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ARTICLE INFO ABSTRACT

Keywords: Meretrix petechialis is an important commercial aquaculture species in China. During the clam culture period,
Meretrix petechialis mass mortality events often occurred due to the Vibrio infection. In this paper, M. petechialis were challenged
Vibrio with Vibrio parahaemolyticus immersion to simulate a natural infection, and the infection process were divided

DEGs . . into four phases including latency, prodrome, onset and recovery phases based on the clam mortality data. Then,
K::;Zl;:nmumty the dynamic response of clams to Vibrio infection at different infection phases were investigated by tran-

scriptome analysis. A total of 38,067 differentially expressed genes (DEGs) were identified at different infection
phases. DEG annotations showed that immune-related and metabolism-related signaling pathways were en-
riched, indicating that immune defense and metabolism process play key roles during bacterial infection. Three
kinds of expression pattern were classified by cluster analysis, including U-shape, L-shape and inverted V-shape.
Anabolism and cellular growth proliferation related signaling pathways were repressed (long-lasting or tran-
sient) during bacterial infection. However, the immune related signaling pathways with different immune
functions showed induction expression or repression expression against bacterial infection, which indicated that
immune system take different strategies against bacterial infection. Furthermore, some signaling pathways such
as PI3K-Akt signaling pathway both involved in immune defense and cell metabolism. This study provides a sight
that the dynamic immunity and metabolic responses may be integrated to improve the host survival and shift
more energy for immune defense.

1. Introduction composed of cellular and humoral component to combat pathogen,

remove pathogen and repair tissue [7-9]. In our laboratory, several

The clam Meretrix petechialis, an important commercial aquaculture
species, is major cultured in the coastal areas of South and Southeast
Asia [1]. In recent years, with the improvement of artificial seed-
rearing techniques, the aquaculture production of M. petechialis has
greatly increased [2,3]. However, mass mortality events often occurred
during the process of clam culture due to the excessive breeding density
and various pathogenic bacteria. Previous studies have shown that Vi-
brio is a main pathogen causing mass mortality of cultured clams [4,5].
But little is known about the molecular mechanisms underlying the
immune defense response to pathogenic bacterial infection in this bi-
valve species, which hindering the formulation of effective measures for
disease prevention and control in clam culture [6].

As an invertebrate, M. petechialis mainly depends on innate immune
to defense bacteria or virus infection. Innate immune system is

immune-related genes in M. petechialis, including lysozyme, catalase
(CAT) and glutathione peroxidase (GPx), etc., were identified and
characterized with regard to their involvement in immune response to
bacterial infection [10-12]. Moreover, Jiang et al. [6] identified 14
immune-related genes response to bacterial infection by transcriptome
analysis. However, these studies about M. petechialis immune system
most focus on single gene or single time point, which not allow us to
identify the spatial regulation network and the temporal events. It is
necessary to investigate the dynamic variation of gene expression
across the whole infection phases, which could provide a global un-
derstanding for the immune defense of clams against bacterial infection
[13].

RNA-seq is commonly used to investigate the transcription of genes
and major pathways involved in disease process, metabolism process
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and reproduction, etc. at the overall level [14-17]. In recent years,
RNA-seq has been widely used in mollusks immune related research.
Transcriptome analysis showed that expression of many genes in pearl
oyster Pinctada fucata significantly increased or decreased during bac-
terial infection and these genes are involved in multiple immune-re-
lated pathways, including chemokine signaling pathway, MAPK sig-
naling pathway, apoptosis, and so on [18]. In razor clam Sinonovacula
constricta, complement system was identified to be involved in the he-
patopancreas defense response to the bacterial challenge [19]. The
immune-related differential expression genes were also investigated in
Mytilus coruscus by transcriptome profiling, and immune-related com-
ponents were identified, such as TLR-like signaling pathway and MAPK
signaling pathway [20]. In addition, the complex immune defense
during bacterial infection might affect the metabolism process, which
would provide energy for the host defense [21]. Lee et al. found that the
metabolic change were induced to response to enteric infection in fruit
fly based on RNA-seq, which is necessary for immune defense to enteric
infection [22]. During bacterial challenge, immune response and me-
tabolic process must be orchestrated to maintain cellular metabolic
homeostasis and provide enough energy for host defense [23-30].
However, the knowledge about the mechanism of immune response and
energy metabolism in mollusks is still scarce, which limits our com-
prehension about the host defense in mollusks after bacterial challenge.

In this study, clams M. petechialis were infected by Vibrio para-
haemolyticus via immersion pattern to simulate a natural infection
process. Based on the clam mortality data, samples from four infection
phases were applied to comparative transcriptome analysis.
Differentially expressed genes and pathways involved in host defense
were analyzed to investigate the clam dynamic immune and metabo-
lism changes during bacterial infection. The results will provide the
global transcriptome profiles and gain insight into host defense of clams
during bacterial infection.

2. Method
2.1. Clams and treatments

Clams (1-year-old) were collected from our cultured population in
Wenzhou, China. The clams were acclimated in a 2000 L tank with
aerated seawater and fed Isochrysis galbana for one week at 28 °C, and
then applied to Vibrio challenge. A pathogenic Vibrio parahaemolyticus
strain (MM21) isolated from M. petechialis was used in the challenge
[4]. The Vibrio challenge experiment was performed as described in
Liang et al. [31] with slight modification. In detail, clams were ran-
domly divided into two groups, i.e., the control group and challenge
group. For the control group, the clams were reared in fresh seawater
renewed every day. For the challenge group, the clams were immersed
in seawater with 1 X 107 CFUml ™! V. parahaemolyticus. The seawater
through sand filter and V. parahaemolyticus were renewed every day,
and the V. parahaemolyticus addition was stopped when clam cumula-
tive mortality reached to 10%. The health status of clams was checked
every 6h, and the dead or moribund individuals were picked out at
once to avoid fouling the water quality by dead clams. The clam mor-
talities in the two groups were recorded every day.

The hepatopancreas tissues from 40 clams at each time point in the
challenge group were sampled at 0, 1, 2, 3, 5 and 12 days post-infection
(dpi), respectively. Each hepatopancreas was divided into two equally
parts. One part was frozen in liquid nitrogen for RNA extraction, and
the other half was used for Vibrio count (data not shown). That is, at
each time point, 10 half-hepatopancreas were mixed as one replicate
(total of four replicates) for RNA extraction.

2.2. Library construction, sequencing, and quality control

Total RNA was separately extracted from the hepatopancreas mix-
ture of each replicate at each time point post challenge using Trizol
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(Invitrogen, USA) following the manufacturer's instructions, and was
digested with DNase I (Invitrogen, Life Technologies, Carlsbad, CA,
USA) to degrade residual genomic DNA. The concentration and quality
of RNA was checked by a Nanodrop 2000 spectrophotometer (thermo,
USA) and agarose gel electrophoresis (AGE). Besides the hepatopan-
creas sampled in our challenge experiment (section 2.1), hepatopan-
creas sampled from other unchallenged clams were also applied to the
total RNA extraction. Pooled total RNAs were applied to a library
preparation for de novo transcriptome sequencing. Thus this de novo
transcriptome can also be used as the reference transcriptome for our
other study. RNA extracted from hepatopancreas of each replicate was
applied to library preparation for RNA-seq, respectively.

Library was constructed following manufacturer's recommendation.
In brief, mRNA molecules were purified from total RNA using poly-T
oligo-attached magnetic beads, and then were fragmented into small
pieces using fragmentation reagent. The purified RNA fragments were
reverse transcribed to produce double-strand cDNA using random
hexamer primers and then ligated to an adapter. The ligation products
were amplified by PCR to construct the cDNA sequence library. The
cDNA library was subjected to sequencing on the BGISEQ-500 platform
(BGI, Shenzhen, China). Clean reads were obtained after filtering reads
containing adaptor sequences, more than 5% unknown nucleotides,
more than 50% bases with Q-value < 20, and low-quality reads.

2.3. De novo transcriptome assembly and gene functional annotation

De novo assembly was performed using Trinity [32] to generate
contigs. The TGICL software [33] was used to assemble the unigenes to
form a single set of nonredundant unigenes. To acquire comprehensive
information on gene functions, assembled unigenes were searched
against the Nr (NCBI non-redundant protein sequences), Nt (NCBI nu-
cleotide), KOG (eukaryotic Ortholog Groups), SwissProt (a manually
annotated and reviewed protein sequence database), Pfam (Protein
family), KEGG (Kyoto Encyclopedia of Genes and Genomes) database
using BLASTx and BLASTn with an E-value < 105, Blast2GO [34]
was used for GO (Gene Ontology) annotation with an E-value < 107°
based on the protein annotation results of the Nr database. The tran-
scripts were functionally classified by these databases.

2.4. Sequencing mapping and gene expression quantification

To provide an overview of the expression levels of genes, the as-
sembled de novo transcriptome was used as the reference database, and
the gene expression level was calculated for each sample. Briefly, clean
sequencing reads of each sample were mapped to the reference tran-
scriptome using the Bowtie2 program [35]. The gene expression of each
read was quantified using RSEM software [36] with default parameters,
and the fragments per kilobase of transcript per million fragments
mapped (FPKM) value was used to represent expression abundance of
the genes. Then, principal component analysis was performed by R
package to show the relationship among the transcriptional expression
of all samples.

2.5. Differentially expressed genes (DEGs) analysis

Differential expression analysis between two samples, including 1
dpi vs. 0 dpi, 2 dpi vs. 0 dpi, 3 dpi vs. 0 dpi, 5 dpi vs. O dpi, 12 dpi vs. O
dpi, was performed by DESeq R package software (1.10.1). Adjusted P
value of 0.001 and log2 (fold_change) of 1 were set as the threshold for
significantly differential expression [37]. The KEGG enrichment ana-
lysis is useful to map unigenes onto known signaling pathways, while
GO enrichment analysis is helpful to describe gene product attributes in
all organisms by mapping unigenes to functional categories. Go en-
richment analysis and KEGG enrichment analysis of DEGs were per-
formed by the phyper R package to better understand the DEGs func-
tion, in which Go terms and signal pathways with false discovery rate
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Table 1
Primers used for qRT-PCR in this study.
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Siganling pathway Gene_id Gene name Primer sequences 5’ 3’
Toll and Imd signaling pathways Unigene32846_Mp Cactus F: TATCCGCAACAGTGAAGG
R: TTCACAGCCAGATTCAGC
Unigene41553_Mp UBE2D F: AAGTGGGTCATCTGGGTT
R: ACAATGGTCTCCTGCTTT
Unigene22627_Mp GNBP3 F: TTCCACTGAAACCACCCT
R: CAACTACGCACGGTACTTTAC
Apoptosis Unigene5727_Mp CTSL F: GCAATGGTGGTCTGATGGA
R: TTGGTTCTTGCTCCGCTTC
CL2098.Contigl Mp Birc2 F: TTACTTCGATTGTGGCTTAC
R: GCTTTGTTTCTTCCCTGTAC
CL868.Contigl_Mp Bcl-xL F: ACACTCTGATTGGTGCTCT
R: TTTATTGACTGCCTTCTCG
Chemokine signaling pathway Unigene38248 Mp NCF1 F: TACCCAAGAAAGCCAAACC
R: GTCCGAGTCTTTCTTCCATAA
Unigene45822_Mp ADCY5 F: GGCGAACATATTACCACTA
R: AAGTCTAAGGCACTCAACAC
MAPK signaling pathway CL3532.Contigl_Mp Duox F: CAAAGAGTGTCTGGTGGTC
R: ACACCCACTTTCCTTACC
Unigene6392_Mp Rhoj F: TAACAGCGGATAAACCAAC
R: AAACACCGTAGCCACATAA
Other genes CL2362.Contig3_Mp ACP F: TTAGCATACGGAGTTGACC
R: AGTGTCCCAGGGTCCACAA
Unigenel0962_Mp Lysozyme F: ATCCTAAGCGACCACAATCA
R: CACAGGCATGTCTCGAATG
CL8151.Contig2_ Mp SOD F: TTATTACACGCCTGCGACAT
R: AACCCACAATTCTAACACGAC
CL8690.Contig2_Mp GPx F: TTCGCTGATAAACTCGTGG
R: AACGGATGAGAATCTTTGC
Unigene41108_Mp TLR-4 F: TTTGGTATGGGAACGCAACT
R: TCTATCCTCAGCACCTTAA
CL4237.Contig2_Mp c4 F: TACACCGACAAAGGTAGCG
R: CCACTGTATTCCAGCCTCA
CL5748.Contig2_Mp ARRDC3 F: ACTTCCGTAATAATAGCGTGTA
R: CGTCGTGGAGAAAGAACTAA
CL7742.Contig2_Mp SRK2 F: AGGGTGTTGAGTGCCTTAG

R: GTCCTCGTAACTTGTTTCTGG

(FDR) less than 0.01 were considered as the enriched significantly ones.
Moreover, The DEGs were clustered by Mfuzz package based on R
language to investigate the expression profile of DEGs during the Vibrio
infection.

2.6. Quantitative real-time PCR (qRT-PCR) analysis

Eighteen randomly selected immune-related DEGs were analyzed by
qRT-PCR to verify the expression pattern obtained by RNA-seq. The
c¢DNA (0, 1, 2, 3, 5, 12 dpi) applied to RNA-seq was used as the qRT-
PCR template. The primer pairs used to amplify the selected gene was
designed using Primer premier 5, and the sequences are listed in
Table 1 B-actin and EF1a were employed as the internal references to
normalize the relative expression levels among samples [6]. qRT-PCR
was performed in Bio Rad CFX 96 Real time PCR system using SYBR
premix (TaKaRa, Japan). Each reaction was performed in triplicate, and
the PCR condition were as follows: 95 °C for 30 s and 40 cycles of 95 °C
for 5, 60 °C for 30 s, followed by the melting curve determination. The
relative gene expression was analyzed using the 222ACT method [38].
All data were expressed as the mean + standard deviation and applied
to F text. Then, the data were analyzed by t-test using software SPSS
version 21.0; when P < 0.05, the difference was considered statisti-
cally significant.

3. Results
3.1. The clam mortality under V. parahaemolyticus challenge

During the Vibrio challenge, the mortality of clams was recorded. As
shown in Fig. 1a, no clam died in the control group, while the total
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mortality rate reached to 80% at 13 dpi in the challenge group. Further
analysis of the daily mortality showed that no clam died in 1 and 2 dpi,
and the clams began to die from 3 dpi (Fig. 1b). The cumulative mor-
tality of clams reached 10% at 4 dpi, after which the Vibrio challenge
was stopped. The higher daily mortality occurred at 6 and 7 dpi then
decreased thereafter. No clam died after 11 dpi. Based on the char-
acteristic mortality data, the infection and disease process could be
divided into four phases: 1) latency phase (1-2 dpi), no dead clam was
found; 2) prodrome phase (3-4 dpi), dead clams were sporadically
observed; 3) onset phase (5-8 dpi), outbreak death was happened
though the pathogen was removed thereafter 4 dpi; 4) recovery phase
(9-12 dpi), the clam mortality gradually decreased. Here we chose the
key time series (0, 1, 2, 3, 5, 12 dpi) that covered different infection
phases for subsequent transcriptome analysis.

3.2. De novo transcriptome assembly and gene annotation

A total of 113.56 M raw reads for reference database was generated
based on BGISEQ-500 sequencer and 109.44M clean reads
(SRR9128708) were remained after filtering out low quality reads. For
the clean reads, more than 98.52% of the bases had a phred value >
20, and more than 91.95% of them had a phred value > 30. The
Trinity software generated 73,129 unigenes with an average length of
968 bp and an N50 of 1697 bp. The standard unigenes were annotated
by searching the sequences against the Nr, Pfam, KEGG, Swiss-Prot,
KOG, GO and NT databases, which produced 28,184 (38.54%), 22,395
(30.62%), 21,655 (29.61%), 20,610 (28.18%), 18,624 (25.47%), 9744
(13.32%) and 6513 (8.91%) hits respectively (Table 2). There were
only 1794 (2.45%) were annotated in all of the databases, and 31,987
(43.74%) were annotated in at least one database. Among the unigenes
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Fig. 1. The diagram of clam mortality in control group and challenge group. a. Kaplan-Meier survival estimates for control group and challenge group. The light grey
solid line represents for challenge group, and the black dotted line represents for control group. b. Daily mortality for challenge group during 12 days of challenge

with 1 x 107 CFUml ™! of V. parahaemolyticus.

Table 2
The percentage of annotated genes in different database.

Databases Number of Unigenes Percentage (%)
Nr 28,184 38.54
Nt 6513 8.91
Swissprot 20,610 28.18
KEGG 21,655 29.61
KOG 18,624 25.47
Pfam 22,395 30.62
Go 9744 13.32
Annotated in all Databases 1794 2.45
Annotated in at least one Databases 31,987 43.74
Total Unigenes 73,129 100

Table 3
Transcriptome summary (number of reads and percentage mapped to the li-
brary).

Sample name Clean read(M) Total mapping (%) Uniquely mapping (%)

ck 0d_11G 21.78 83.29 54.95
ck_0d_1G 21.77 82.96 54.76
ck_0d_21G 21.78 83.15 55.65
ck_0d_31G 21.78 83.47 55.17
vp_1d_11G 21.79 83.41 54.05
vp_1d_1G 21.77 83.01 54.37
vp_1d_21G 21.78 83.45 54.45
vp_1d_31G 21.79 84.79 53.94
vp_2d_11G 21.74 84.61 53.66
vp_2d_1G 21.79 84.18 53.49
vp_2d_21G 21.74 84.44 53.04
vp_2d_31G 21.77 84.95 54.28
vp_3d_11G 21.77 83.9 54.52
vp_3d_1G 21.77 83.37 54.22
vp_3d_21G 21.74 84.5 54.3

vp_3d_31G 21.75 84.3 54.68
vp_5d_11G 21.81 84.43 53.55
vp_5d_1G 21.74 84.49 54.23
vp_5d_21G 21.77 83.66 53.84
vp_5d_31G 21.81 83.32 54.63
vp_12d_11G 21.66 83.08 54.05
vp_12d_1G 21.73 82.4 53.92
vp_12d_21G 21.73 82.79 54.2

vp_12d_31G 21.76 82.3 54.55
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successfully annotated in the Nr database, the top five species have
significantly similarity with M. petechialis were Mizuhopecten yessoensis
(28.51%), Crassostrea gigas (17.45%), C. virginica (15.47%), Lottia gi-
gantea (5.61%) and Lingula anatina (3.58%). Then digital gene expres-
sion libraries of the clams collected from four infection phases were
sequenced, and sequencing data were deposited in SRA of the NCBI
with the accession number [SRR9127709-SRR9127732]. The total
clean reads of 24 libraries were mapped respectively to the reference
database, and the results were listed in Table 3.

3.3. Overview of the transcriptomic data response to bacterial infection

A principal component analysis (PCA) was performed to obtain a
global view on transcriptome profile of clams at different infection
phases. The PCA results showed that the first principal component ac-
counts for 76.33% of the variance in the dataset whereas the second one
accounts for 15.82% of the variance in the dataset (Fig. 2). A distinct
expression profile between the infected clams (1, 2, 3, 5, 12 dpi) and
uninfected clams (0 dpi) was observed. It's remarkable that the gene
expression of 12 dpi samples (recovery phase) were more similar to that
of the 1 dpi samples and O dpi. The PCA plot showed that the gene
expression information of 2 dpi samples were closer to that of its ad-
jacent time points 1 dpi and 3 dpi samples. Besides, there was some
overlap between samples from 3 dpi (blue) and 5 dpi (pink) time points.
Moreover, the transcriptome profile of four replicates taken from 5 dpi
were more dispersive compared with other time points, whose 95%
confidence interval were much bigger than others, indicating that the
physiological status of clams from 4 replicates had much differences in
the initial onset phase of Vibrio infection. The 5 dpi transcriptional
profile was consistent with subsequent outbreak death phenotypes that
almost one third of these alive samples died at 6 dpi according to the
mortality data (Fig. 1b).

The expression level of 70,000 transcripts were compared in clams
between each of the infected time points (1 dpi, 2 dpi, 3 dpi, 5 dpi, 12
dpi) and uninfected time point (0 dpi) to find out the DEGs. As a result,
a total of 38,067 DEGs were detected. After Vibrio infection, a plenty of
DEGs were observed at the four infection phases (Fig. 3). Among them,
the numbers of DEGs reached to peak value at 2 dpi whereas sharply
decreased at 12 dpi after Vibrio infection. Taken together, these tran-
scripts response to Vibrio infection could be divided into three phases:
the acute response phase (1-2 dpi); the maintenance phase (3-5 dpi)
and initial recovery phase (12 dpi).
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To better understand the function of DEGs, the GO and KEGG
analysis were performed to annotate the 38,067 identified DEGs. Go
functional enrichment analysis revealed that these DEGs were classified
into three GO categories: most significantly “molecular function”
(4,058, 10.7%), followed by “cellular component” (3,298, 8.7%), and
biological process (2,431, 6.4%). The biological process category con-
tained 15 sub-categories, cellular process (1,571) and metabolic process
(1,229) were the top 2 among them (Fig. 4a). In KEGG analysis, the
highest numbers of DEGs were related to signal transduction (2,282),
cancer overview (1,534), and followed by immune system (1,389)
(Fig. 4b). The top 20 KEGG pathways was listed in Supplemental Table
S1, and the multiple immune-related signaling pathways, including
chemokine signaling pathway (220), NOD-like receptor signaling
pathway (298), and RIG-I-like receptor signaling pathway (95) were
contained. These findings implied that the hepatopancreas immune
system play an important role during bacterial infection. Besides, the
pathways associated with metabolism were also significantly enriched,
such as carbohydrate metabolism, lipid metabolism, amino acid meta-
bolism, and so on.
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3.4. DEGs cluster analysis based on time course

The DEG expression profiles were conducted for cluster analysis to
investigate the transcriptional profile response to V. parahaemolyticus
challenge. The DEGs with little expression (even no expression) at least
one time point after bacterial challenge were removed and finally
37,998 DEGs were analyzed with Mfuzz package. The results showed
that the expression patterns of all DEGs could be classified into 12
clusters that ranged in size from 1833 to 7014 genes (Fig. 5).

Across the time course, the 12 clusters display three kinds of general
pattern: 1) U-shape (38.62%), the genes were subject to transient re-
pression after Vibrio challenge, and then normally recuperated to the
basal level after 2 dpi or 5 dpi. The clusters displayed different U shapes
due to the difference of magnitude and time of genes expression. 2) L-
shape (34.62%), the genes were repressed during the whole infection
process. Among these clusters, the cluster 5 (7014 DEGs) accounted for
the highest proportion in the whole DEGs. 3) inverted-V shape
(26.76%), the DEGs in these clusters were all up-regulated against
bacterial infection. The genes in clusters 7, 11 and 12 were significantly
up-regulated, followed by a return to baseline. Each cluster showed
special temporal response to the Vibrio infection. For example, the peak
expression of cluster 7 and 11 occurred at acute response phase, while
the peak expression of cluster 12 occurred at maintenance phase. The
genes in cluster 4 showed a rapid and significant up-regulation during
bacterial infection. The genes in cluster 6 were not changed at acute
and maintenance phase, whereas induced at the initial phase of host
recovery from infection.

3.5. Possible roles of DEGs from different expression patterns

The top 20 KEGG signaling pathways enrichment in three kinds of
different expression pattern (U-shape, L-shape and inverted V-shape)
were listed in Supplemental Table S2. Multiple immune-related sig-
naling pathways were enriched in three kinds of expression pattern,
which were involved in killing bacteria, inflammation and apoptosis,
etc. Among them, PI3K-Akt signaling pathway, Toll and Imd signaling
pathways and TNF signaling pathway were enriched in the inverted V-
shape, whereas Natural killer cell mediated cytotoxicity, MAPK sig-
naling pathway and Fc epsilon RI signaling pathway were repressed
upon bacterial infection (Fig. 6). The results showed that the immune
system would take different strategies including induction expression or
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repression expression to response to bacterial infection.

Several signaling pathways related to anabolism were also enriched
in U-shape or L-shape, including mTOR, MAPK, insulin, PI3K-Akt and
Wnt signaling pathways (Fig. 6), which were important signaling
pathways involved in glycogen, lipid and protein synthesis. While
steroid, steroid hormone biosynthesis and PPAR signaling pathway
were significantly enriched in the induction expression pattern, which
were related to lipid metabolism. Our results showed that multiple
signaling pathways related to immune defense and metabolism were
affected during Vibrio infection, indicating that immunity and meta-
bolic responses might be reprogrammed to protect host, and a trade-off
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between metabolism and immunity may be a general phenomenon.

3.6. DEGs validation by qgPCR

gRT-PCR was conducted to verify the DEGs obtained by RNA-seq.
Eighteen DEGs from immune-related signaling pathways, e.g., apop-
tosis, Toll and Imd signaling pathways, chemokine signaling pathway,
MAPK signaling pathway, were selected and applied to qRT-PCR vali-
dation. The results showed that the expression profile of most selected
genes during the Vibrio challenge (16/18) were consistent with that
revealed by RNA-seq except for NCF1, ACP, which confirmed the
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reliability of RNA-Seq data (Fig. 7).

4. Discussion

A mass mortality caused by Vibrio infection has become a major
constraint to the clam culture industry. The study focusing on the pa-
thogen and host pathogenesis is the basis for diseases control and ge-
netic breeding of resistance varieties. However, the dynamic response
of clams to bacterial infection are largely unknown, although some
immune response characters have been reported in M. petechialis and
other clams after bacterial challenge [6,39]. In the present study, the M.
petechialis was treated with Vibrio via immersion challenge which mi-
micking the natural infection in seawater. Based on clam mortality data
and taking the concept of epidemiology, we divided the disease course
after challenge into four phases, including latency, prodrome, onset and
recovery phases (Fig. 1). Clam samples from each phase were selected
for RNA-seq to analyze the dynamic response of M. petechialis hepato-
pancreas during V. parahaemolyticus challenge.

A total 38,067 DEGs were obtained by RNA-seq, in which eighteen
DEGs were verified by qRT-PCR, and the expression tendency of the
most genes (16/18) were coincident with the RNA-seq. Principal com-
ponent analysis (PCA) and DEGs up/down-regulation analysis of global
gene expression showed that a strong response appeared in clams from
1 dpi to 5 dpi and reduced at 12 dpi. The transcriptome profiles in-
dicating the physiological status of clams fit the daily mortality phe-
notype at four infection phases. Obviously, the DEG numbers in hepa-
topancreas sharply increased at latency (1-2 dpi), while kept stable at
prodrome and onset phases. The PCA plot showed that the gene ex-
pression patterns at adjacent time points were more similar at latency
and prodrome phases. At early onset phase, the large differences of the
transcriptome profiles among four replicates indicated the different
physiological status of the individuals, which might imply different
fates of clams (survival or death) in the following time points. Besides,
the gene expression of 12 dpi samples were more similar to that of the 0
and 1 dpi samples based on PCA analysis showed the clams at 12 dpi
starting to enter the recovery phase. Therefore, the gene expression
information is helpful to better understand the physiology status of the
clams.

Based on the cluster analysis in Section 3.4, three kinds of expres-
sion pattern were significantly clustered, including transient repression
then recovery (U-shape), long-lasting repression (L-shape) and induc-
tion expression changes (inverted V-shape). According to KEGG
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functional analysis, immune-related and metabolism-related signaling
pathways were enriched separately in three expression patterns. Among
them, Toll and Imd signaling pathways, TNF signaling pathway etc.
were enriched in induction expression pattern, while chemokine sig-
naling pathway, mTOR signaling pathways, MAPK signaling pathways,
Wnt signaling pathways etc. were enriched in repression pattern. The
results confirmed that the immune system and metabolism system play
important roles in host defense [40], which similar to previous studies
[41,42].

Innate immunity is the major way in clams to defense the bacterial
infection. Toll and Imd signaling pathways are considered as key
pathways involved in the immune response of the invertebrates, which
could induce the expression of the antimicrobial peptide (AMP) genes
to kill bacteria and fungal [43,44]. In present study, the differential
expression of multiple genes in Toll and Imd signaling pathways, such
as Cactus, GNBP3 and UBE2D, suggested that Toll and Imd pathways
were activated after Vibrio infection. Similarly, the Toll and Imd sig-
naling pathways were also reported to play defense roles in the crab
Eriocheir sinensis against microbial challenge [45]. TNF signaling
pathway is critical for mounting innate immunity against bacterial
challenge via regulating the cell death or survival [39]. The up-reg-
ulation of the genes in TNF signaling pathway in M. petechialis after
bacterial infection suggested the apoptosis might be promoted to kill
the infected cells. PI3K-Akt signaling pathway is related to TLR4-
mediated immune defense [46,47], in present study, it was also up-
regulated after bacterial infection, similar with the abalone Haliotis
diversicolor after the V. parahaemolyticus stimulation [48]. In contrast,
chemokine signaling pathway was enriched significantly in L-shape and
the chemokine related genes were down-regulated after infection.
Chemokine signaling pathway was reported could traffic and activate
leukocytes toward the site of inflammation [49], differential expression
of these genes implied that Vibrio infection could affect the immune
defense by regulating the secretion of chemokines. Taken together,
immune related signaling pathways may implement different strategies
against bacterial infection.

An anabolism suppression was found in host response to bacterial
infection in our study. A plenty of genes involved in the protein
synthesis, glycogen synthesis and lipid synthesis were enriched in U-
shape or L-shape. The similar results were also found in hard clam
Mercenaria mercenaria, protein synthesis was inhibited upon parasite
infection [50]. In ISE6 tick cells, protein synthesis was also depressed
upon Anaplasma phagocytophilum infection [51]. In addition, the mTOR
and MAPK showed a long-lasting repression expression pattern during
bacterial infection. The mTOR signal pathway is an important regulate
center for coordination cell growth and metabolism with environmental
inputs [52]. The suppression of the mTOR and MAPK pathways implied
that the repression of cellular growth and proliferation programs were
triggered by bacterial infection. As a result of the inhibition of bio-
synthesis and gene expression in cellular growth and proliferation, the
reduction of ATP demand ensures more energy to be applied to immune
defense against bacteria challenge.

At present, a plenty of evidences have shown that the metabolic
pathways can directly affect immune cell function, and immune cells
also can promote different metabolic pathways in cells [53,54]. In
present study, anabolism was transiently or long-term repressed during
bacterial infection, and immune defense was also activated in this
period. We speculate that the immune cell can autonomously regulate
energy influx based on their acute need [30], and then anabolism is
changed to provide more energy for host defense. The PI3K-Akt sig-
naling pathway is key regulator of cellular metabolism, and is also in-
volved in immune defense [47,55]. PI3K-Akt signaling pathway was
significantly enriched in inverted V-shape in calm M. petechialis, sug-
gested immune system and metabolism system were concerted against
bacterial infection. The similar result was also found in mouse, in which
host defense was affected by glycogen metabolism [56]. The immune
and metabolic responses could be orchestrated to maintain homeostasis
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to optimize the performance of immune system and improve host sur-
vival.

In conclusion, this study represents the first analysis of the dynamic
immune and metabolism response of clam M. petechialis during bac-
terial infection. Although researches on immunometabolism have in-
creased in vertebrate models [57,58], the information is still limited
about how interaction of immune and metabolic responses supports
host defenses in clam. The results of RNA-seq reveal that immune
system and metabolism process are affected by bacterial infection, and
they coordinate to participate in the host immune defense. Our study
can provide some potential signaling pathways information, and help us
to understand the biology underlying these Vibrio diseases in molluscan
species.
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