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Benzo[a]pyrene (BaP) is one of the most important polycyclic aromatic hydrocarbons (PAHs), which are widely
present in the marine environment. Because of its teratogenic, mutagenic, and carcinogenic eﬀects on various
organisms, the toxicity of BaP is of great concern. In this study, we focused on the toxic eﬀects of BaP (1 µg/L and
10 µg/L) on gills of the pearl oyster Pinctada martensii using combined metabolomic and proteomic approaches.
At the metabolome level, the high concentration of BaP mainly caused abnormal energy metabolism, osmotic
regulation and immune response marked by signiﬁcantly altered metabolites in gills. At the proteome level, both
concentrations of BaP mainly induced signal transduction, transcription regulation, cell growth, stress response,
and energy metabolism. Overall, the research demonstrated that the combination of proteomic and metabolomic
approaches could provide a signiﬁcant way to elucidate toxic eﬀects of BaP on P. martensii.

1. Introduction
Polycyclic aromatic hydrocarbons (PAHs) are widespread, persistent, bioaccumulative and ecologically toxic environmental pollutants.
Benzo[a]pyrene (BaP) is a prominent member of the PAHs and is of
vital concern due to its severe mutagenic, cytotoxic, teratogenic and
carcinogenic eﬀects (Tung et al., 2014; Uno et al., 2014; Zena et al.,
2015). BaP is produced by the incomplete combustion of organic
matter, and it has a strong aﬃnity for sediment in the aquatic environment (Phillips, 1999; Williams and Hubberstey, 2014). Once BaP
is metabolized by organisms, it may become a mutagenic agent in
polluted environments (Wills et al., 2010). Several toxic eﬀects of BaP
on ﬁsh (Zhao et al., 2013; Corrales et al., 2014; Santacroce et al., 2015)
and invertebrates (Rust et al., 2004; Liu et al., 2014a) have been reported. Previous studies have investigated concentrations of BaP in the
diﬀerent marine environment, ranging from 0.155 to 31.000 ng/L
(Valavanidis et al., 2008; Qiu et al., 2009; Liu et al., 2014b).
The traditional biological approaches mainly focus on the detection
of speciﬁc biological responses such as speciﬁc expressed genes or enzymes activity (Braz-Mota et al., 2015; Chivittz et al., 2016). However,
a few established biomarkers have sensitivity and speciﬁcity for environmental contaminants stressors (Campos et al., 2012). With the
rapid progress of “-omic” approaches, proteomics, metabolomics,
transcriptomics and genomics have been widely applied in the study of
environmental toxicology (Viant et al., 2003; Van Hummelen and

⁎

Sasaki, 2010; Karim et al., 2011; Slattery et al., 2012). These omics are
capable of discovering wider ranges of biomarkers at the molecular
level. Metabolomics is research into the global changes of low molecular weight metabolites (< 1000 Da) in organisms. Metabolomics can
reﬂect the mechanism of metabolic reactions induced by contaminants
through comparing the proﬁles of metabolomes in organisms (Tikunov
et al., 2010; Wu and Wang, 2010; Cappello et al., 2016a). Similar to
metabolomics, proteomics is another eﬃcient method that can be used
to identify diﬀerential proteomes at the cell, tissue, and organ levels
under diﬀerent external stresses (Costa et al., 2010; Maria et al., 2013;
Tomanek, 2014). Both metabolomics and proteomics are usually used
to identify the abnormal changes in proteins and metabolic pathways
induced by various environmental stressors (Wu et al., 2013a; Ji et al.,
2016; Yu et al., 2016). Therefore, when combined, the approaches
could be able to illustrate the toxic mechanisms of contaminants.
The pearl oyster Pinctada martensii, a vital bivalve species for producing artiﬁcial pearls, is widely distributed in subtropical and tropical
oceans (Shi et al., 2013). P. martensii can be used as a new indicator
organism for marine pollution due to its ﬁlter-feeding habitation and
low metabolic rate (Du et al., 2015). Gills are the main target organs for
the accumulation of pollutants in marine bivalve invertebrates (Panfoli
et al., 2000; Ciacci et al., 2012; D’Agata et al., 2014; Azevedo et al.,
2015). In this work, we selected the gills of P. martensii as the target
organ, and 1H NMR-based metabolomics with 2-DE-based proteomics to
investigate the toxic eﬀects of BaP.
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2. Materials and methods

W/V Bio-lyte buﬀer) and incubated at 4 °C 4 until completely dissolved.
The homogenate was centrifuged at 14,000 g for 30 min. The total
concentration of proteins was determined by Bradford method
(Bradford, 1976). Finally, the supernatant was applied to isoelectric
focusing (IEF).
The two-dimensional gel electrophoresis (2-DE) technique was
performed for proteomic analysis. The details were described previously by Chen et al. (2016). For the ﬁrst dimension (isoelectric focusing, IEF), 1.2 mg of proteins in a ﬁnal volume of 450 mL were loaded
onto the Immobiline Drystrip (24 cm, pH 3–10, linear). The IEF was
completed at 20 °C with an Ettan IPGphor3 system. The second dimension was performed on 12.5% SDS-PAGE gels using the Ettan
DALTsix system. After the electrophoresis, proteins were stained by
Coomassie brilliant blue (PhastGelTMBlue R, GE Healthcare) and were
analyzed with ImageMaster 2D Platinum 7.0 software. For all the
matched spots, only those protein spots with signiﬁcant diﬀerence
(Student's t-test, p < 0.05) of at least 1.5-fold were treated as diﬀerentially expressed.
Gel digestion was accomplished according to the procedure of
Katayama et al. (2001). The completely dried samples were re-suspended with 5 mL of 0.1% triﬂuoroacetic acid subsequently mixed in
1:1 ratio with a saturated solution of acyano-4-hydroxy-trans-cinnamic
acid in 50% acetonitrile. The peptides samples were analyzed, and mass
spectra were obtained by MALDI-TOF/TOF mass spectrometer (ABI
4800, Applied Biosystems, USA). Data were acquired in a positive MS
reﬂector using a CalMix5 standard to calibrate the instrument (ABI
4800 Calibration Mixture). Both the MS and MS/MS data were integrated and processed using the GPS Explorer V3.6 software (Applied
Biosystems, USA) with default parameters. Proteins were successfully
identiﬁed based on 95% or higher conﬁdence interval of their scores in
the MASCOT V2.4 search engine (Matrix Science Ltd., U.K.).

2.1. Experimental design and sample collection
Adult and healthy P. martensii (aged 2 years, 6.78 ± 0.35 cm) were
collected from a site in the harbor (Lingshui, Hainan, China) in spring.
The pearl oysters were acclimatized in aerated sand-ﬁltered seawater
(pH 8.2 ± 0.1; salinity 32‰) for 3 days in the laboratory, and fed with
the marine microalgae Tetraselmis chui at a ration of 2% of tissue per dry
weight daily. In exposure periods, these animals (30 per 40 L aquarium)
were exposed to seawater, seawater with 0.001% acetone (v/v), lowdose BaP (1 μg/L) and high-dose BaP (10 μg/L) for 7 days. The concentrations of BaP were designed according to a pre-experiment and
other reports (Zhang et al., 2004; Tian et al., 2015). They were fasted,
and the seawater was renewed once every day during exposure periods.
After exposure for 7 days, the gills of 12 individuals from each group
were quickly dissected and shock-frozen in liquid nitrogen until investigation. For the metabolomics experiment, 12 biological replicates
were used in each treatment. For the proteomics experiment, each
treatment consisted of 3 biological replicates (4 oyster individuals were
pooled into 1 sample).
2.2. Metabolomics analysis of P. martensii gills
Polar metabolites in gills of P. martensii were extracted by using a
modiﬁed protocol (Lin et al., 2007; Wu et al., 2008). Approximately
100 mg of gills were homogenized and extracted in a solvent system of
methanol/chloroform/water (400 μL: 200 μL: 85 μL). The extracts were
subsequently dissolved in 600 μL of phosphate buﬀer (100 mM
NaH2PO4 and Na2HPO4 with 0.5 mM sodium 3-trimethlysilyl-2, 2, 3, 3d4 propionate (TSP), pH 7.0) in D2O. The mixture was vortexed and
centrifuged at 3000 g for 5 min at 4 °C. The total volume of 550 μL
supernatant substance was pipetted into a 5 mm NMR tube for NMR
analysis.
Extracted metabolites were analyzed on a Bruker AV 500 NMR
spectrometer as described previously (Zhang et al., 2011a). One-dimensional (1D) spectra were acquired using an 11.9 μs pulse, 0.1 s
mixing time, and 3.0 s relaxation delay with a standard 1D NOESY pulse
sequence. All 1D 1H NMR spectra using a spectral width of 6009.6 Hz,
and 128 transients collected with 16,384 data points (Liu et al., 2011).
All the 1H NMR spectra were generalized log transformed using transformation parameter λ = 2 × 10−8 (Parsons et al., 2007).
Multivariate data analysis was performed using SIMCA-P+ (V11.0,
Umetric, Sweden). In this study, supervised partial least squares discriminant analysis (PLS-DA) and orthogonal projection to latent structure with discriminant analysis (O-PLS-DA) were sequentially performed to reveal the statistically signiﬁcant metabolite responses
induced by BaP exposures.
The results were visualized in terms of scores plotted to show the
classiﬁcations and corresponding loadings plots of the NMR spectral
variables contributing to the classiﬁcations. The model coeﬃcients
were calculated from the coeﬃcients incorporating the weight of the
variables in order to enhance interpretability of the model. Then metabolic diﬀerences responsible for the classiﬁcations between solvent
control groups, and BaP-exposed groups could be detected in the
coeﬃcient-coded loadings plots. The coeﬃcient plots were generated
by using Matlab (V7.0, the Math Works Inc., Natwick, USA) (Feng et al.,
2013) and (Wu et al., 2013b).

3. Results and discussion
3.1. Eﬀects of BaP on metabolome of P. martensii gills
Fig. 1 shows a representative 1-dimensional 500 MHz 1H NMR
spectrum of P. martensii gill tissue extracts from the control group. Some
major metabolites were detected in Fig. 1. They were classiﬁed as organic acids (fumarate, succinate and malonate), organic osmolytes
(taurine, homarine, betaine, hypotaurine and dimethylglycine), amino
acids (branched chain amino acid (BCAAs), alanine, tyrosine, glutamate, etc.), and energy storage compounds (glucose and ATP).
O-PLS-DA analysis indicated some signiﬁcantly altered metabolites
(p < 0.05) caused by exposure of gills to 10 μg/L BaP (Fig. 2, Table 1).
Apparently, arginine, acetoacetate, malonate, and phosphocholine were

2.3. Proteomics analysis of P. martensii gills

Fig. 1. A representative 1-dimensional 500 MHz 1H NMR spectrum of gill tissue extract of
P. martensii from the control group. Keys: 1. Isoleucine, 2. Leucine, 3. Valine, 4. Unknown
1 (1.10 ppm), 5. Threonine, 6. Alanine, 7. Arginine, 8. Glutamate, 9. Glutamine, 10.
Acetoacetate, 11. Succinate, 12. β-alanine, 13. Hypotaurine, 14. Aspartate, 15.
Dimethylglycine, 16. Malonate, 17. Choline, 18. Phosphocholine, 19. Taurine, 20.
Glycine, 21. Betaine, 22. Homarine, 23. Glucose, 24. Unknown 2 (5.96 ppm), 25. ATP, 26.
Fumarate and 27. Tyrosine.

Total proteins in gills of P. martensii were extracted according to the
modiﬁed procedure (Lee and Lo, 2008; Wu et al., 2013a). In brief, gills
(~ 100 mg) were homogenized with 1 mL of TRIzol reagent to extract
proteins at 4 °C. The protein pellets were dissolved in protein lysis
buﬀer (7 M urea; 2 M thiourea; 4% m/V CHAPS; 65 mM DTT and 0.2%
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conversion of phosphoarginine (Viant et al., 2001). The concentration
of arginine has been correlated to ATP/ADP (Fasulo et al., 2012). The
increased arginine suggested that the disorder of energy metabolism of
the urea cycle was induced by the high BaP concentration. Song et al.
(2016a) reported 10 μg/L BaP and DDT aﬀected arginine metabolism in
green mussel Perna viridis. Phosphocholine is catalyzed by choline kinase, which converts choline and ATP into ADP and phosphocholine
(Liu et al., 2014c). Thus, the elevated phosphocholine implied that
reduced energy demand in P. martensii gills was induced by BaP. Such
changes in phosphocholine may be associated with toxicant-induced
oxidative stress, reactive oxygen species (ROS) production and lipid
peroxidation, with potential alterations in cellular membrane stability
(Brandão et al., 2015). Cappello et al. (2016a, 2016b) considered reduction in phosphocholine reﬂected the occurrence of membrane repair
processes in gills of wild ﬁsh. In the present study, increased phosphocholine showed that BaP had strong cytotoxicity on gills of P.
martensii, which aﬀected membrane stabilization/repair process. Malonate competes with succinate and is a competitive inhibitor of cellular
respiration, which is one key enzyme in the Krebs cycle (Zhang et al.,
2011b). The increased malonate indicated that BaP is most likely to
aﬀect the Krebs cycle associated with energy metabolism in gills.
Phosphocholine and malonate have shown the similar changes in P.
martensii digestive glands exposed to 10 μg/L BaP (Chen et al., 2016).
Acetoacetate is one kind of ketone body, and it is produced from acetylcoenzyme A (acetyl-CoA) (Ji et al., 2015). The increased acetoacetate
evinced that lipid metabolism was enhanced in gills exposed to high
BaP concentration. Cappello et al. (2013) reported PAH pollution induced increased levels of acetoacetate and malonate in gills of mussels.
These changes were associated with impairments in energy metabolism.
Evidently, the decline of BCAAs, glutamine, threonine, and glucose
in gills was induced by the high BaP dose. BCAAs including leucine,
isoleucine and valine can aﬀect the immune system function by participating in the protein biosynthesis (Calder, 2006). Therefore, dramatically decreased BCAAs are one possible cause of immunological impairment in gills of P. martensii. Essentially, amino acids play signiﬁcant
roles in numerous biological pathways in marine mollusks. The altered
glutamine and threonine might suggest that a disturbance in osmotic
regulation of P. martensii gills was induced by the high BaP dose.
However, some important organic osmolytes showed no signiﬁcant
change. According to a previous study, BaP induces osmotic regulation
changes in P. martensii digestive glands (Chen et al., 2016). The reduced
glucose in gills indicated a disorder in energy metabolism caused by
exposure to 10 μg/L BaP. The changes of all these metabolites implied
that the high BaP dose could induce disturbance in immune stress and
disturb osmotic regulation and energy metabolism in P. martensii gills.
Previous research revealed that BaP induces a distinct metabolome
in gills of diﬀerent bivalves. At 10 μg/L, BaP primarily induces a disorder of osmotic regulation in Perna viridis (Song et al., 2016b). In the
case of Ruditapes philippinarum, 50 μg/L BaP also disturbs the osmotic
regulation and energy metabolism (Zhang et al., 2011b).

Fig. 2. OPLS-DA scores (A) derived from 1H NMR spectra of gill tissue extracts from
solvent control (◆) and 10 µg/L BaP-treated groups (■) and corresponding coeﬃcient
plot (B). The color map shows the signiﬁcance of metabolite variations between the two
classes (solvent control and BaP). Peaks in the positive direction indicate metabolites that
are more abundant in the BaP-treated group. Consequently, metabolites that are more
abundant in the control group are presented as peaks in the negative direction. Keys: 1.
BCAAs (valine, leucine, and isoleucine), 2. Threonine, 3. Arginine, 4. Glutamine, 5.
Acetoacetate, 6. Malonate, 7. Phosphocholine, 8. Unknown (4.10 ppm) and 9 Glucose.
(For interpretation of the references to color in this ﬁgure legend, the reader is referred to
the web version of this article.)

Table 1
Eﬀects of 10 µg/L BaP exposure on diﬀerentially expressed metabolites in P. martensii
gills.
Metabolites

Diﬀerentially expression (p < 0.05)a

Arginine
Phosphocholine
Malonate
Acetoacetate
Glucose
BCAAs
Glutamine
Threonine

↑
↑
↑
↑
↓
↓
↓
↓

3.2. Eﬀects of BaP on the proteome of P. martensii gills

↑: Signiﬁcantly up-regulated metabolites involved in various physiological functions.
↓: Signiﬁcantly down-regulated metabolites involved in various physiological functions.
a
p-Values determined using one-way ANOVA on the bin areas from the representative
peak of the corresponding metabolite.

Protein spots were compared between the solvent control and BaP
treatment at two diﬀerent concentrations; a total of thirteen proteins
were signiﬁcantly altered, including 5 down-regulated and 8 up-regulated proteins (Fig. 3). These proteins were principally involved in
energy metabolism, signal transduction, transcription regulation, cell
growth, and stress response. The details of all these proteins are described in Table 2.
The majority of proteins were evidently altered in the 10 μg/L BaPtreated group. N-terminal EF-hand calcium-binding protein 1, calmodulin and calumenin were detected, which are calcium binding proteins
(CaBPs). CaBPs constitute a large family of proteins that participate in
calcium cell signaling pathways by binding to Ca2+. Calmodulin, a
member of the EF-hand family of Ca2+-sensing proteins, is a

considerably increased. Conversely, BCAAs, threonine, glutamine and
glucose were signiﬁcantly decreased. However, 1 μg/L BaP did not induce a signiﬁcant alteration in metabolites. This result is similar to
previous research results (Ji et al., 2013; Chen et al., 2016). The sensitivity of NMR is comparatively lower than that of MS spectroscopy,
and fewer than 50 metabolites were detected by NMR in the gill extracts (Fig. 1). As a result, the low abundance metabolic biomarkers
may be neglected in the low dose BaP exposure group.
Arginine, phosphocholine, acetoacetate and malonate are involved
in some energy metabolic pathways. Arginine is produced by the
332
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As a co-activator of some nuclear receptors, it could play a major role in
creating various co-activator complexes under diﬀerent cellular conditions Some research demonstrated ASC-1 is a novel transcription
coactivator molecule of nuclear receptors that participates in the
transcription process (Kim et al., 1999; Jung et al., 2002). Activating
signal cointegrator 1 complex subunit 1 is a part of the ASC-1 complex.
High concentrations of BaP probably aﬀected the transcription of P.
martensii gills by aﬀecting the expression of ASC-1 complex subunit 1.
Heterogeneous nuclear ribonucleoprotein A/B (hnRNP A/B) regulates
proteins associated with pathways related to DNA and RNA metabolism
(He and Smith, 2009). The signiﬁcant up-regulation of hnRNP A/B
suggests a disturbance of nucleotide metabolism and nuclear processes
in gills under the high concentration of BaP exposure.
Mitochondrial malate dehydrogenase (MDH2) and fructose-bisphosphate aldolase (FBA) are necessary enzymes in energy metabolism. MDH2 is involved in the malate metabolic process, which catalyzes the oxidation of malate to oxaloacetate (Minárik et al., 2002; Wei
et al., 2015). FBA plays a vital role in the glycolytic process. In the
present work, the up-regulation of MDH2 and the down-regulation of
FBA perhaps suggests that the elevated BaP exposure interfered with
the citrate cycle in P. martensii gills.
Some proteins were signiﬁcantly altered in the 1 μg/L BaP-treated
group. Guanine nucleotide-binding proteins play a vital role as a signal
transducer in some processes such as organismal homeostasis and immune functions (Herroeder et al., 2009; Neves et al., 2002; Wu et al.,
2013b). Serine/arginine (SR) proteins are essential pre-mRNA splicing
factors and play numerous roles at the post-transcriptional level
(Sanford et al., 2005). According to a new study of Moulton et al.
(2015), serine-arginine-rich splicing factor 1 (SRSF1) contributes to
transcriptional activation of CD3ζ in human T cells. The present research showed that the low dose BaP exposure could alter RNA processing to destroy the immune function of the gills. Cdc42 is a small
GTPase of the Rho family that regulates signaling pathways that control
various cellular functions including endocytosis, migration, cell cycle
progression, and cell morphology (Kang et al., 2008; Pertz et al., 2008;
Qadir et al., 2015).
Heat shock proteins (HSPs) constitute the major category of molecular chaperones indispensable for the maintenance of cellular functions (Hartl and Hayer-Hartl, 2002; Tsan and Gao, 2009). HSP90 is
known to play a role in posttranslational regulation and protein folding.
Mainly, it is involved in regulation of apoptosis (Sarto et al., 2000). The
elevated levels of HSP90 show that 1 μg/L of BaP induced cellular immune responses in P. martensii gill cells. A similar response was obtained in the P. martensii digestive gland (Chen et al., 2016).

Fig. 3. Representative 2-DE images of proteins from gills of P. martensii exposed to different concentrations of BaP for 7 days. Proteins were submitted to IEF on 3–10 IPG strips
(24 cm) followed by electrophoresis on 12.5% SDS-PAGE. Gels were stained with
Coomassie brilliant blue. Gels (A, B, and C) are from the (A) solvent control, (B) 1 µg/L
and (C) 10 µg/L BaP-treated groups. The proteins spots detected in all three biological
replicates were analyzed by MALDI-TOF/TOF mass spectrometry and are described in
Table 2.

3.3. Comparative eﬀects of BaP on metabolome and proteome of P.
martensii gills
As shown in Fig. 4, alterations of metabolites and proteins involved
in some metabolic pathways were induced by BaP exposure in gills
according to Kyoto Encyclopedia of Genes and Genomes (http://www.
genome.jp/kegg/) and UniProt (http://www.uniprot.org/). In the gills,
there were many diﬀerential proteins involved in the signal transduction pathway, including N-terminal EF-hand calcium-binding protein 1,
calmodulin, and calumenin were involved in the Ca+ signaling
pathway. The primary metabolites involved in the citric acid cycle, urea
cycle, and glycolysis had changed. Arginine, malonate, acetoacetate,
and phosphocholine signiﬁcantly increased, while BCAAs, glutamate
and glucose signiﬁcantly decreased.
The analysis revealed that certain diﬀerential proteins and metabolites participated in the same metabolic pathway. MDH2 and FBA
were involved in malonate metabolism and glycolysis, respectively.

prototypical calcium sensor (Chin and Means, 2000). Calumenin is
found in the endoplasmic reticulum (ER) and carries a new ER retention
signal (Yabe et al., 1997). Some studies have shown that this protein
can bind to cystic ﬁbrosis transmembrane conductance regulator CFTR
and is likely involved in the regulated and mutated CFTR mutant protein (Teng et al., 2012; Tripathi et al., 2014). In this study, these abnormal proteins could indicate that the high BaP dose damaged the
cellular Ca2+ homeostasis of gills.
As one structural protein, the variation in tubulin mean a cellular
injury caused by physiological stress (Ji et al., 2013; Wu et al., 2013c).
It is clear that the altered tubulin isoforms were.protein markers of
cellular injury (Puerto et al., 2011). In our research, the up-regulated
tubulin alpha-1C chain implies that 10 μg/L BaP induced a defense
mechanism in gills. Activating signal cointegrator 1 (ASC-1) can be
associated with speciﬁc components of the RNA polymerase II complex.

4. Conclusion
In summary, the toxic eﬀects of BaP were mainly characterized by
333
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Table 2
List of protein spots that were diﬀerentially expressed in P. martensii gills exposed to diﬀerent concentrations of BaP (1 µg/L and 10 µg/L) for 7 days.
Spot IDc

Protein name

Species

Accession Numberd

MW/kDae

PI

Protein Scoref

SCg

PNh

fold changesi

266
164
277
368
624
458
472
661
583
609
30
111
740

N-terminal EF-hand calcium-binding protein 1
Activating signal cointegrator 1 complex subunit 1
Guanine nucleotide-binding protein G(o) subunit alpha
Tubulin alpha-1C chain
Malate dehydrogenase, mitochondrial
hypothetical protein LOTGIDRAFT_201713
Heat shock protein 90
Heterogeneous nuclear ribonucleoprotein A/B
Splicing factor, arginine/serine-rich 1
Cdc42
Calmodulin
Fructose-bisphosphate aldolase
Calumenin

Crassostrea gigas
Crassostrea gigas
Lymnaea stagnalis
Crassostrea gigas
Crassostrea gigas
Lottia gigantea
Crassostrea gigas
Crassostrea gigas
Crassostrea gigas
Aplysia californica
Aplysia californica
Anadara sp. KJP− 2011
Crassostrea gigas

gi|405978438
gi|405969929
gi|232136
gi|405965637
gi|524878971
gi|556109516
gi|558697274
gi|405957004
gi|524874374
gi|30385202
gi|21307641
gi|318136386
gi|524910865

34,670
41,363
40,759
50,794
37,839
50,749
83,289
23,918
25,053
21,735
16,800
21,981
47,988

4.88
5.58
5.24
4.94
7.03
4.90
4.88
5.15
9.82
6.32
4.09
5.3
4.53

36
36
138
739
78
44
615
68
54
84
193
173
42

2%
2%
9%
23%
3%
3%
17%
13%
10%
6%
30%
11%
1%

1
1
3
7
1
1
8
2
2
1
3
1
1

6.13794b
2.59801b
2.47455a
2.24416b
2.08846b
2.02419b
1.69803a
1.54752b
− 7.74607a
− 5.44133a
− 1.74469b
− 1.68547b
− 1.6238b

a

Identiﬁcation of diﬀerentially expressed proteins compared with solvent control and BaP 1 µg/L.
Identiﬁcation of diﬀerentially expressed proteins compared with solvent control and BaP 10 µg/L.
c
Assigned spot ID as indicated in Fig. 3.
d
Database accession numbers after searching against the NCBInr database.
e
Experimental mass.
f
Mascot score reported.
g
Sequence coverage.
h
Number of peptide sequences.
i
Fold changes with signiﬁcances (> 1.5 folds and p < 0.05) were calculated using ImageMaster 2D Platinum 7.0.
b
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Fig. 4. A schematic presentation of pathways indicated by the altered metabolites and proteins induced by BaP in gills. The identiﬁed metabolites and
proteins are shown by marking the names in red (upregulated) or blue (down-regulated). Abbreviation:
FBA, Fructose-bisphosphate aldolase; MDH2, mitochondrial malate dehydrogenase; HSP 90, Heat
shock protein 90. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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