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The outbreak of pathogens can induce diseases and lead to massive mortalities of
aquaculture animals including fish, mollusk and shrimp. In this work, the responses
induced by Micrococcus luteus and Vibrio anguillarum were investigated in hepatopancreas of
mussel Mytilus galloprovincialis using proteomics and metabolomics. Metabolic biomarkers
demonstrated that M. luteus and V. anguillarum injections could induce osmotic stress and
disturbance in energy metabolism. And the uniquely and more markedly altered metabolic
biomarkers (glutamine, succinate, aspartate, glucose, ATP, homarine and tyrosine)
indicated that V. anguillarum could cause more severe disturbances in osmotic regulation
and energy metabolism. The differentially altered proteins meant that M. luteus and
V. anguillarum induced different effects in mussels. However, the common proteomic
biomarkers, arginine kinase and small heat shock protein, demonstrated that these two
bacteria induced similar effects including oxidative stress and disturbance in energy
metabolism in M. galloprovincialis. In addition, some metabolic biomarkers, ATP and
glutamine, were confirmed by related proteins including arginine kinase, ATP synthase,
nucleoside diphosphate kinase and glutamine synthetase in bacteria-challenged mussels.
This study demonstrated that proteomics and metabolomics could provide an insightful
view into the effects of environmental pathogens to the marine mussel M. galloprovincialis.

Biological significance
The outbreak of pathogens can lead to diseases and massive mortalities of aquaculture
animals including fish, mollusk and shrimp. The mussel M. galloprovincialis distributes
widely along the Bohai coast and is popularly consumed as delicious seafood by local
residents. This bivalve has become one of the important species in marine aquaculture
industry in China. Therefore a study on pathogen-induced effects is necessary. In the
present study, an integrated metabolomic and proteomic approach was used to elucidate
the differential effects induced by the representative Gram-positive (M. luteus) and
Gram-negative (V. anguillarum) bacteria in M. galloprovincialis.
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1. Introduction

Theoutbreakofpathogenpollutants can lead to significant losses
of production for aquaculture industry as pathogens can cause
diseases, reduce product quality and lead to massive mortalities
of aquaculture animals including fish,mollusk and shrimp [1]. In
addition, the consumption of pathogen-infected seafood may
cause food poisoning and therefore poses high risk on human
health [2]. Among the aquaculture animals,marine bivalves such
as scallopChlamys farreri, clamRuditapes philippinarumandmussel
Mytilus galloprovincialis are of great economic values and widely
cultured in China. In different marine bivalves, pathogens (such
as vibrios) can usually induce changes in phagocyte activity,
increases in hydrolytic enzyme activities and excessive produc-
tion of reactive oxygen species (ROS) in the soluble hemolymph
fraction [3,4]. The mussel M. galloprovincialis distributes widely
along the Bohai coast and is popularly consumed as delicious
seafood by local residents. Therefore this bivalve has becomeone
of the important species in marine aquaculture industry in
China. M. galloprovincialis is a preferable bioindicator for marine
environmental contaminants in ‘Mussel Watch Program’ and
frequently investigated as an experimental species in ecotoxi-
cology due to its high accumulation and tolerance to marine
environmental contaminants [5,6]. In addition, as a filter-feeder,
M. galloprovincialis can accumulate a large amount of bacteria
from the seawater and therefore has been used in immunity
studies of marine aquaculture animals [7]. Traditional ap-
proaches in the immune innate system in M. galloprovincialis
consist of histological studies on the lesions and the identifica-
tion and characterization of a certain class of molecules in the
immune network at gene and protein levels [7–10]. For example,
infection of vibrios (Vibrio splendidus and Vibrio anguillarum) could
significantly up-regulated the expression of antioxidant en-
zymes (catalase and glutathione transferase), lysozymes and
metallothioneins which are involved in immune defense sys-
tems inM. galloprovincialis [8]. Since researchers basicallywork on
the identification and function characterization of immune-
related molecules using cloning and recombinant technologies,
which have few opportunities to discover newmolecules related
to immunity, these researches obviously presented a primary
but comprehensive understanding of immune responses of
M. galloprovincialis to pathogen challenges.

With the emergence and development of system biology
techniques, including genomics, transcriptomics, proteomics
and metabolomics, have offered great potential in unraveling
biological problems and have been successfully employed in
multiple areas such as environmental sciences, drug discovery
and immunology [11–13]. Among these approaches, proteomics
can theoretically present all the proteins encoded by the given
genome in an organism [14]. The two-dimensional electrophore-
sis (2-DE)-based proteomics remains widely useful to character-
ize complex biologically functional protein networks [15]. Not
only can proteomics describe a complete proteome at organelle,
cell, or tissue levels, but it can also compare proteomes and then
detect proteomic differences caused by either biotic or abiotic
stressors [16]. Metabolomics usually focuses on the whole set of
low molecular weight (<1000 Da) metabolites that are the end
products in various biological systems including organs, tissues,
biofluids, or evenwhole organisms [17,18]. Similar to proteomics,
a comparative profiling of metabolomes can give metabolic
responses induced by exogenous factors in organisms [19,20].
Since proteomics and metabolomics may characterize the
perturbations in metabolites and proteins involved in the same
metabolic pathway, their combination can better understand the
biological effects of stressors in organisms [21]. These perturbed
metabolites and proteins are a definite set of molecular bio-
markers related to biological effects of stressors [11,12]. There-
fore, these two ‘-omic’ techniques provide a great potential in
environmental monitoring of environmental stressors, such as
pathogens, using corresponding metabolite and protein bio-
markers. To our knowledge, no attempt has been made to test
the responses inducedbybacteria inmarineaquaculture animals
using a combined proteomic and metabolomic approach.

As aGram-negative bacterium,V. anguillarum is thedominant
pathogen for marine aquaculture animals along the Bohai coast
in China. V. anguillarum is an opportunistic pathogen and
expresses pathogenicity when its host is injured or immuno-
compromised [1,22,23]. Micrococcus luteus is a Gram-positive
bacterium that can be found in both aquatic and soil environ-
ments as well as in aquatic organisms [24]. InM. galloprovincialis,
several studies have compared the responses to both Gram-
positive and Gram-negative bacteria based on the gene expres-
sion and functional parameters involved in immune system
[7,10]. In this study, the proteomic and metabolomic responses
were compared inM. galloprovincialis challenged byV. anguillarum
and M. luteus, respectively. The tissue of hepatopancreas from
M. galloprovincialis was used for proteomic and metabolomic
analysis, since this organ is an important digestive and immune
organ and can accumulate a large number of bacteria due to the
filter-feeding habit of invertebrates [8,25]. The aim of this work
was to illustrate the differential effects induced by these two
representative Gram-positive and Gram-negative bacteria in
M. galloprovincialis.
2. Materials and methods

2.1. Animals and experimental conditions

AdultmusselsM. galloprovincialis (shell length: 5.5–6.0 cm, n = 24)
were collected in July 2012 from an aquaculture farm (Yantai,
China). Animals were transported to the laboratory and accli-
matized in aerated natural seawater (salinity 31 PSU) for 10 d.
After acclimatization, the animalswere randomly separated into
four groups (blank, PBS control, M. luteus and V. anguillarum
challenges) each containing 6 individuals in 12 L filtered sea-
water. The culture seawater was renewed daily. During the
acclimation and experimental periods, mussels were kept at
25 °C under a photoperiod of 12 h light and 12 h dark, and fed
with theChlorella vulgaris at a ration of 2% tissue dryweight daily.

2.2. Challenge experiment

For challenge experiment, live V. anguillarum and M. luteus
were re-suspended in PBS, respectively. Each mussel of
bacteria-challenged groups was injected with V. anguillarum
and M. luteus in 50 μL PBS (137 mM NaCl, 2.7 mM KCl, 10 mM
Na2HPO4, 2 mM KH2PO4, pH 7.4) in the adductor muscle with a
final concentration of 107 CFU/mL, respectively. It should be
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noted that this concentration of bacteria was used to study
the immune responses of M. galloprovincialis and not environ-
mental relevant. The animals in PBS control group were
injected with 50 μL PBS. The group without any treatment was
used as blank group. For injection, each mussel was poked
slightly at the edge of the shells. Then the PBS or bacteria
solution was injected carefully into the adductor muscle using
a syringe. After injections, all themussels were put back to the
tanks and sampled at 24 h post-injection. Hepatopancreas of
each mussel was dissected quickly and flash-frozen in liquid
nitrogen, and then stored at −80 °C before protein, RNA
and metabolite extraction. For further procedures, each treat-
ment consisted of 6 and 3 (2 pooled into 1) replicates for
metabolomic and proteomic analysis, respectively.

2.3. Protein extraction

Total protein extraction was applied based on Lee et al. [26]
and Kirkland et al. [27] with some modifications. Briefly, the
tissue of hepatopancreas was homogenized quickly on ice
with 1 mL of Trizol reagent and centrifuged at 12,000 g for
5 min at 4 °C. The supernatant was added with 200 μL of
chloroform before shaking vigorously for 3 min and precipi-
tating for 3 min. Then the mixture was centrifuged at 12,000 g
for 15 min at 4 °C and its upper aqueous layer was discarded.
A volume of 300 μL of absolute ethyl alcohol was added
and the mixture was allowed to stand for 3 min at room
temperature before being centrifuged at 2000 g for 5 min at
4 °C. The phenol/ethanol supernatant was precipitated for
30 min at room temperature by the addition of 750 μL of
isopropanol prior to centrifugation at 14,000 g for 10 min at
4 °C. Pellets obtained were washed with 1 mL ethanol (v/v
95%) and centrifuged at 14 000 g for 10 min at 4 °C. This
procedure was repeated twice. The pellets were solubilized in
the lysis buffer (7 M urea; 2 M thiourea; 4%m/v CHAPS; 65 mM
DTT and 0.2% w/v Bio-lyte buffer) and then incubated for 3 h
at room temperature [28]. The homogenate was centrifuged at
15,000 g for 10 min and the supernatant was applied to
electrophoresis. The total concentrations of proteins were
determined by Protein Assay Kit of Tiangen.

2.4. Metabolite extraction

Polar metabolites in mussel hepatopancreas tissues (n = 6 for
each treatment) were extracted by the modified extraction
protocol as described previously [29,30]. Briefly, the hepato-
pancreas tissue (100 mg) was homogenized in 400 μL of
methanol and 85 μL of water. Then the mixture was shaken
and centrifuged (5 min, 3000 g, at 4 °C), and the supernatant
substance was removed. A total of 200 μL of chloroform and
440 μL of water were added to the supernatant, and the
mixture was vortexed and centrifuged again (10 min, 3000 g,
4 °C). The methanol/water layer with polar metabolites was
transferred to a glass vial and dried in a centrifugal concentrator.
The extracts of hepatopancreas were then re-suspended in
600 μL of phosphate buffer (100 mM Na2HPO4 and NaH2PO4,
including 0.5 mMTSP, pH 7.0) in D2O. Themixture was vortexed
and centrifuged at 3000 g for 5 min at 4 °C. The supernatant
substance (550 μL) was then pipetted into a 5 mm NMR tube
prior to NMR analysis.
2.5. RNA extraction and quantitation of gene expressions

Total RNA from the hepatopancreas tissue was isolated follow-
ing the manufacturer's directions (Invitrogen), and the first-
strand cDNA synthesis was carried out according to M-MLV RT
Usage information (Promega) using oligo (dT)-adaptor (5′-CTCG
AGATCGATGCGGCCGCT17-3′) as primer and theDNase I-treated
(Promega) total RNA as template. The expressions of the
housekeeping genes (Table 1) in M. galloprovincialis hepatopan-
creas were determined by qRT-PCR, the data were analyzed
with geNorm to calculate the expression stability of the genes
(M values) and the optimal number of reference genes required
for accurate normalization (V values) [31]. GeNorm identified
β-actin as the most stable gene, which was lower than the
expression stability threshold of 1.5, then was followed in sta-
bility by glyceraldehyde-3-phosphate dehydrogenase, α-tubulin,
28s rRNA and 18s rRNA. The results showed that the V2/3 value
of 0.132 was less than the proposed geNorm cutoff value of 0.15,
which meant that the gene of β-actin was the most stable gene
and was then used as the internal control for gene expression
normalization.

Gene-specific primers (Table 2) for selected genes were
used to amplify amplicons specific for M. galloprovincialis. The
fluorescent real-time quantitative PCR amplifications were
carried out in triplicate in a total volume of 20 μL containing
10 μL of 2 × SYBR Premix Ex Taq™ (TaKaRa), 0.4 μL of
50 × ROX Reference DYE ІІ, 4.8 μL DEPC-treated H2O, 0.4 μL of
each primer, and 4.0 μL of 1:20 diluted cDNA. The fluorescent
real-time quantitative PCR program was as the following:
50 °C for 2 min and 95 °C for 10 min, followed by 40 cycles of
94 °C for 15 s, 58 °C for 45 s, and 72 °C for 30 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. After the PCR program, data were
analyzed with the ABI 7500 SDS software (Applied Biosystems).
To maintain consistency, the baseline was set automatically by
the software. The comparative CT method (2−ΔΔCT method) was
used to analyze the expression level of the genes [32].

2.6. Two-dimensional gel electrophoresis

The first dimension (IEF) was performed using Immobiline
Drystrip (24 cm, pH 3–10, linear). One hundred and forty
micrograms of proteins to a final volume of 450 μL was
loaded. Isoelectric focusing gel solution containing 7 M urea,
2 M thiourea, 4% m/v CHAPS, 65 mM DTT, 0.001% m/v
Bromophenol blue and 0.2% w/v Bio-lyte buffer. IEF was
conducted at 20 °C with an Ettan IPGphor3 system for a total
of 85,858 V h (active rehydration was carried out at 30 V for
12 h, followed by 100 V for 5 h, 500 V for 1 h, 1000 V for 1 h,
and a linear increase of voltage to 8000 V for 11 h).

After the first dimension, strips were placed in equilibra-
tion buffer (0.05 M Tris–HCl, pH 8.8; 6 M urea; 30% glycerol; 2%
w/v SDS; containing 1% w/v DTT) and were slowly shaken for
15 min. The strips were then incubated for another 15 min in
the equilibration buffer with 2.5% (w/v) iodoacetamide with-
out DTT. The second dimension was conducted on 12.5%
SDS-PAGE gels using the Ettan DALTsix system. After electro-
phoresis, the gels were silver stained by following the method
of Mortz and Gharahdaghi [33,34]. Images were captured by



Table 1 – The primer sequences for the determination of housekeeping genes from M. galloprovincialis.

Gene name Forward primer (5′–3′) Reverse primer (5′–3′)

β-Actin GCTATCCAGGCCGTACTCT GCGGTGGTTGTGAATGAG
α-Tubulin GACCACCCATACCACCCTT CTCCGTGAGATCGACATTC
18s rRNA AGAAACGGCTACCACATCC TGCCCTCCAATAGATCCTC
28s rRNA CCGAGACCGAGGATTTGCC ACCGATTCGCCACTGACCC
Glyceraldehyde-3-phosphate dehydrogenase AGGGTCCAATGAAGGGTG TTAAGAGCGATGCCAGCT
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ImageScanner III and spots were quantitatively analyzed by
using ImageMaster 2D Platinum 7.0. The abundance of each
protein spot was estimated by the percentage volume (% vol).
Only those with significant changes (>1.5 folds and p < 0.05)
based on one-way ANOVAwere considered to be differentially
expressed proteins.

2.7. In gel digestion and MS analysis

In gel digestion was according to Katayama et al. [35]. Protein
spots were washed three times with ultrapure water, de-
stained with 25 mmol/L NH4HCO3 in 50% v/v acetonitrile at
room temperature for 30 min. The gels were dried using 50%
acetonitrile for 30 min and 100% acetonitrile for another
30 min. The samples were rehydrated in 10 μL of cover
solution (0.02 g/L w/v trypsin, 25 mmol/L NH4HCO3 and 10%
acetonitrile) for 30 min, and then covered with the same
solution but without trypsin for digestion overnight at 37 °C.
The supernatants were extracted with 5% TFA in 67%
acetonitrile at 37 °C for 30 min, and then were centrifuged at
5000 g for 5 min, so the peptide extracts and the supernatant
of the gel spot were combined.

After being completely dried the samples were re-suspended
with 5 μL of 0.1% TFA followed by mixing in 1:1 ratio with a
saturated solution of α-cyano-4-hydroxy-trans-cinnamic acid in
50% acetonitrile [36]. One microliter of mixture was analyzed by
an ABI 4800 MALDI-TOF/TOF Plus mass spectrometer (Applied
Biosystems, Foster City, USA), data were acquired in a positive
MS reflector using aCalMix5 standard to calibrate the instrument
(ABI4800 CalibrationMixture). Both theMS andMS/MS datawere
integrated andprocessedbyusing theGPSExplorerV3.6 software
(Applied Biosystems, USA) with default parameters. Proteins
were successfully identified based on 95% or higher confidence
interval of their scores in theMASCOTV2.4 search engine (Matrix
Science Ltd., London, U.K.). Those proteins of the highest scores
for protein spots were chosen for biological interpretation in this
work (Table S1). The following parameters were used in the
search:NCBInrMetazoa (Animals) (2861494 sequences) database;
trypsin as the digestion enzyme; one missed cleavage site;
partial modifications of cysteine carbamidomethylation and
methionine oxidization; no fixed modifications; 0.15 Da
for precursor ion tolerance and 0.25 Da for fragment ion
Table 2 – Gene names, GI numbers, primers and lengths of amp

Gene name GI number Forw

Nucleoside diphosphate kinase 223023089 CTGAACTG
Mitochondrial ATP synthase 37650283 GGCTGTTT
Glutamine synthetase 223024040 CGAACTTC
Cytosolic malate dehydrogenase 223021440 CTGTAAAT
Small heat shock protein 24.1 347545632 TCACTTTA
Glutathione S-transferase A 223025344 AGGATGAA
tolerance. Individual ion scores >40 indicate identity or
extensive homology (p < 0.05).

2.8. 1H NMR spectroscopy

Metabolite extracts of hepatopancreas from mussels were
analyzed on a Bruker AV 500 NMR spectrometer performed at
500.18 MHz (at 25 °C) as described previously [37]. All 1H NMR
spectra were phased, baseline-corrected, and calibrated (TSP
at 0.0 ppm) manually using TopSpin (version 2.1, Bruker).

2.9. Spectral pre-processing and pattern recognition analysis

All one dimensional 1H NMR spectra were converted to a
data matrix using the custom-written ProMetab software in
Matlab version 7.0 (the Mathworks, Natick, MA, USA) [38]. Each
spectrum was segmented into bins with a width of 0.005 ppm
between 0.2 and 10.0 ppm. The bins of residual water peak
between 4.70 and 5.20 ppm were excluded from all the NMR
spectra. The total spectral area of the remaining bins was
normalized to unity to facilitate the comparison between the
spectra. All the NMR spectra were generalized log transformed
with a transformation parameter λ = 1.0 × 10−8 to stabilize the
variance across the spectral bins and to increase theweightings
of the less intense peaks [38]. Data were mean-centered before
principal component analysis (PCA) using PLS Toolbox (version
4.0, Eigenvector Research, Manson, WA).

The unsupervised pattern recognition method, principal
component analysis (PCA) was used to reduce the dimension-
ality of the data and summarize the similarities and differ-
ences between multiple NMR spectra [39]. The algorithm of
this pattern recognition method calculates the highest amount
of correlated variation along PC1, with subsequent PCs contain-
ing correspondingly smaller amounts of variance. One-way
analysis of variance (ANOVA) was conducted on the PC scores
from each group to test the statistical significance (p < 0.05) of
separations. Furthermore, the supervised multivariate data
analysis methods, partial least squares discriminant analysis
(PLS-DA) and orthogonal projection to latent structure with
discriminant analysis (O-PLS-DA), were sequentially carried out
to uncover and extract the statistically significant metabolite
variations related to bacterial challenges. The results were
licons from M. galloprovincialis hepatopancreas (n = 6).

ard primer (5′–3′) Reverse primer (5′–3′)

ACCCATCCTATT CCTCTTGGTGCATATTGT
ATCAAGAGT AGAGCCATCTCTTTGGTGATTTC
AGCCTTACG TACCAACCATGACACCCT
GAAATGGAGGC TTGCTGGGTTAATGGATGGT
TGGATGACTGGGAGCCT CGGTCCTTTTTCGTTCAACAGTATC
TGAGGCTGTGGC AGGACCTGCGAGATAAGC
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visualized in terms of score plots to show the classifications and
corresponding loadings plots to show the NMR spectral vari-
ables contributing to the classifications. The model coefficients
were calculated from the coefficients incorporating the weight
of thevariables inorder to enhance interpretability of themodel.
Then metabolic differences responsible for the classifications
between control and bacteria-challenged groups could be
detected in the coefficient-coded loadings plots. The coefficient
plots were generated by using MATLAB (V7.0, the Mathworks
Inc., Natick, USA)with an in-housedevelopedprogramandwere
color-coded with absolute value of coefficients (r). A hot color
(i.e., red) corresponds to the metabolites being highly positive/
negative significant in discriminating between groups, while a
cool color (i.e. blue) corresponds to no significance. The
correlation coefficient was determined according to the test for
the significance of the Pearson's product–moment correlation
coefficient. The validation of the model was conducted using
cross validation and the cross-validation parameter Q2 was
calculated, and an additional validation method, permutation
test (permutationnumber = 200), was also conducted inorder to
evaluate the validity of the PLS-DA models. The R2 in the
permutated plot described how well the data fit the derived
model, whereas Q2 describes the predictive ability of the derived
model and provides a measure of the model quality. If the
maximum value of Q2 max from the permutation test was
smaller than or equal to the Q2 of the real model, themodel was
regarded as a predictable model. Similarly, the R2 value and
difference between the R2 and Q2 were used to evaluate the
possibility of over-fitted models [21]. Metabolites were assigned
following the tabulated chemical shifts [40] and quantified by
using the software, Chenomx (Evaluation Version, Chenomx
Inc., Edmonton, Alberta, Canada). The metabolite concentra-
tions were normalized to the mass of hepatopancreas tissue by
calculating the concentrations ofmetabolites in each NMR tube.

2.10. Statistical analysis

Metabolite concentrations were tested for normal distribution
(Ryan–Joiner's test) and homogeneity of variances (Bartlett's
test). All metabolite concentrations were expressed as means ±
standard deviation. One way analysis of variance (ANOVA) with
Tukey's test was conducted on the metabolite concentrations
fromboth seawater control (blank) and PBS control groups to test
possible metabolic differences induced by PBS in mussel
hepatopancreas. Furthermore, one-way ANOVA combined with
Tukey's test was performed on metabolite concentrations
between PBS control and bacteria-challenged groups, respec-
tively. A p value less than 0.05 was considered statistically
significant. The Minitab software (Version 15, Minitab Inc., USA)
was used for the statistical analysis.
Fig. 1 – Representative 2-DE images of proteins from
hepatopancreas of M. galloprovincialis. Proteins were
submitted to isoelectric focusing on 3–10 IPG strips (24 cm)
followed by electrophoresis on 12.5% SDS-PAGE. Gels were
silver-stained. Gels (A, B and C) were from (A) PBS control,
(B) Micrococcus luteus- and (C) Vibrio anguillarum-challenged
groups. The numbered arrows indicate proteins that were
identified by MS/MS and are listed in Table 3.
3. Results

3.1. Proteomic responses in hepatopancreas of
M. galloprovincialis challenged byM. luteus andV. anguillarum

Comparative proteomics was used to determine the proteomic
responses inM. galloprovincialis challenged by V. anguillarum and
M. luteus, respectively. A total of 25 spots resolved in 2-DE gels
were differentially expressed (>1.5 folds, p < 0.05). Fig. 1 repre-
sented the differential protein spots in hepatopancreas of M.
galloprovincialis with M. luteus and V. anguillarum challenges. In
this study, the protein spots observed in all three biological
replicates of silver-stained gels were analyzed by a MALDI-TOF/
TOFmass spectrometry and 21 (84%) proteins were successfully
identified. The details of identified proteins including their
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Fig. 2 – Representative 1-dimensional 500 MHz 1H NMR
spectra of tissue extracts from hepatopancreas of
M. galloprovincialis from (A) PBS control, (B) M. luteus- and
(C) V. anguillarum-challenged groups. Keys: (1) branched
chain amino acids: valine, leucine and isoleucine,
(2) threonine, (3) alanine, (4) arginine, (5) glutamate,
(6) glutamine, (7) acetoacetate, (8) succinate, (9) β-alanine,
(10) hypotaurine, (11) aspartate, (12) asparagine,
(13) dimethylglycine, (14) lysine, (15) choline,
(16) phosphocholine, (17) taurine, (18) glycine, (19) betaine,
(20) homarine, (21) β-glucose, (22) α-glucose, (23) unknown
(5.98 ppm), (24) ATP, (25) fumarate, (26) tyrosine and
(27) histidine.
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protein names, accession numbers and other MS data are
summarized in the table.

Firstly, we compared the protein spots between blank
and PBS control groups. However, no significantly different
protein spots were found between these two groups. There-
fore, only PBS control group was used for further comparison.
In M. luteus-challenged group, a total of 11 significantly
differential spots were discovered, including 7 up-regulated
and 4 down-regulated. These proteins were related to energy
and primary metabolisms (V-type proton ATPase subunit,
nucleoside diphosphate kinase, proteasome beta 7 subunit-
like, cytosolic malate dehydrogenase and arginine kinase),
defense system and chaperone (small heat shock protein 24.1
and peptidyl-prolyl cis–trans isomerase), cell growth/division
and cytoskeleton (coactosin-like protein and tektin-2) and
signaling pathway (putative C1q domain containing protein
and G protein B subunit).

Thirteen differentially expressed proteins were observed
in V. anguillarum-challenged M. galloprovincialis hepatopancre-
as, including 6 up-regulated and 7 down-regulated proteins
that were basically involved in metabolism (proteasome
subunit beta type-1, mitochondrial ATP synthase, glutamine
synthetase and arginine kinase), stress and defense (USP-like
protein isoform 1, small heat shock protein 24.1, glutathione
S-transferase A and 78 kDa glucose regulated protein), cell
growth/division and cytoskeleton (coactosin-like protein, F-actin-
capping protein subunit alpha-like isoform 2 and cytoplasmic
actin) and signal transduction (receptor for activated C-kinase
and ribosomal protein S7).

3.2. Metabolomic responses in hepatopancreas of
M. galloprovincialis challenged byM. luteus andV. anguillarum

Fig. 2 shows the representative 1H NMR spectra of hepatopan-
creas tissue extracts from PBS control, V. anguillarum and
M. luteus groups. Several different classes of metabolites
were identified in hepatopancreas of M. galloprovincialis, in-
cluding amino acids (valine, leucine, isoleucine, alanine,
threonine, glutamate, asparagine, β-alanine, glycine, etc.),
sugars (α, β-glucose), organic osmolytes (betaine, homarine,
dimethylglycine, taurine and hypotaurine), intermediates in
theKrebs cycle (succinate and fumarate) andenergymetabolism-
related metabolites (ATP).

Principal component analysis (PCA) was performed on the
NMR spectral datasets of hepatopancreas extracts from blank,
PBS control, V. anguillarum- and M. luteus-treated groups. No
significant (p = 0.786, one way ANOVA on PC scores) separa-
tion between blank and PBS control groups was found in score
plot (PC1 vs. PC2, data not shown). It confirmed that PBS
injection in adductor muscle did not induce significant
metabolic changes in mussel hepatopancreas. Then only PBS
control group was used in further metabolomic analysis.
Obviously, PCA resulted in significant (p < 0.01) separations
between PBS control, V. anguillarum and M. luteus groups, as
shown in Fig. 3. In addition, the significant (p < 0.01) separa-
tion between V. anguillarum- and M. luteus-challenged groups
was found as well.

Further analysis of O-PLS-DA and one way ANOVA was
performed on the NMR spectral data and quantified metabo-
lite concentrations to seek the metabolic biomarkers induced
by V. anguillarum and M. luteus, respectively (Fig. 4). Clearly,
the concentrations of glucose, fumarate and amino acids
including valine, leucine, arginine, lysine and tyrosine were
significantly (p < 0.05) increased in M. luteus-challenged mus-
sel samples. The concentrations of ATP and homarine were
decreased. Compared to the metabolic biomarkers in M. luteus-
challenged group, several metabolites were similarly altered
including some amino acids (valine, leucine, lysine, tyrosine and
homarine) and ATP. However, elevated succinate and glutamine
and depleted aspartatewere uniquely detected inV. anguillarum-
challenged mussel samples. In addition, arginine and tyrosine
were not significantly altered in this group. Especially, fumarate
was decreased inV. anguillarum-challengedmussel group,which
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was contrary to that in M. luteus-challenged mussel samples.
Fig. 5 displays the schematic presentation of integrated proteo-
mic and metabolomic responses in hepatopancreas from
M. galloprovincialis challenged by M. luteus and V. anguillarum ac-
cording to Kyoto Encyclopedia of Genes and Genomes (http://
www.genome.jp/kegg/) and Uniprot (http://www.uniprot.org/).
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3.3. Correlation between gene expressions and protein
abundances

To further verify the results of protein responses and compare
the correlation between protein abundances and gene expres-
sions, six representative genes related to altered proteins
were quantified using qRT-PCR technique. The results indi-
cated that the levels of the gene expressions had different
alteration tendencies with corresponding proteins (Fig. 6).
4. Discussion

4.1. Effects of M. luteus and V. anguillarum on the
proteome of hepatopancreas in M. galloprovincialis

Approximately 1000 protein spots were resolved in the gels from
the hepatopancreas of M. galloprovincialis. Fig. 5A summarized
the pathways involved in the response of M. galloprovincialis to
M. luteus challenge. In M. luteus-challenged mussel samples,
the responsive proteins (Table 3) related to metabolism were
involved in energy and primary metabolisms. Proteasomes
play a critical role in ubiquitin-mediated protein degradation
through the ubiquitin–proteasome pathway and are involved in
cell proliferation, apoptosis and stress responses [41]. He et al.
found that the transcription of proteasome in hemocytes was
up-regulated in Penaeus japonicus after microbial challenge [42].
Therefore proteasomes were regarded as an essential compo-
nent defense system of P. japonicus. In our case, the significant
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Fig. 6 – Comparison of six genes at the mRNA and protein levels in the mussel M. galloprovincialis induced by M. luteus and
V. anguillarum. ThemRNA and protein values of the ratio of treatment group to the control are plotted. Abbreviations: ATP syn:
mitochondrial ATP synthase; CMD: cytosolic malate dehydrogenase; GS: glutamine synthetase; GST: glutathione S-transferase
A; NDK, nucleoside diphosphate kinase; sHSP: small heat shock protein 24.1.
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up-regulation of proteasome beta 7 subunit-like might im-
ply that this protein contributed to the defense system of
M. galloprovincialis. Cytosolic malate dehydrogenase is a NAD-
related enzyme in the Krebs cycle. It is usually involved in the
transfer of reducing equivalents from cytosol to mitochondria
and regulates energy metabolism in organisms [43]. Arginine
kinase belongs to the class of phosphagen kinases catalyzing the
reversible transphosphorylation between phosphoarginine and
ADP [44]. In addition, ATPases are a class of enzymes catalyzing
thedecomposition ofATP intoADPanda free phosphate ion [45].
This dephosphorylation process releases energy and can de-
crease the amount of ATP. Therefore the down-regulation of
arginine kinase and up-regulation of ATPase meant the distur-
bance in energy metabolism and resulted in the depletion of
ATP, which was clearly observed in the metabolic profiles from
M. luteus-challenged mussel samples (Table 2). In the hepato-
pancreas of Fenneropenaeus chinensis infected by white spot
syndrome virus, however, arginine kinase was significantly
up-regulated, which probably indicated the differential respon-
sive mechanisms between bacteria and virus in marine inverte-
brates [46]. Nucleoside diphosphate kinases (NDKs) are enzymes
that catalyze the exchangeof phosphate groups betweenvarious
nucleoside diphosphates [45]. For example, NDKs can convert
guanosine triphosphate (GTP) to ATP in TCA cycle. Since
M. luteus challenge led to the decrease of ATP, the NDK was
probably mobilized (up-regulated) in mussel hepatopancreas to
produce more ATP to compensate the consumption of ATP.
As shown in Fig. 5A, the up-regulation of NDK and ATPase
could result in the depletion of ATP, which was confirmed by
the decreased ATP in hepatopancreas of M. luteus-challenged
M. galloprovincialis (Table 4). The consistency between proteomic
and metabolomic biomarkers suggested that proteomics and
metabolomics could validate one another using the correspond-
ing biomarkers involved in the samemetabolic pathway.

Peptidyl-prolyl cis–trans isomerases (PPIase) can catalyze the
cis–trans isomerization of peptide bonds on the amino-terminal
side of proline [47]. It has been thought to be essential for protein
foldingduringprotein synthesis in the cell [47]. Theup-regulation
of PPIase might imply the disturbance in protein synthesis in
M. luteus-challenged mussel samples. Small heat shock proteins
(sHSPs) usually execute two main defensive functions including
cytoskeletonstabilizationandanti-apoptotic activity [48].Hereby,
the increased level of two sHSP 24.1 inmussel samples indicated
potential cellular injury and (or) apoptosis caused by M. luteus
challenge. Both coactosin-like protein and tektin-2 are cytoskel-
eton proteins [49,50]. The significant alteration in these two
proteins implied the cellular injury inducedbyM. luteus challenge
in M. galloprovincialis. G proteins are involved in signaling
pathways [51]. Recent studies demonstrated that G proteins
could be critical for the stress responses [51]. C1q domain
containing protein is reported to function as a pattern
recognition receptor (PRR) in mollusk innate immunity [52].
One C1q domain containing protein was the most remark-
ably up-regulated protein in M. luteus-challenged mussels,
which suggested the disturbance in immune system of
M. luteus injection.



Table 3 – List of protein spots which were differentially expressed in M. galloprovincialis hepatopancreas induced by
M. luteus and V. anguillarum.

Spot IDb Protein name Species Accession
numberc

MW/kDad pI Protein
scoree

PN f SCg Fold
changeh

Energy and primary metabolism
14 V-type proton ATPase subunit

F-like
Strongylocentrotus purpuratus 212814234 23806 4.91 164 3 12 1.75a

106 Nucleoside diphosphate kinase Ornithodoros parkeri 149286936 17311 7.3 64 2 7 1.58a

234 Proteasome subunit beta type-1 Crassostrea gigas 238647170 29015 7.83 148 10 61 1.51a

265 Mitochondrial ATP synthase Haliotis discus discus 37650283 14109 4.48 146 3 38 −1.74a

340 Proteasome beta 7 subunit-like Saccoglossus kowalevskii 238644949 26592 8.58 185 4 29 1.61a

609 Glutamine synthetase Strongylocentrotus purpuratus 47551039 42024 5.75 247 5 17 1.55a

989 Cytosolic malate dehydrogenase Mytilus trossulus 73656269 36599 5.52 210 8 28 −1.83a

1009 Arginine kinase Aplysia kurodai 223022743 26905 6.95 471 8 34 −1.84a

−1.93a

Defense and chaperones
65 Peptidyl-prolyl cis–trans isomerase Blattella germanica 1706258 18095 8.25 89 1 9 1.51a

72 USP-like protein isoform 1 Crassostrea ariakensis 223024010 28778 7.61 62 2 13 1.64a

414 Small heat shock protein 24.1 Mytilus galloprovincialis 347545633 28691 5.11 95 2 8 2.53a

3.32a

480 Glutathione S-transferase A Crassostrea gigas 223025344 19416 5.16 53 4 26 −1.56a

952 78 kDa glucose regulated protein Crassostrea gigas 238639954 26710 4.38 384 4 10 −2.11a

Cell growth/division and cytoskeleton
77 Coactosin-like protein Eisenia fetida 238638414 21604 4.55 604 5 25 1.58a

1.92a

492 F-actin-capping protein subunit
alpha-like isoform 2

Apis mellifera 66508517 32953 5.97 113 3 12 −1.90a

979 Cytoplasmic actin Tegillarca granosa 306489668 41952 4.88 62 6 9 −2.64a

1152 Tektin-2 Crassostrea gigas 145888591 35038 5.01 365 5 18 −1.65a

Signal transduction
475 Receptor for activated C-kinase Pinctada fucata 238643150 25540 6.46 92 2 14 −1.89a

565 Putative C1q domain containing
protein

Mytilus galloprovincialis 238643093 20948 4.71 54 3 45 3.27a

971 G protein B subunit Ostrea edulis 375073754 38004 4.12 286 6 26 −1.90a

182 Ribosomal protein S7 Argopecten irradians 22758886 22402 6.57 99 2 10 1.58a

a Identification of differentially expressed proteins in M. galloprovincialis hepatopancreas between control and Micrococcus luteus-challenged
groups, and between control and Vibrio anguillarum-challenged groups, respectively.
b Assigned spot ID as indicated in Fig. 3.
c Database accession numbers after searching against the NCBInr database.
d Experimental mass.
e Mascot score reported.
f Number of peptide sequences.
g Sequence coverage.
h Fold changes with significances (>1.5 folds and p < 0.05) were calculated using ImageMaster 2D Platinum 7.0.

63J O U R N A L O F P R O T E O M I C S 9 4 ( 2 0 1 3 ) 5 4 – 6 7
V. anguillarum is one of the most common pathogens to
marine bivalves. The immune responses of marine bivalves to
V. anguillarum challenges have been extensively investigated
at molecular levels [7,10]. Fig. 5B summarized the proteomic
and metabolomic responses involved in the pathways. In the
hepatopancreas of mussels challenged by V. anguillarum, three
of the thirteen identified proteins including arginine kinase,
sHSP 24.1 and coactosin-like protein were altered similarly
to those in M. luteus-challenged mussel samples. However,
other ten proteins were uniquely expressed in V. anguillarum-
challenged mussel samples. These proteomic biomarkers im-
plied the differential effects of V. anguillarum toM. galloprovincialis
comparedwith those proteomic biomarkers induced byM. luteus.
The proteasomes are involved in the proteasomal degradation
pathway and can respond to environmental stresses [53]. The
significant up-regulation of proteasome subunit beta type-1
indicated the defensive response of M. galloprovincialis to
V. anguillarum challenge, which was similarly indicated by
the up-regulated proteasome beta 7 subunit-like in M. luteus-
challenged mussel samples, resulting in elevated amino acids
such as lysine, leucine and valine (Fig. 5). The down-regulated
mitochondrial ATP synthase should be related to the disturbed
energy metabolism combined with the up-regulated arginine
kinase and resulted in the decrease of ATP, which was observed
in the metabolic profiles from V. anguillarum-challenged mussel
samples (Fig. 5B). Glutamine synthetase plays an essential role in
the metabolism of nitrogen by catalyzing glutamate into
glutamine (Fig. 5B). The up-regulation of glutamine synthe-
tase could lead to the increase of glutamine and decrease of
glutamate and ATP, which was detected in the metabolic



Table 4 – Changes in metabolite concentrations in
M. galloprovincialis hepatopancreas between
bacteria-challenged and control groups.

Metabolites Chemical
shift (ppm,

multiplicity) a

M. luteus V. anguillarum

Valine 1.05 (d) 1.58b 1.58b

Isoleucine 1.00 (d) No change No change
Leucine 0.94 (t) 2.17c 2.22c

Threonine 1.34 (d) No change No change
Alanine 1.48 (d) No change No change
Arginine 1.70 (m) 1.79b No change
Glutamate 2.05 (m) No change No change
Glutamine 2.14 (m) No change 1.71b

Acetoacetate 2.26 (s) No change No change
Succinate 2.41 (s) No change 2.75c

β-Alanine 2.55 (t) No change No change
Hypotaurine 2.66 (t) No change No change
Aspartate 2.68 (ABX) No change −1.30b

Asparagine 2.85 (ABX) No change No change
Dimethylglycine 2.91 (s) No change No change
Lysine 3.03 (t) 1.90c 1.49b

Choline 3.21 (s) No change No change
Phosphocholine 3.22 (s) No change No change
Taurine 3.27 (t) No change No change
Betaine 3.91 (s) No change No change
Glycine 3.56 (s) No change No change
Glucose 4.64 (d),

5.24 (d)
1.62b 3.15c

Homarine 4.37 (s) 1.18b −1.44c

ATP 6.15 (d) −2.27b 10.0c

Fumarate 6.52 (s) 1.44b No change
Tyrosine 6.91 (d) 2.10c 1.70c

Histidine 7.12 (s) No change No change

a s = singlet, d = doublet, t = triplet, m = multiplet, ABX = complex
multiplet involving 2 protons (A and B) and a heavy atom (X).
b Fold changes with significances (p < 0.05) between control and
bacteria-challenged M. galloprovincialis samples were determined
by one-way ANOVA with Tukey's test.
c Fold changes with significances (p < 0.01) between control and
bacteria-challenged M. galloprovincialis samples were determined
by one-way ANOVA with Tukey's test.
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profiles from V. anguillarum-challenged mussel samples
(Table 4, Fig. 5B).

The ubiquitin-specific protease-like (USP-like) protein is
involved in protein homeostasis [54]. In our case, the up-
regulated USP-like protein isoform 1 implied the disturbance
in protein homeostasis caused V. anguillarum injection in
mussel. Glutathione S-transferases (GSTs) are related to the
reduction of reactive oxygen species (ROS) production. Canesi
et al. reported that the activity of GST activity was decreased
in hepatopancreas of M. galloprovincialis to V. anguillarum
injection [8], which was consistently observed in this work.
One glucose regulated protein (GRP78) was similarly down-
regulated to the glutathione S-transferase in V. anguillarum-
challenged mussel samples. GRP78 is a stress protein belong-
ing to the 70 kDa heat shock protein family that can be used to
protect cells from stresses [55]. These two altered proteins
could be reflected in stronger oxidative stress conditions in
the hepatopancreas of mussels challenged with V. anguillarum
[8]. Both cytoplasmic actin and F-actin-capping proteins are
cytoskeleton-associated proteins that were down-regulated
in V. anguillarum-challenged mussel samples. In a previous
study, V. anguillarum challenge induced a significant down-
regulation of actin in hepatopancreas of Zhikong scallop
Chlamys farreri [56]. Since the cytoskeleton is involved in
multiple functions, such as the maintenance of cell shape
and intracellular organization, the alterations of these two
cytoskeleton-associated proteins demonstrated the cellular
injury caused by V. anguillarum injection. Receptor for
activated C-kinase (RACK) is involved in signal transduc-
tion, RNA processing and cell cycle processing [57]. Ribo-
somal proteins perform the crucial function of protein
biosynthesis. Both RACK and ribosomal proteins have
been recognized as immunogenic proteins [58]. Obviously,
the altered RACK and ribosomal protein S7 demonstrated
the immune stress in hepatopancreas of mussel challenged
by V. anguillarum.

4.2. Effects of M. luteus and V. anguillarum on the
metabolome of hepatopancreas in M. galloprovincialis

As shown in Fig. 3, the significant (p < 0.01) separations between
PBS control, V. anguillarum andM. luteus groupsmeant that there
were significant metabolic differences between PBS control and
bacteria-challenged groups. Moreover, the significant (p < 0.01)
separation between V. anguillarum and M. luteus groups demon-
strated that these two bacteria induced different biological
effects in mussel hepatopancreas.

In both M. luteus- and V. anguillarum-challenged mussel
samples, some amino acids including valine, leucine, argi-
nine, lysine and tyrosine were significantly increased. As it is
known, organisms can continue cellular energy production
during stress via the mitochondrial oxidation of amino acids
in Krebs cycle (Fig. 5). This catabolic period of amino acids is
usually accompanied by the degradation of proteins in the
proteasomal degradation pathway, as indicated by the
up-regulated proteasomes, which was observed in both
M. luteus- and V. anguillarum-challenged mussel samples.
Hereby, the elevated amino acids might be related to a
reduced energy demand together with the elevated glucose
(enhanced gluconeogenesis) and depleted ATP in M. luteus-
challenged group. The consistency between metabolic bio-
markers (amino acids, glucose and ATP) and protein bio-
markers (proteasomes, ATP synthase and NDK) confirmed the
disturbance in energy metabolism induced by both M. luteus
and V. anguillarum in mussel hepatopancreas (Fig. 5). The
increase in fumarate was another indicator of disturbed
energy metabolism in M. luteus-challenged mussel samples.
The osmolyte, homarine, was significantly decreased in
M. luteus-challenged mussel samples. This might imply the
disturbances in osmotic regulation induced by M. luteus in
mussel hepatopancreas [59].

For the V. anguillarum-challenged mussel group, the inter-
mediate in the Krebs cycle, succinate was significantly
elevated and aspartate was significantly depleted in hepato-
pancreas tissue samples. In one possible metabolic pathway,
aspartate could be substantially converted into succinate with
no detectable enrichment of other compounds under
anoxic conditions in mollusk resulting in the decreased
aspartate and increased succinate [60]. Therefore the
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decreased aspartate and increased succinate meant the
enhanced anaerobiosis in mussel hepatopancreas chal-
lenged by V. anguillarum. In addition, the significant increase
of glutamine confirmed theup-regulated glutamine synthetase,
as mentioned above. Homarine is a known organic osmolyte in
marine mollusks.

4.3. Correlation between gene expressions and protein
abundances

To further evaluate the correlation between gene expression
and protein abundances, the expressions of six genes corre-
sponding to (NDK, mitochondrial ATP synthase, glutamine
synthetase, cytosolic malate dehydrogenase, sHSP 24.1 and
GST A) in M. galloprovincialis were quantified to explore the
correlation between protein and corresponding mRNA ex-
pression levels. However, the results indicated that mRNA
expressions did not correlate well with the protein abun-
dances (Fig. 6). The disparity between mRNA and corre-
sponding protein expressions was not surprising [61], since
mRNA expression means the tendency of the correspond-
ing encoded protein which does not always happen due to
the posttranscriptional and posttranslational modifications
[61,62].

In summary, the molecular responses induced by bacte-
ria, M. luteus and V. anguillarum, were investigated at
protein and metabolite levels in hepatopancreas of mussel
M. galloprovincialis. The metabolic and proteomic bio-
markers suggested that these two bacteria injections could
induce oxidative stress, disturbances in osmotic regulation
and energy metabolism, cellular injury in mussels. Al-
though these two bacteria induced similar effects in
hepatopancreas of M. galloprovincialis, the differentiations
between M. luteus and V. anguillarum were clearly observed
from the proteomic and metabolomic profiles. Especially,
some uniquely and more remarkably altered metabolic
biomarkers (glutamine, succinate, aspartate, glucose, ATP,
homarine and tyrosine) demonstrated that V. anguillarum
could cause more severe disturbances in osmotic regulation
and energy metabolism. In addition, some metabolic
biomarkers, ATP and glutamine, were confirmed by related
proteins including arginine kinase, ATP synthase and
nucleoside diphosphate kinase. This study demonstrated
that proteomics and metabolomics could partially validate
one another and their combination could provide an
insightful view into the effects of environmental pathogens
to the marine mussel M. galloprovincialis.
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