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Yesso scallop-pathogenic Vibrio splendidus strain JZ6 was found to have the highest virulence at 10°C, while its pathogenicity
was significantly reduced with increased temperature and completely incapacitated at 28°C. In the present study, comparative
transcriptome analyses of JZ6 and another nonpathogenic V. splendidus strain, TZ19, were conducted at two crucial culture
temperatures (10°C and 28°C) in order to determine the possible mechanism of temperature regulation of virulence. Compari-
sons among four libraries, constructed from JZ6 and TZ19 cultured at 10°C and 28°C (designated JZ6_10, JZ6_28, TZ19_10, and
TZ19_28), revealed that 241 genes were possibly related to the increased virulence of JZ6 at 10°C. There were 10 genes, including
2 encoding Flp pilus assembly proteins (FlhG and VS_2437), 6 encoding proteins of the “Vibrio cholerae pathogenic cycle”
(ToxS, CqsA, CqsS, RpoS, HapR, and Vsm), and 2 encoding proteins in the Sec-dependent pathway (SecE and FtsY), that were
significantly upregulated in JZ6_10 (P < 0.05) compared to those in JZ6_28, TZ19_10, and TZ19_28, which were supposed to be
responsible for adhesion, quorum sensing, virulence, and protein secretion of V. splendidus. When cultured at 10°C, JZ6 cells
were larger and tended to aggregate more than those cultured at 28°C. The virulence factor (extracellular metalloprotease) was
also found to be highly expressed in the extracellular product (ECP) of JZ6 at 10°C, and this ECP exhibited obvious cytotoxicity
to oyster primary hemocytes, A549 cells, and L929 cells. These results indicated that low temperatures (10°C) could enhance ad-
hesion, activate the quorum sensing systems, upregulate virulence factor synthesis and secretion, and, lastly, increase the patho-
genicity of JZ6.

The Gram-negative pathogenic bacterium Vibrio splendidus is a
ubiquitous and representative species of the Vibrio genus, a

causal agent of vibriosis, which causes high rates of mortality in
aquaculture animals, including turbot, scallop, clam, and oyster
(1–5). Like most Vibrio strains, V. splendidus is an opportunistic
pathogen that causes mortality of animals in an optimum envi-
ronment, whereas it usually acts as a “normal bacterium” in the
host or environment under adverse conditions (6–8). Therefore,
environmental factors are important regulators of the pathogenic-
ity of V. splendidus.

In previous studies, most opportunistic pathogenic Vibrio bac-
teria, such as V. splendidus, V. cholerae, V. parahaemolyticus, V.
alginolyticus, and V. harveyi, have been reported to cause high
rates of mortality of cultured animals in the summer and enter a
viable-but-nonculturable (VBNC) state when they are exposed to
temperatures below 10°C (6, 8–11). Hence, temperature has been
considered one of the crucial environmental factors that can reg-
ulate the metabolic process, growth, adhesion, and even pathoge-
nicity of bacteria by influencing their gene expression (12–14). V.
splendidus strain JZ6 was previously isolated and identified as a
pathogenic agent for Yesso scallop (Patinopecten yessoensis) in
low-temperature environments (5). This strain survived in cold
environments and exhibited the highest pathogenicity at a tem-
perature of 10°C. Its virulence was significantly reduced with
increased temperature and even completely incapacitated at
28°C. This low-temperature adaptation indicated that a special
environmental regulation mechanism might exist in V. splendi-
dus strain JZ6.

The mechanism of regulation of gene expression is always
involved in complex and specific biological processes com-
posed of a series of functionally related molecules (15), and

conventional investigation of single genes is not sufficient to
discover the complete regulation and cross talk of these genes.
Nowadays, the high-throughput transcriptome sequencing
(RNA-seq) technique has dramatically accelerated the analyti-
cal capacity and has been widely used in constructing global
networks of gene expression (16). In the past decades, there
were several comparative transcriptome analyses focused on
temperature-dependent genes in some important environmen-
tal bacteria, including Escherichia coli (12), Tropheryma whipplei
(13), Pseudomonas aeruginosa (14), Streptococcus thermophilus
(17), and Bacillus cereus (18). The expression patterns of viru-
lence-related genes in Listeria monocytogenes, Salmonella enterica,
Xanthomonas oryzae, and V. cholerae have also been revealed
through transcriptome analysis (19–22).

The pathogenicity of bacteria is determined and regulated by a
complicated network composed of major virulence factors, tran-
scription factors, transport systems, and protein secretion and in-
trusion systems (23–25). Some of the virulence systems, such as
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quorum sensing and adhesion systems, have been confirmed to be
regulated by temperature (14, 26–28). Unfortunately, the regula-
tion mechanism for the adaptability and pathogenicity of oppor-
tunistic bacteria with changes in temperature is still unclear ac-
cording to previous studies.

In the present study, the transcripts of JZ6 and another non-
pathogenic V. splendidus strain, TZ19, were sequenced and com-
pared at two crucial culture temperatures (10°C and 28°C) in or-
der to identify the major temperature-dependent genes and their
specific expression profiles closely associated with pathogenicity
at 10°C and further reveal the special regulation mechanism in V.
splendidus JZ6 at low temperatures.

MATERIALS AND METHODS
Bacterial strains, media, and growth conditions. Pathogenic V. splendi-
dus strain JZ6 and nonpathogenic strain TZ19 for Yesso scallop (P.
yessoensis) were employed in the present study (5). They were culti-
vated on Zobell 2216E agar at 18°C for 24 h, and the individual bacte-
rial colonies were then subcultured in Trypticase soy broth (TSB) with
20‰ salinities at 10°C or 28°C and with shaking at 170 rpm for 12 h.
After cultivation, bacterial cell numbers were adjusted to the same
order of magnitude by absorption spectrophotometry and micro-
scopic counting for the following experiments.

RNA extraction. Total RNA was isolated essentially as described pre-
viously (29). After being cultured at different temperatures (10°C or
28°C), the same numbers of V. splendidus JZ6 and TZ19 cells were har-
vested by centrifugation at 12,000 � g for 1 min. Total cellular RNA was
extracted by using TRIzol reagent (Invitrogen), and DNA contamination
was ruled out with a Mega Clear kit (Ambion, Life Technologies). mRNA
was purified by using the Microb Express bacterial mRNA enrichment kit
(Ambion, Life Technologies) to remove rRNA according to the manufac-
turer’s protocol. The purified mRNA was quantified by using a NanoDrop
2000 spectrophotometer (Thermo Scientific) and checked for integrity
with an Agilent 2100 bioanalyzer (Agilent Technologies).

Library preparation. The single-end fragment library was constructed
according to the SOLiD Total RNA-seq kit protocol (Life Technologies)
with 100 ng mRNA, as previously described (30). First, RiboMinus RNA
was fragmented by RNase III and purified by using the RiboMinus con-
centration module (Invitrogen). The RNA fragments were linked with the
adaptor by using hybridization master mix, and reverse transcription was
performed in a subsequent procedure. The purified cDNA was size se-
lected after DNA electrophoresis with NovexTBE-urea gel (Invitrogen) at
180 V for 20 min and then purified as the amplification template. PCRs
were performed at 95°C for 5 min and then at 95°C for 30 s, 62°C for 30 s,
and 72°C for 30 s for 15 cycles in a thermal cycler. All of the components
used for amplification were obtained from the SOLiD Total RNA-seq kit.
The yield and size distribution of PCR products were checked by using an
Agilent 2100 bioanalyzer. Emulsion PCR and bead enrichment were per-
formed by using the SOLiD EZ Bead system (Life Technologies). Work-
flow analysis (WFA) was first used to verify the quality and density of the
template beads. The enriched beads for each sample were then deposited
onto a sequencing slide. Finally, four libraries of strains JZ6 and TZ19
cultured at 10°C and 28°C (designated JZ6_10, JZ6_28, TZ19_10, and
TZ19_28) were sequenced on the SOLiD 4 platform, and color space reads
were outputted.

Bioinformatics analysis. The full-length genomic sequences of V.
splendidus LGP32 were downloaded from the NCBI (http://www.ncbi
.nlm.nih.gov/genome/933?project_id�59353) and served as a reference
for alignment analysis. Read alignment was performed by using LifeScope
software (Life Technologies) with default parameters. The classic
mapping strategy “seed and extend” was adopted, with “25.2.0:20” as a
mapping scheme (for the 50-base reads, the seed might be 25 bases long
with up to two mismatches allowed, and the start site of the seed could be
0 or 20). Cufflinks was used to assemble transcripts, estimate their

abundances, and identify differentially expressed genes between the
treatment and control groups. The overall situation of RNA-seq was
analyzed by using an R package of CummeRbund. The cutoff value for
upregulated and downregulated genes between two samples was defined
as �2-fold.

For gene ontology (GO) analysis, the protein sequences of V. splen-
didus were aligned by a local blastp search of the nonredundant (nr)
database of the NCBI with an E value of �0.001. The alignment results
were parsed for assigning GO terms by using Blast2GO software. The
GO distributions and enrichment analysis of differentially expressed
genes were implemented by using one-tailed Fisher’s exact test with a
P value/false-discovery rate (FDR) of �0.001 (31). Significantly over-
enriched GO terms were identified from the test set. The pathways
composed of the differentially expressed genes were retrieved from the
KEGG database by using a built-in function of Blast2GO.

Quantitative real-time PCR analysis. The expression levels of six
differentially expressed genes participating in pathogenic processes
were validated by quantitative real-time PCR (qRT-PCR). The tem-
plates for qRT-PCR were prepared with independently isolated RNA
samples from three biological replicates, and first-strand cDNA syn-
thesis was carried out based on Moloney murine leukemia virus (M-
MLV) reverse transcriptase (RT) usage information (Promega). Spe-
cific primers were designed according to the corresponding sequences
in the genome of V. splendidus LGP32 (Table 1), and the comparative
threshold cycle (CT) method (2���CT method) was used to analyze ex-
pression levels as described previously (32). Two 16S rRNA gene primers
for V. splendidus, 16S rtf and 16S rtr (Table 1), were used as an internal
control to verify successful transcription and to calibrate the cDNA
template for the corresponding samples. qRT-PCR was performed by
using an Applied Biosystems 7500 instrument (Life Technologies),
and the collected data were analyzed with 7500 system SDS software.
The assay was conducted with a volume of 20 �l consisting of 10 �l of
2� SYBR Premix Ex Taq II (TaKaRa), 0.8 �l of each forward and
reverse primer (10 �mol liter�1), 0.4 �l of 50� ROX reference dye, 2

TABLE 1 Primers used in the present study

Target and primer Sequence (5=–3=)
16S rRNA

16S rtf TCGTGTYGTGARATGTTGGGT
16S rtr CCACCTTCCTCCRGTTTRTCA

Vsm
vsmrtf AAGTCGCCCAAGTGGTGTATCT
vsmrtr CGATGGGAAAGCTAGGGAAGT

CqsA
cqsArtf GCACTTGGTATTGGGTAAA
cqsArtr TTGATGGGCGTCTTGGAT

CqsS
cqsSrtf CTTGTGGGTTGGATGGGCT
cqsSrtr CAAAACAGACGCACGGCTAA

ToxS
toxSrtf CTATTTACTGATTTCGCCAACGG
toxSrtr TGCGTCGGCTTTGCTCTG

FlhG
flhGrtf CGGAGCAATGAGTGAGGAGTA
flhGrtr GAGCCATTGTCACTTTCATCAC

RpoS
rpoSrtf GAGCGTGGCTTCCGTTTC
rpoSrtr CTCTTGCGGTGCGTAGGT
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�l of DNA extract (10 ng �l�1), and 6 �l of nuclease-free water. The
reaction was performed in triplicate at 95°C for 30 s, with 40 cycles of
primer annealing at 95°C for 5 s and primer extension at 60°C for 31 s.
Dissociation curve analysis of amplification products was performed
at the end of each PCR to confirm that only one PCR product was
amplified and detected. All data were given in terms of relative mRNA
levels expressed as means 	 standard errors (SE) (n � 4). The results
were subjected to one-way analysis of variance (ANOVA) followed by
an unpaired, two-tailed t test, and the differences were considered
significant at a P value of �0.05.

Morphological analysis of V. splendidus at different temperatures.
V. splendidus strains JZ6 and TZ19 were cultured in TSB medium with

20‰ salinities at both 10°C and 28°C for 12 h (until the optical density
[OD] reached 0.5). Bacterial cultures were centrifuged at 4,000 � g for
4 min, resuspended with 100 �l sterilized normal saline, and then
washed twice with sterile saline to eliminate interference from the
medium. The morphological structures of JZ6 and TZ19 were ob-
served both by scanning electron microscopy (SEM) at a �10,000
magnification and by using a fluorescence-activated cell sorter (FACS)
flow cytometer (Becton Dickinson) with cell size (forward light scatter
[FSC]) and complexity (side light scatter [SSC]) measurements.

SDS-PAGE and Western blot analysis of extracellular products of V.
splendidus. Extracellular products (ECPs) of V. splendidus strains JZ6 and
TZ19 were obtained according to procedures described previously by
Balebona et al. (33). Strains JZ6 and TZ19 were inoculated in TSB me-
dium with 20‰ salinities at 18°C for 12 h, and 200 �l of culture of each
bacterial strain was spread onto a Zobell 2216E agar plate overlaid with a
sterile cellophane sheet and incubated at 10°C and 28°C for 24 h. Bacterial
cells were harvested with sterile saline, and the cell suspensions were cen-
trifuged at 12,000 � g at 4°C for 10 min. The supernatants were filtered
through 0.22-�m membrane filters and used as the crude ECPs (desig-
nated PJZ6_10, PJZ6_28, PTZ19_10, and PTZ19_28). The total protein contents
of the ECPs were measured according to the bicinchoninic acid (BCA)
method (34).

These four different ECP samples were used at a concentration of 20
�g �l�1, separated electrophoretically by 12% SDS-polyacrylamide gel
electrophoresis (SDS-PAGE), and visualized with Coomassie bright blue
R250. The expression of metalloprotease (Vsm) in the ECP samples was
detected by Western blotting using a monoclonal antibody to JZ6 Vsm
(designed by Abmart Inc.). The ECP samples were electrophoretically
transferred onto a nitrocellulose transfer membrane (Millipore). After
being blocked with a 5% skim milk powder solution, the membrane was

FIG 1 Grouping of differentially expressed genes among the three compari-
son groups, JZ6_10/JZ6_28, TZ19_10/TZ19_28, and JZ6_10/TZ19_10.

FIG 2 Distribution analysis of differentially expressed genes in JZ6_10/JZ6_28, TZ19_10/TZ19_28, and JZ6_10/TZ19_10 comparison groups with histogram
presentation of gene ontology classifications.
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first incubated with an anti-Vsm solution (1:1,000, vol/vol) at room tem-
perature for 1 h, washed with Tris-buffered saline–Tween (TBST) (10
mmol liter�1 Tris-HCl [pH 8.0], 100 mmol liter�1 NaCl, and 0.05% [wt/
vol] Tween 20), and subsequently incubated with a 1:2,000 (vol/vol) dilution
of horseradish peroxidase-conjugated anti-mouse IgG (Life Technologies) at
room temperature for 1 h. After repeated washing, the membrane was incu-
bated with SuperSignalWest Pico (Thermo Scientific) and exposed to film.
Mouse preimmune serum was used as a negative control, and a recombinant
Vsm protein was used as a positive control.

Cytotoxicity test of V. splendidus ECPs. The toxicities of ECPs were
tested by using cells, including oyster primary hemocytes, a human lung
cancer cell line (A549), and a mouse fibroblast cell line (L929). Oyster
primary hemocytes were grown at 18°C by using Leibovitz’s L-15 medium
(Gibco, Life Technologies) supplemented with 10% fetal bovine serum
(Gibco, Life Technologies), while the commercial cell lines A594 and L929
(Keygen BioTECH) were cultured at 37°C with 5% CO2 by using Dulbec-
co’s modified Eagle medium (DMEM) and RPMI 1640 medium (Gibco,
Life Technologies) with 10% fetal bovine serum, respectively, according
to the manufacturer’s instructions.

Different cells were divided into six groups and cultured as mono-
layers in 96-well plates (Coast; Corning) at a concentration of 104 cells
per well with 100 �l of medium. In the experimental groups, 5 �l (10
�g) of four different ECP samples, PJZ6_10, PJZ6_28, PTZ19_10, and
PTZ19_28, was added to each well. Normal cells and cells inoculated
with sterile saline were used as blanks and negative controls. The ef-
fects of ECPs on cell monolayers were observed 3, 6, and 24 h after
stimulation, and the viability of A549 and L929 cells was calculated by
using Cell Counting kit 8 (Beyotime) according to the manufacturer’s
instructions.

Microarray data accession number. The raw sequencing reads
were submitted to the NCBI Sequence Read Archive under accession no.
SRP035223.

RESULTS
Global transcriptional profiles of V. splendidus strains JZ6 and
TZ19 at 10°C and 28°C. There were 14.69 million to 17.43 million
reads obtained after sequencing of four libraries, and these reads

TABLE 2 Some of the upregulated genes in sample JZ6_10

Category and GenBank accession
no. Gene product descriptiona

Expression levelb
Fold change in
expression levelJZ6_10 JZ6_28

Two-component systems
CAV19495.1 Nitrogen regulatory protein P-II, GlnB 4,301.29 1,906.74 2.25583
CAV18204.1 Chaperone protein, TorD 1,094.38 400.163 2.73484
CAV19181.1 Cytochrome c-type protein, TorC 664.605 228.382 2.91006
CAV18208.1 Transcriptional regulatory protein, TorR 1,278.88 389.225 3.28571
CAV17936.1 Alkaline phosphatase, PhoA 259.999 52.2893 4.97232
CAV27738.1 Putative two-component sensor 226.494 40.7308 5.56076
CAV17573.1 DNA-binding response regulator, PhoB 583.169 41.2896 14.1239

Prokaryote-type ABC transporters
CAV25568.1 Substrate-binding protein precursor 266.587 132.424 2.01313
CAV26093.1 Substrate-binding protein precursor 460.395 220.856 2.08459
CAV26059.1 Transmembrane and ATP-binding protein 136.434 62.1462 2.19537
CAV18564.1 Transmembrane protein 131.833 47.6521 2.76657
CAV26801.1 Substrate-binding protein precursor 120.826 41.7848 2.89163
CAV18669.1 Permease protein 188.82 56.4247 3.34641
CAV25570.1 Transmembrane protein 199.363 58.8266 3.38899
CAV26807.1 Transmembrane protein 139.94 40.7586 3.43339
CAV27507.1 Substrate-binding protein precursor 107.275 27.0638 3.96378
CAV25612.1 Transmembrane protein 52.2,864 10.0918 5.18108
CAV26058.1 Transmembrane and ATP-binding protein 316.893 59.2151 5.35156
CAV25872.1 Substrate-binding protein precursor 91.3,874 16.7836 5.44504
CAV17882.1 Substrate-binding protein precursor 151.885 5.60258 27.1098

Bacterial secretion systems
CAV20266.1 Preprotein translocase subunit, SecE 11,835.6 4,540.29 2.60679
CAV20299.1 Cell division protein, FtsY 817.819 232.308 3.52041

Pilus assembly proteins
CAV19597.1 Flp pilus assembly protein, FlhG 189.81 10.3781 18.2895
CAV19596.1 Flp pilus assembly protein, VS_2437 154.652 18.4313 8.39073

Vibrio cholerae pathogenic cycle
CAV19699.1 HTH-type transcriptional regulator, HapR 860.788 343.366 2.50691
CAV18909.1 Aminotransferase, CqsA 1,141.75 446.578 2.55667
CAV19434.1 Transmembrane regulatory protein, ToxS 358.616 104.648 3.42688
CAV18910.1 Sensor histidine kinase, CqsS 67.1,794 14.0415 4.78435
CAV26646.1 RpoS-like sigma factor, RpoS 728.066 40.7599 17.8623
CAV18407.1 Extracellular zinc metalloprotease, Vsm 2,521.28 37.0821 67.9918

a HTH, helix-turn-helix.
b Expression levels are fragments per kilobase of transcript per million mapped reads (FPKM).
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were aligned to the LGP32 genome sequence (NCBI GenBank
accession no. NC_010717.1). The global transcriptional profiles
of V. splendidus JZ6 and TZ19 at 10°C and 28°C were obtained by
data normalization and statistical analysis (see Fig. S1 in the sup-
plemental material). There were 775 genes in strain JZ6 (compar-
ison of JZ6_10/JZ6_28) and 612 genes in strain TZ19 (comparison
of TZ19_10/TZ19_28) expressed differently in a temperature-de-
pendent manner, and there were 974 genes with different expres-
sion between JZ6 and TZ19 at 10°C (comparison of JZ6_10/
TZ19_10). The complete lists of all differentially expressed genes
are given in Tables S1 to S3 in the supplemental material.

A Venn diagram of differentially expressed genes was plotted
with three comparisons of transcriptional profiles (Fig. 1), includ-
ing JZ6 at 10°C and 28°C (JZ6_10/JZ6_28), TZ19 at 10°C and 28°C
(TZ19_10/TZ19_28), and JZ6 and TZ19 at 10°C (JZ6_10/
TZ19_10). In total, 358 differentially expressed genes were ob-
tained in the comparisons between groups JZ6_10 and JZ6_28
(temperature difference group) and between groups JZ6_10 and
TZ19_10 (pathogenicity difference group). Among them, 117
genes were collectively observed in the three groups of JZ6_10/
JZ6_28, JZ6_10/TZ19_10, and TZ19_10/TZ19_28, which repre-
sented common genes responding to changes of environmental
temperature in strains JZ6 and TZ19.

Gene ontology and KEGG analysis of specific temperature-
regulated genes. Differentially expressed genes in the three com-
parison groups were classified by using the Web Gene Ontology
Annotation Plot (WEGO) assignment (Fig. 2), and they were clas-
sified into three main categories (cellular component, molecular
function, and biological process) and subdivided into 34 func-
tional groups. In the WEGO classifications, differentially ex-
pressed genes were dominantly clustered into common life pro-
cesses such as “cell,” “cell part,” “binding,” “catalytic,” “cellular
process,” and “metabolic process” and environmental adaptation
processes such as “extracellular region,” “transcription regulator,”
and “response to stimulus.”

For 358 differentially expressed genes, 213 upregulated and 145
downregulated genes were identified as specific molecules associ-
ated with temperature regulation in JZ6. These genes were
mapped to the KEGG pathway with reference to V. splendidus
LGP32. The upregulated genes in JZ6 at 10°C were mainly clus-
tered into the “two-component system,” “prokaryote-type ABC
transporter,” and “Vibrio cholerae pathogenic cycle” pathways
(Table 2; see also Fig. S2 to S4 in the supplemental material), while
the genes encoding heat shock-related (ibpA, dnaK, and htpG,
etc.) and flagellum-assembling (flgF, flagellin core protein A, and
polar flagellin B, etc.) proteins were upregulated in JZ6 at 28°C
(Fig. 3).

Set of upregulated genes related to pathogenicity and viru-
lence of JZ6 at 10°C. Comprehensive functional and KEGG anal-
yses of the upregulated genes revealed that there were 10 pivotal
genes involved in adhesion, protein secretion, and virulence of V.
splendidus, including 2 genes (secE and ftsY) in the Sec-dependent
pathway, 2 genes (flhG and VS_2437) for Flp pilus assembly, and 6
genes (toxS, cqsA, cqsS, rpoS, hapR, and vsm) in the Vibrio cholerae
pathogenic cycle.

SecE (GenBank accession no. CAV20266.1) and FtsY (acces-
sion no. CAV20299.1) were essential proteins in the Sec-depen-
dent pathway, and their expression levels were increased 2.61- and
3.58-fold, respectively, in JZ6 at 10°C in comparison with those at
28°C. FlhG (accession no. CAV19597.1), an antiactivator of fla-

gellar biosynthesis, and the pilus assembly protein VS_2437 (ac-
cession no. CAV19596.1) were also upregulated 18.29-fold and
8.39-fold, respectively.

The expression levels of six genes in the Vibrio cholerae patho-
genic cycle pathway, including genes encoding one transmem-
brane regulatory protein, ToxS (3.43-fold); two temperature-de-
pendent transcriptional regulators, CqsA (2.56-fold) and CqsS
(4.78-fold); one RNA polymerase nonessential primary-like
sigma factor, RpoS (17.86-fold); one hemagglutinin (HA)/pro-
tease regulatory protein, HapR (2.51-fold); and one extracellular
zinc metalloprotease/hemagglutinin, Vsm (67.99-fold) (Fig. 4A),
were higher in JZ6 when it was cultured at 10°C. The expression
levels of these six genes were further verified by qRT-PCR (Fig.
4B). Their relative expression levels in JZ6_10 were all signifi-
cantly higher (P � 0.05) than those in JZ6_28, TZ19_10, and
TZ19_28, while the expression levels of the vsm, cqsS, toxS, and
hapR genes were significantly higher in JZ6_10 (P � 0.01). The
expression level of the rpoS gene in JZ6 at 10°C was significantly
higher (P � 0.01) than those in JZ6_28 and TZ19_10 but lower
than that in TZ19_28.

ECPs and morphological differences in JZ6 at 10°C and 28°C.
The morphological features of JZ6 and TZ19 were observed, with
notable differences between those at 10°C and at 28°C as deter-
mined by SEM. Both JZ6 and TZ19 cells cultured at 10°C were
larger than when they were grown at 28°C (Fig. 5A and C). There
were some “appendages” distributed on the cell surface of JZ6 cells
cultured at 10°C, which constituted more complicated structures
than those of cells at 28°C. In addition, cells of JZ6 at 10°C were
more prone to form aggregations than cells at 28°C (Fig. 5A and
B). Conversely, the outer surface of TZ19 cells was smoother than
that of JZ6 cells at both 10°C and 28°C, and no aggregation was
observed (Fig. 5C and D).

The size and complexity of JZ6 cells at different temperatures
were also determined by FACS flow cytometry. The major popu-
lation of bacterial cells was clearly identified as the peak 1 (P1) area
by size and complexity analyses, which covered almost all cells
(92.4%) of JZ6 cultured at 10°C (Fig. 6). Only 74% of JZ6 cells at
28°C fell into this area, and other cells outside were smaller and
less complex than JZ6 cells at 10°C by both SSC and FSC analyses.
JZ6 cells were obviously clustered into two groups when they were

FIG 3 Partial list of key genes involved in the heat shock response and motility
of JZ6 upregulated at 28°C.
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FIG 4 Expression pattern of virulence-related genes involved in the Vibrio cholerae pathogenic cycle. (A) KEGG pathway diagram of virulence-related genes in
the Vibrio cholerae pathogenic cycle (generated using the KEGG PATHWAY database [Kanehisa Laboratories]). Genes highlighted in gray are upregulated in JZ6
at 10°C. cAMP, cyclic AMP; MSHA, mannose-sensitive hemagglutinin; TCP, toxin-coregulated pilin. (B) Detection of relative expression levels of six upregu-
lated genes of the Vibrio cholerae pathogenic cycle by qRT-PCR.
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cultured at 10°C compared with those at 28°C (Fig. 6A and B). The
more intuitive result could also be observed by single-SSC analysis
(Fig. 6C), and the cells in this special group occupied 32.3% of the
population of JZ6 cells at 10°C.

SDS-PAGE analysis revealed differences among the ECP sam-
ples (PJZ6_10, PJZ6_28, PTZ19_10, and PTZ19_28) (Fig. 7). The band
patterns were different in samples PJZ6_10 and PJZ6_28, and a very
thick band was observed in PJZ6_10 but not in PJZ6_28. There were
fewer bands in both PTZ19_10 and PTZ19_28 than in PJZ6_10 and
PJZ6_28. A distinct band was observed in sample PJZ6_10 by Western
blot analysis using the Vsm monoclonal antibody, which had the
same molecular weight as that of the rough band observed by
SDS-PAGE. No obvious band was detected for the other three
ECP samples.

Cytotoxicity of JZ6 ECPs at 10°C. The ECPs of JZ6 at 10°C
(PJZ6_10) exhibited obvious cytotoxicity to oyster primary hemo-
cytes, A549 cells, and L929 cells. After incubation with PJZ6_10, the
cell shape became round, shrunken, and detached from 3 h to 24
h. The monolayers of all three cell types were completely de-
stroyed, and only small spheroid textures were observed at 24 h
after treatment with PJZ6_10 (Fig. 8). There were no significant
changes in cell structures and morphological characteristics for
normal cells in the blank, negative-control, or other treatment
groups.

In the Cell Counting kit 8 assay, the viability values for A549
cells were significantly lower (P � 0.01) in the PJZ6_10 treatment
group than in the other groups after incubation for 24 h (Fig. 9A).
The value for the blank group was higher (P � 0.05) than those for
the PJZ6_28, PTZ19_10, PTZ19_28, and sterile saline groups, while no
significant differences were observed among the latter four
groups. The same result was also obtained for L292 cells in differ-
ent treatment groups (Fig. 9B).

DISCUSSION

V. splendidus strain JZ6 was a pathogenic agent isolated from
lesions of diseased Yesso scallops in a low-temperature envi-
ronment (5). It shared 100% 16S rRNA gene sequence similar-
ity with TZ19, a nonpathogenic V. splendidus isolate from mor-
ibund Yesso scallops at the same time in winter (5). Yesso scallops
usually grow at an optimal temperature of 
4°C to 8°C, and ju-
venile scallops are transferred from the hatching place to a cul-
tured environment in winter (35). Compared with other reported
pathogenic V. splendidus strains, JZ6 causes massive mortality of
scallops at 10°C, and its virulence was weakened with increased
temperature. Hence, environmental temperature was suspected
to be one of the key regulators of the virulence of V. splendidus.

In the present study, changes of gene expression in pathogenic
strain JZ6 and nonpathogenic strain TZ19 of V. splendidus cul-
tured at 10°C and 28°C were investigated by transcriptome anal-
ysis. There were 775 differentially expressed genes in JZ6_10/
JZ6_28, 612 differentially expressed genes in TZ19_10/TZ19_28,
and 974 differentially expressed genes in JZ6_10/TZ19_10. Inter-
estingly, in total, 388 upregulated genes and 586 downregulated
genes were found in JZ6_10 compared with those in TZ19_10,
indicating that genes of different V. splendidus strains were ex-
pressed differently even though they inhabited the same ecological
niche. It has been reported that environmental factors such as
temperature, pH, and salinity play major roles in shaping the ad-
aptation of microorganisms to various environments (14, 18, 36).
The differentially expressed genes identified in the present study
provided new insight to explain the mechanisms underlying the
adaptation of V. splendidus at low temperatures and the regulation
of virulence as well.

There were 422 genes upregulated and 351 genes downregu-
lated in JZ6_10 compared to those in JZ6_28. After GO distribu-
tion analysis, no specific enrichment was found in the upregulated
genes from JZ6_10 compared with the reference, indicating that
the gene expression and physiological status of strain JZ6 cultured
at 10°C might be similar to those under normal conditions. The
351 downregulated genes in JZ6_10 (or, rather, upregulated genes
in JZ6_28) were assigned to 25 biological processes by GO distri-
bution analysis, mainly including bacterium-type flagellum, cell
projection, and cell motility (see Fig. S5 in the supplemental ma-
terial). For these biological processes, some representative genes,
such as those encoding the small heat shock protein IbpA, heat
shock protein 70 (chaperone protein DnaK), DnaK-related pro-
tein, the chaperone protein HtpG, the flagellar basal body rod
protein FlgF, flagellin core protein A, and polar flagellin B, were
involved in the heat stress response and the flagellar assembly
process, indicating that these genes might be of benefit for
protecting JZ6 from high temperatures and escape from ad-
verse environments (37–39). These results could partly explain
the adaptation of JZ6 to low temperatures and its survival in
high-temperature environments.

In the Venn diagram of differentially expressed genes in three
comparative groups (JZ6_10/JZ6_28, TZ19_10/TZ19_28, and
JZ6_10/TZ19_10), there were 241 differentially expressed genes
closely related to the high pathogenicity of JZ6 at low tempera-
tures. Most of these genes were involved in adhesion, protein se-
cretion, and virulence of bacteria. In general, the pilus and flagel-
lum are both important proteinaceous structures on the surface of

FIG 5 Scanning electron microscope photographs of V. splendidus strains JZ6
and TZ19 cultured at 10°C and 28°C. (A) JZ6 at 10°C. (B) JZ6 at 28°C. (C)
TZ19 at 10°C. (D) TZ19 at 28°C. (Magnification, �10,000.)
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Gram-negative bacteria. The pilus is a critical virulence factor in
mediating the attachment and invasion of bacteria into host cells,
while the flagellum is mainly responsible for cell motility. It has
been reported that some pilus proteins could negatively regulate
the expression of flagellar proteins and the process of flagellar
biosynthesis (40–42). In Vibrio species, FlhG is a typical pilus as-
sembly protein with a function as an antiactivator for flagellar
biosynthesis, and its high expression would impact the synthesis
of the flagellum (43). The upregulation of FlhG and downregula-

tion of flagellar proteins in JZ6_10 in the present study were ex-
actly consistent with data from previous reports. Furthermore,
another pilus assembly protein, VS_2437, annotated as a protein
required for T-pilus biogenesis and virulence to host cells (44, 45),
was also upregulated in JZ6_10. The difference in expression be-
tween pilus and flagellum assembly proteins suggested that the
ability for adhesion was improved and that the motility of strain
JZ6 was reduced at 10°C, which might facilitate invasion of the
host by strain JZ6_10.

FIG 6 FACS flow cytometry analysis of the size and complexity of JZ6 cells at 10°C and 28°C. (A) Scatter diagram for FSC and SSC analyses. (B) Peak diagram
for single-FSC analysis. (C) Peak diagram for single-SSC analysis.
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The Vibrio cholerae pathogenic cycle is a classic pathway for the
expression of virulence factors in pathogenic Vibrio spp., which
was closely associated with the quorum sensing, infection, and
secretion systems (46). In the present study, six homologous pro-
teins (HapR, CqsA, CqsS, ToxS, Vsm, and RpoS) involved in the
Vibrio cholerae pathogenic cycle were found to have upregulated
expression in JZ6_10. The hemagglutinin/protease regulatory
protein (HapR) is a master regulator of quorum sensing that op-
erates social behaviors of bacteria, such as alternation between
individual and group behaviors and secretion of virulence factors
at high cell densities (47–51). When HapR was highly expressed,
some autoinducers accumulated to trigger the signaling proper-
ties of CqsA-CqsS pairs in the quorum sensing system (52, 53). In
the present study, the expression levels of HapR, CqsA, and CqsS
in JZ6 were higher at 10°C than at 28°C, indicating that the viru-
lence of strain JZ6 was heightened by the activation of the quorum

sensing system at low temperatures, and the activation of quorum
sensing was also observed with the aggregation of bacterial cells in
JZ6 at 10°C by both SEM and FACS analyses. In addition, as a
regulatory protein for the Zn-dependent metalloprotease HA/
protease in V. cholerae, HapR could promote the expression of
HA/protease by cooperation with the general stress response reg-
ulator RpoS (46). In V. splendidus, a metalloprotease (designated
Vsm, the homolog of HA) was confirmed as the major determi-
nant of toxicity of ECPs (54, 55), the expression of which was
increased 67.99-fold with high expression levels of HapR (2.51-
fold) and RpoS (17.86-fold) in strain JZ6 at low temperatures in
the present study. Although there was no further information
about the regulation effects of HapR and RpoS on Vsm expression
in V. splendidus, it was supposed that a pathogenic cycle pathway
similar to the Vibrio cholerae pathogenic cycle might be activated
in JZ6 at low temperatures, and the upregulation of these genes
might contribute to the ability of bacteria with the highest viru-
lence to invade hosts.

For Gram-negative bacteria, secretion systems are vital for
pathogenic bacteria to complete their infection. Among them,
the general secretory pathway (Sec) is the first secretion system
discovered in bacteria (56), which accomplishes the transport
and secretion of proteins across the cytoplasmic membrane to
the bacterial periplasm and outer membrane by the signal rec-
ognition particle (SRP) (57). The SRP-protein complex in the
cell cytoplasm is first captured by the SRP receptor (named
FtsY) and then delivered to the SecYEG complex and secreted
out of the cell (58, 59). In the SecYEG complex, SecE was con-
sidered an essential molecule to maintain the stability of this
structure, and its high expression could also promote the se-
cretion of proteins (60, 61). In the present study, the expres-
sions of FtsY and SecE were upregulated in JZ6 when it was
cultured at 10°C, as determined by transcriptome analysis.
Hence, it was suspected that the increased expression of these
genes in the Sec-dependent pathway could be the essential
mechanism for JZ6 to enhance the transport and secretion of
Vsm at low temperatures.

FIG 7 ECPs of JZ6 and TZ19 cultured at 10°C and 28°C analyzed by SDS-
PAGE and Western blotting. Lane M, protein molecular mass standards (in
kilodaltons). PJZ6_10, ECP of JZ6 cultured at 10°C; PJZ6_28, ECP of JZ6 cultured
at 28°C; PTZ19_10, ECP of TZ19 cultured at 10°C; PTZ19_28, ECP of TZ19 cul-
tured at 28°C. Western blotting detected the extracellular metalloprotease
(Vsm) of V. splendidus with polyclonal antiserum (rat anti-Vsm) diluted
1:1,000.

FIG 8 Cytotoxicity of ECPs from different bacterial samples to oyster primary hemolymph cells, human lung cancer cells (A549), and mouse fibroblast cells
(L929).
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Vsm has been found to have toxicity to mollusk and mouse
fibroblastic cell lines (54, 55). In the present study, the high
expression level of Vsm in strain JZ6 at 10°C was also con-
firmed by Western blotting, which was consistent with the re-
sults of transcriptome analysis and qRT-PCR analysis, and the
cytotoxicity of JZ6 ECPs to oyster primary hemolymph cells,
A549 cells, and L929 cells was further examined to determine
the association of the high expression level of Vsm with viru-
lence of JZ6. Compared with PTZ19_10, PTZ19_28, and PJZ6_28,
ECP sample PJZ6_10 manifested strong cytotoxicity to all tested
cells, which suggested a positive correlation of pathogenicity
with the expression of Vsm. All these results indicated that the
specific transcriptional pattern and the high expression levels
of genes in virulence-associated biological processes could reg-
ulate the synthesis and secretion of Vsm at 10°C, which en-
dowed JZ6 with high pathogenicity to aquaculture animals at
low temperatures.

Conclusion. In total, 358 differentially expressed genes were
identified by comparing the transcripts of pathogenic strain JZ6
and nonpathogenic strain TZ19 at 10°C and 28°C, which were
considered to be closely related to the high pathogenicity of JZ6 at
low temperatures. Ten of these molecules, FlhG, VS_2437, ToxS,
CqsA, CqsS, RpoS, HapR, Vsm, SecE, and FtsY, were identified as
key molecules in adhesion, quorum sensing, virulence, and pro-
tein secretion systems of V. splendidus. The high expression levels
of these genes could enhance adhesion, activation of the quorum
sensing system, and upregulation of the synthesis of virulence fac-
tors and their secretion and, lastly, increase the pathogenicity of
JZ6 at 10°C.
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