); when the phosphorylation of MpP38
was inhibited, the mRNA expression level of MpPO was significantly
decreased (Fig. 8C). Similarly, the inhibited p38 MAPK reduced the
mRNA expression of PO in B16 cells [44]. These results imply that
MpPO expression is influenced by the phosphorylation level of MpP38
via activating MpMITF.

In conclusion, a p38 gene (MpP38) was identified from the clam M.
petechialis. MpP38 is involved in the clam immune response against
Vibrio, and the underlying mechanism is most likely that Vibrio infec-
tion induces the phosphorylation of MpP38 and ultimately increases the
expression of the immune-related gene MpPO via activating MpMITF.
This study implies the immune function of p38 in the clam for the first
time and may help to elucidate the immune mechanism of the clam M.
petechialis.
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