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HIGHLIGHTS

» Principal components analysis revealed that the oysters had distinct contamination profiles.

» Proteomic analysis identified a proteome pattern composed of 13 commonly altered proteins in the contaminated oysters.
» The proteome pattern could classify the oysters with different comtanination levels.

» The integrated proteome change were linearly related to the integrated contamination of the metal mixtures.

» Proteome pattern is a promising diagnostic tool for metal pollution assessment.
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The present study investigated whether proteome pattern of an oyster Crassostrea hongkongensis could
be used as a diagnostic tool for contamination and toxicity of metals/metalloids in a real multiple metal-
contaminated estuary. We collected oysters along a pollution gradient from highly contaminated to
relatively clean sites. The oysters showed distinct contamination gradients of Cu, Zn and Cd. Proteomic
analysis of the oyster gills as one of major metal targets identified a proteome pattern composed of 13
commonly altered proteins in the contaminated oysters. The discovered proteome pattern completely

Key W.OMS: . segregated the contaminated from the clean individuals, and the pattern achieved clear classification
Multiple-metal pollution . . .. . .

Oyster of the oysters with different contamination levels. Importantly, the integrated changes of gill proteome
Protein expression signature were linearly related to the integrated contamination of the metal mixtures present in oyster tissues.
Proteomics It is suggested that proteome pattern is a promising diagnostic tool for metal pollution assessment in

Pollution assessment

environmental monitoring programs.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The ecological effects of thousands of anthropogenic chemi-
cals on aquatic ecosystems have become a major concern, and
many metal contaminants are on the high priority lists of haz-
ardous substances (e.g., As, Cd, Cr, Cu, Hg, Pb, Zn). Excessive loading
of anthropogenic metals into aquatic environment has caused
inestimable adverse impacts on ecosystems and human beings.
Successful ecological monitoring relies on our ability to timely
identify the major pollutants and to accurately predict the con-
sequences; both of which rely on a comprehensive understanding
of environmental behaviors and mode of action of these pollutants
[1]. For decades, bivalves have been widely employed to monitor
metal contamination in coastal waters worldwide, as their tissue
metal concentrations can integratedly reflect the bioavailability of
metals in the environment [1-3].
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To spot early molecular events involving in toxicant responses,
biomarkers (signs associated with toxicant exposure at the
lower levels of biological organization) are generally measured
[4,5]. Unfortunately, few of the established biomarkers have
adequate sensitivity, specificity, and predictive value for metal
contamination. Even the use of traditional biomarkers requires
a comprehensive knowledge of the interactions between con-
taminants and organisms [6-9]. For example, metallothioneins
(MTs), low-molecular-weight metal-binding proteins, are the
most widely used biomarkers in environmental monitoring pro-
grammes. However, the best MTs as metal biomarkers are still a
subject of discussion, because both field and laboratory studies
showed the difficulty of MTs in discriminating metal-polluted
and clean animals [10,11]. Furthermore, metal pollutants rarely
occur alone, and most of contaminated waters are enriched with
mixtures of metals [1,12]. Predicting the toxic effects of metal
mixtures based on a single biomarker is a great challenge due to
their complex effects caused by concentration additivity or syn-
ergism, and at present there are no effective molecular diagnostic
tools for mixture exposure [9]. Thus, application of new concepts
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and technologies for detection and prediction of metal mixture
exposure is highly demanded [9,12].

Nowadays, there is an increasing awareness that the analy-
sis of an organism’s proteome allows the detection of a total
set of proteins’ change in response to environmental contam-
inants [7,8,13,14]. Importantly, pattern changes of biomonitor
proteome mightreflect the levels of contamination and toxic effects
on aquatic animals, thus proteome pattern might represent a
new diagnostic paradigm in environmental pollution assessment.
Proteome patterns have been determined in several organisms
exposed to metals and other abiotic stressors [15-20], and the
identified patterns allowed distinguishing animals from clean and
polluted sites [17,21]. The application of this concept in ecotoxicol-
ogy has grown steadily, but there is a general lack of field validation
to demonstrate the relationships between contamination/toxicity
and proteome response [8,16,17,22,23].

The present study aimed to demonstrate the usefulness of pro-
teome pattern in aquatic invertebrates as a diagnostic tool for
contamination and toxicity of metals/metalloids in a real multi-
ple metal-polluted estuary (i.e., the Jiulongjiang estuary), which
was contaminated by several metals/metalloids [24,25]. Proteome
pattern was generated from the gills of these native contaminated
oysters Crassostrea hongkongensis, which were collected along a
pollution gradient in the estuary, as the gill is a major metal stor-
age and target organ [24]. The discovered pattern was then used to
blindly classify the oysters with different contamination levels from
highly contaminated to relatively clean sites. We hypothesized that
the proteome of the more contaminated oyster might have changed
more than that of the less contaminated one, in comparison to the
proteome of the clean one, and the proteome pattern of the more
contaminated one showed less similarity to that of the clean one.
Proteome pattern may be a good indicator of integrated contamina-
tion (possibly toxic effect) of metal mixtures to the species. Besides,
the significantly altered protein spots were putatively identified by
homology searches following MS/MS analysis to gain insights into
the underlying mechanisms of toxic effects of multiple-metal expo-
sure, although genetic information of the oyster is not available
yet.

2. Materials and methods
2.1. QOyster sampling

During the low tides, the native contaminated oysters C.
hongkongensis were collected from the Gonggian (GQ, 24°24’15"N,
117°57'5”E) and Baijiao (B], 24°28'9”N, 117°55’59"E) sites along
the contaminated Jiulongjiang estuary, and the control oysters C.
hongkongensis were collected from the Zhangpu (ZP, 24°2’15"N,
117°43'8”E) site from the nearby relatively clean Jiuzhen estuary,
Fujian of China, on December 18th-22th, 2010. Previous studies
suggested that the Jiulongjiang estuary was contaminated with
metals [26,27], but it was recently documented that the concen-
trations of sediment metals were elevated, especially for Cuand Zn
[24]. In addition, the Jiulongjiang estuary had much higher labile
dissolved concentrations of Cu, Zn and Cd than the reference ZP site,
as revealed by the measurements using diffusive gradients in thin
film units [25]. These findings were consistent with the increas-
ing industrialization in the rapidly developing area. In addition,
there was no noticeable contamination of organic contaminants,
including PCBs and PAHs, in the Jiulongjiang estuary [28-31]. The
estuary was an important area for oyster culture, and the aver-
age surface salinity ranged from 14 to 26 psu as for tidal actions.
Twelve individuals of similar size were selected from each site, and
the gills were immediately dissected after being rinsed with Milli-
Q water for at least three times. There was no osmotic shock during

the washing process. Four individual gills from the same site were
pooled together, and there were three biological replicates of dif-
ferent pooled samples. Subsequently, the gills were homogenized
in a 3-mL 10% trichloroethanoic acid (TCA)/acetone (w/v) buffer
placing in an ice-water bath. One mL of the homogenate was used
for metal analysis while the remaining was subjected to proteomic
analysis.

2.2. Metal analysis

The gill homogenate, remaining tissues of the oysters and sim-
ilar weight samples of the certified standard reference material
1566b-oyster tissue were freeze-dried and thoroughly digested
in concentrated HNOs3. The digests were subsequently diluted to
appropriate concentration ranges with a 2% HNO3 solution. The
procedures were carried out in a clean hood, and trace metal clean
reagents and techniques were used throughout the digestion pro-
cedures. The metals/metalloid (Ag, As, Cd, Cr, Cu, Ni and Zn) in
the digests were determined by inductively coupled plasma-mass
spectrometry (ICP-MS, Agilent 7700 x ), and the instrument was cal-
ibrated with external standards. To account for instrument drift and
change in sensitivity, internal standardization was also performed
by addition of Sc, Ge, Y, In, Tb and Bi (Internal Standard Mix Part#
5183-4681, Agilent) to the samples and standards. One of the stan-
dards was reanalyzed after every 30 samples, and deviations from
the standard value were in general less than 10% for the elements.
The levels of the detection limit for the metals/metalloid, calculated
from replicate blank analyses, were several orders of magnitude
below the concentrations determined in the oyster samples. The
recovery percentage from the reference standard oyster tissue was
98-105%, and there was no certificated value for Cr in the reference
material. The metal/metalloid concentrations were reported as g
metal/metalloid per g wet weight tissue.

2.3. Proteomic analysis

The gill proteome was visualized by a silver staining method
compatible with MS analysis, and the detailed procedures are
described in our previous study [32]. The silver staining allows for
detection of <1 ng protein per spot, and the method has proven
effective in quantification and mass spectrometric sequencing of
proteins [21,32,33]. Briefly, the gill proteins were extracted in 10%
trichloroethanoic acid/acetone (w/v) buffer, and protein concen-
tration was determined by a 2-D Quant Kit assay (GE Healthcare).
Then, the extracted proteins were separated by two-dimensional
electrophoresis (2-DE), and the digitized 2-DE images (Bio-Rad GS-
670) were analyzed with ImageMasterTM 2D Platinum (Amersham
Biosciences). Protein abundance was defined as normalized relative
volume of protein spots (% of the total spot volume), and a higher
normalized volume of a spot in one gel in comparison to that in
the corresponding control gel reflects a higher concentration of the
protein.

The interesting proteins were putatively identified by homol-
ogy searches following MS/MS analysis as described in the previous
study [32], since the genetic information of the oyster is not
available yet. Briefly, differentially expressed protein spots were
digested with trypsin, and peptides were extracted with 50% ace-
tonitrile plus 0.1% trifluoroacetic acid. The MS and tandem MS data
were acquired in a positive MS reflector mode with a scan ranging
from 800 to 4000 Da, and the 20 most intense precursors were fur-
ther fragmented in collision-induced decomposition mode. Finally,
the data were submitted to the search engine Mascot for homology
searches against the NCBInr and the bivalvia EST database. Similar-
ity was not considered to be significant when the protein score C.1.%
was less than 95 (for search in the NCBInr) or E-value was more than
e~20 (for search in the bivalvia EST). The identified proteins were
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Table 1

Metal/metalloid concentrations in the gill of the oysters Crassostrea hongkongensis collected from three estuarine sites.

Sampling site Gill metal/metalloid concentration (g/g wet weight)

Cu Zn Ccd Ag Ni Cr As
zpP 67.2 + 43.6 2728 £ 1144 0.7 £ 0.1 1.5+ 08 1.2+ 04 51+4.1 25+0.1
GQ 2112 +34.7 1359.8 + 173.6° 4.0+ 0.8 0.7 £ 0.1 21406 122 £3.2° 3.0+0.1
BJ 1482.6 + 237.0° 3282.2 + 93.7 7.7 + 4.0 22408 25+ 09 4.1+24 1.5+0.3"

Data are mean =+ standard deviation (n=3).
" indicates significant difference with that in the ZP (P<0.05, Student t-test).

searched in the Gene Ontology (http://www.geneontology.org/) to
infer their possible biological functions.

2.4. Multivariate statistical analyses

Principal components and hierarchical clustering analyses (SPSS
16.0) were used to determine if there were meaningful differ-
ences in both the contamination gradients of the metals/metalloid
and the expression patterns of proteome [34,35]. The data were
normalized by doing a transformation of (x — mean)/standard devi-
ation before the multivariate analyses, and thus all the variables
had zero mean and unit variance. Differences in the patterns of
metals/metalloid among the oysters may reflect variations in the
anthropogenic sources or contamination levels. In the present
study, the first two principal components had more than four load-
ings greater than 0.6, and so the PCA analysis was reliable regardless
of the sample size [35]. The score plots can give a better indication of
the similarity of metals/metalloids contamination gradients in the
oysters than a comparison between individual metals/metalloids.

3. Results and discussion
3.1. Contamination pattern of metals/metalloid in the oysters

The gill of bivalves is one of the major targets in storage, toxicity
and detoxification of the metals/metalloids [1,24]. The concentra-
tions of six metals (Ag, Cd, Cr, Cu, Ni and Zn) and one metalloid
(As) in the gills of the oysters Crassostrea hongkongenesis collected
from the contaminated and clean sites are summarized in Table 1,
and the residual tissues contained similar metal/metalloid con-
centrations to the gills (data not shown). The concentrations are
reported as microgram of metal/metalloid per gram wet weight
of oyster tissue, since the maximum acceptable concentrations for
metals in molluscan shellfish are established on a wet weight basis
[36]. The concentrations of metals in the GQ and BJ oysters were
high, particularly in the B] ones. Concentrations of Cu were as high
as 1756 g/g, and Zn concentrations were as high as 3376 p.g/g,
whereas Cd concentrations were as high as 10.9 pg/g. The concen-
trations of Cu, Zn and Cd in the BJ animals were enriched 22, 12
and 11 times relative to the average reference metal levels in the
clean ZP oysters, respectively. The B] and GQ were contaminated
to a less extent by Ag, Ni, Cr and As. Interestingly, the contamina-
tion profile of the B] population differed from that of the GQ; the
latter contained significantly less Cu, Zn, Cd, Ag but more Cr and As
than the B] one (P<0.01, Student t-test). The concentrations of met-
als/metalloid measured in the oysters in this study were consistent
with a recent study of the oysters in this estuary [24].

To better distinguish the contamination gradients, principal
components analysis (PCA) were used to make comparisons of the
oysters with respect to seven variables (i.e., six metals and one met-
alloid). The score plot of the metal content in the oysters is shown
in Fig. 1. Together, the first two principal axes retained 85.6% of
the variance from the original seven dimensions. In the score plot,
three contamination gradients between the populations were evi-
dent, and the oysters from the same sampling site clearly clustered

together. Specifically, the first principal component separated the
contaminated oysters of GQ and BJ from the ‘clean’ ZP ones, and the
second principal component further separated the oysters from the
two contaminated sites. The less contaminated GQ oysters had pos-
itive loadings along the second principal component, whereas the
highly contaminated BJ oysters had negative loadings along the sec-
ond principal component. Using the information from all the seven
contaminants, it was apparent that there were different gradients
of metal/metalloid contamination in the oysters.

To evaluate integrated contamination level of the met-
als/metalloid, a simple equation is proposed:

m
Integrated metal contamination = ZC(":
i=0

_Ct
ontaminated clean

i . . . .
where C} . . eq IS the concentration of the ith metal/metalloid

in a contaminated oyster, and Cé'lean is a reference value for the
ith metal/metalloid in an uncontaminated one. The reference was
determined from the clean ZP oysters collected from a clean
site in the present study. The lowest concentrations of the met-
als/metalloid in the clean oysters were 17 pg/g for Cu, 145 pg/g for
Zn, 0.7 p.g/g for Cd, 0.6 pg/g for Ag, 0.8 wg/g for Ni, 1.3 pg/g for Cr,
1.3 pg/g for As on a wet weight basis. And, m is the number of all
metals/metalloids that an organism were simultaneously exposed
to, i.e.,, m=7 in the present case. We found that the calculated inte-
grated contamination of the oysters was in the following order:
the BJ oysters>the GQ oysters>the ZP oysters, which is in good
agreement with the pollution gradient of the estuary [24].

3.2. Expression pattern of proteome in the oysters

As oyster gills are the major metal/metalloid target organs [24],
gill proteomes of the oysters were visualized by 2-D electrophore-
sis. Three representative 2-D gels are shown in Fig. 2, and each
gel yield about 1200 well-resolved protein spots (observed pl 4-7,
observed molecular weight 10-100 kDa). In comparison with the
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Fig. 1. Principal component score plot of the oyster samples from metal-
contaminated (GQ and BJ]) and clean (ZP) sites in the new coordinate space defined
by the first two principal components (PC). The retained variance of each principal
component is shown in parentheses.


http://www.geneontology.org/

244 F. Liu, W.-X. Wang / Journal of Hazardous Materials 239-240 (2012) 241-248

=
g
=
3
2
Q
2
[=}
10
4 observed p/ 7
100 BJ
:
=
>
o
£
3
3

OQ—
as
-
l"
g
N
R

1

ge———

4 <«————— observedp/

observedpl ————————————* 7

Fig. 2. Representative two-dimensional electrophoresis gels of the gill of the oysters from metal-contaminated (GQ and BJ) and clean (ZP) sites. A protein spot marked with
a circle indicates its differential expression in the GQ or BJ oysters in comparison with that in the ZP (P<0.05, Student t-test). The green circles indicate the spots were not
detectable in the GQ or B] oysters, while the red ones indicate the newly appearing spots in the GQ or B] oysters.

ZP’s gels, 63 and 123 protein spots were differentially expressed
in abundance in the GQ and BJ ones, respectively (P<0.05, Student
t-test), and 13 of the altered protein spots were commonly altered
in the contaminated GQ and BJ oysters (Fig. 3A). Expression abun-
dances of the 13 protein spots are shown in Fig. 3B, and none of
them was successfully identified at present. Specifically, 11 out of
the 13 spots showed lower expression in both the GQ and B] oysters
than those in the ZP ones, whereas one spot of protein ID 130 was
significantly over-expressed in the two contaminated populations
(P<0.05, Student t-test). It is likely that the 13 proteins were asso-
ciated with exposure of the metals/metalloid, although at present it
is difficult to identify them and to establish their direct causal rela-
tionships. Moreover, multiple time periods analyses and potential
influences of other environmental variables (e.g., salinity, pH, and
temperature) should be taken into account in further field trials in
order to develop specific and sensitive biomarkers of metal expo-
sure. Recently, it is reported that unique protein expression profiles
of oyster haemolymph exposed to metal contamination in the field
were associated with different combinations and concentrations of
metals and other environmental variables (predominantly salinity
and pH) present during three field trials [23].

Our first question was whether the expression pattern of gill
proteome could distinguish the contaminated oysters from the
clean ones, and whether it could further classify the contami-
nated oysters with different contamination levels. Actually, many
pathology studies have shown the feasibility of disease diagnosis
and prediction based solely on the molecular expression patterns,
independent of biological knowledge of the molecules [37,38].
Recently, the concept of protein expression pattern/signature (PES)
evolved from these human clinical proteomics has been increas-
ingly applied in environmentally relevant organisms [15-17,32].
PES is defined as a set of proteins as biomarkers of specific envi-
ronmental stressors. The characteristic PES in the unsequenced
animals is independent of the identity of the proteins and may
be a robust discriminator of a specific pollutant in real contam-
inated environments. In the present study, we obtained a PES
composing of 13 commonly altered protein spots in the two
metal-contaminated oyster populations, and multivariate cluster-
ing analyses were employed to blindly classify oysters with similar
proteome expression patterns into the same class (Fig. 3C). Clearly,
the results showed that the clean ZP oysters formed a separate
cluster while the GQ and BJ] contaminated ones were clustered
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Fig. 3. (A) Venn diagram showing the number of the differentially expressed gill
proteins for the metal-contaminated oysters (i.e., GQ and BJ) in comparison with the
clean ones (ZP) (P<0.05, Student t-test). (B) Expression abundance of the 13 differen-
tially expressed protein spots in the gill of the oysters from the metal-contaminated
(GQ and BJ) and clean (ZP) sites. Mean =+ standard deviation (n=3). Protein spot ID
refers to the labeled number in the Fig. 2. *indicates significant difference with that
in the ZP (P<0.05, Student t-test). (C) Hierarchical clustering of the 13 commonly
altered proteins and each representing one biological replicate. The dendrogram
provides a measure of the relatedness of protein expression pattern.

together, and the highly contaminated B] ones had lower simi-
larity levels to the ZP ones than the less contaminated GQ ones
(Fig. 3C). Amelina et al. [17] also reported that the clean mus-
sels Mytilus edulis could be distinguished from the contaminated
ones based on a PES composed of 13 proteins. Apraiz et al. [16]
described PES in M. edulis exposed to individual marine pollutants,
and these single pollutant-specific PESs had particular diagnostic
value in environmental pollution monitoring programs.

The second question was that whether proteome pattern can
diagnose health status of these biomonitors. Here, we aimed to
test whether there was a meaningful relationship between the
pattern changes of gill proteome and the integrated contamina-
tion of the metals/metalloid (possibly integrated toxic effect) in the
field-collected oysters. In order to do this, we began with a simple
assumption that the integrated toxic effect of the metals/metalloid
is the sum of the resultant toxicity from each one (i.e., tissue residue
addition approach). But, much work is needed to test whether
there are different patterns of intracellular interactions between
the metals on the integrated metal toxicity. The integrated pro-
teome change can be calculated from the follow equation:

n

Integrated proteome change = Z|C£0mammated - Cilean|

Jj=1

o 40
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Fig. 4. Relationship between the ‘Integrated proteome change’ and the ‘Integrated
metal contamination’ or ‘Integrated metal toxic effect’ (see text for the calculation)
in the gill of the oysters, and each dot represents one biological replicate.

J
where Ccontarninate

ferentially expressed protein spot in a contaminated oyster, C]cl ean
is the normalized concentration of the jth protein in an uncon-
taminated one, and n is the number of the differentially expressed
protein. In the present study, the values of j were 63 and 123 for
the GQ and the BJ, respectively. We found that the intra-population
variations in the integrated proteome change were small (Fig. 4),
and the relative standard deviations were 15.5% for the ZP, 14.8%
for the GQ, and 9.7% for the BJ. Importantly, the inter-population
variations significantly differed from each other, and the order of
the integrated proteome change, i.e., the BJ oysters>the GQ oys-
ters>the ZP oysters, was in good agreement with the order of
the integrated metal contamination (possibly the integrated toxic
effect).

Clearly, there was a linear relationship between the inte-
grated proteome change and the integrated metal contamination
observed in the oysters (R% =0.95, P<0.0001, Fig. 4). The relation-
ship suggested that proteome change in abundance may have a
strong predictive power of pollution and toxic effects of met-
als/metalloids. Here, the central hypothesis was that the relative
expression abundance of proteome in a target organ reflected the
ongoing events involved in toxicant responses, and thus the pattern
change of the proteome could comprehensively characterize the
extent of toxic effects on the organism. The predictive power of the
toxic effect of metals/metalloids by using proteome pattern may
be further improved if the cellular metal-metal interactions, miss-
ing proteins/peptides, protein post-translational modifications and
re-localization are considered.

4 Is the normalized concentration of the jth dif-

3.3. Protein identification in the oysters

Environmental proteomics is increasingly employed to eluci-
date the underlying molecular mechanisms of toxicant responses
by aquatic organisms [6-8,14,39]. For a better understanding of
the mode of action of aquatic pollutants, successful identification
of metal-altered proteins is a prerequisite in these animals with
unsequenced genomes. The mass spectrometry (MS) technology
followed by homology searches has been successfully developed
for protein identification in many organisms with non-sequenced
genomes [40], and novel proteins participating in diverse biological
processes have been identified and proposed as novel biomarkers
of metal exposure [16,21,32,41]. In the present study, all the dif-
ferentially expressed proteins, i.e., 173 spots, were submitted for
putative identification by a MALDI-TOF/TOF MS/MS analysis and
followed by homology searches in the NCBInr and bivalvia EST
databases, since the genetic sequences of the oyster are absent
from the databases at present. In the preliminary effort at pro-
tein identification, the majority of the spots were not identified,
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Putative identification of the differentially expressed proteins in the gill of the oysters Crassostrea hongkongensis collected from the metal-contaminated GQ and B]J sites, in
comparison to those in the clean ZP oysters.

Spot ID? Fold change® Protein identity Species® Accession Theoretical Peptides count Biological process
numberd MW (kDa)/pl¢
GQ BJ
ZP-17 -14.7 - Methionine Childia sp. gi|255733356 35256.7/5.38 4 Amino acid
adenosyltransferase MR-2009 metabolism
ZP-58 - ND Beta-actin Liposcelis paeta 811258617817 31334.6/5.14 3 Cell structure and
motility
ZP-60 - ND Actin Ciona gi|198424630 41913.9/5.29 6 Cell structure and
intestinalis motility
ZP-75 - ND Mitochondrial H* Pinctada fucata gi|116008297 59813.6/8.92 18 ATP synthesis
ATPase a subunit
ZP-77 - ND Predicted: Monodelphis gi1126326243 37272.7/6.41 2 Unknown
hypothetical protein domestica
ZP-82 - ND Prohibitin, putative Ixodes gi|241065293 29117.2/6.02 4 Mitochondrial
scapularis function, transcription,
etc.
ZP-102 - -2.6 Phosphorylase Xenopus laevis gi|963085 66066.2/4.83 8 Signal transduction,
phosphatase transcription,
metabolism, etc.
ZP-106 - -2.6 26S protease Pediculus 811242004678 42523.1/5.63 9 Proteolysis
regulatory subunit humanus
6A, putative corporis
ZP-112 - 5.5 Enolase Phytophthora gi|301118044 49416.2/5.25 5 Glycolysis
infestans T30-4
ZP-114 - —-4.6 CRE-PGK-1 protein Caenorhabditis gi|308505762 44217.2/6.34 7 Unknown
remanei
ZP-115 - -34 Medium-chain Chiloscyllium gi|298155806 25314/8.89 6 Fatty acid metabolism
acyl-CoA plagiosum
dehydrogenase
ZP-116 - -19 4- Paracoccidioides 811226288135 45874.1/5.64 4 Amino acid
hydroxyphenylpyruvate brasiliensis metabolism
dioxygenase Pb18
ZP-120 -7.3 - Elongation factor 2 Suberites fuscus gi|32967436 28600.5/6.03 6 Protein biosynthesis
GQ-2 New - Extracellular Saccostrea gi|229485195 21666.1/5.27 3 Superoxide
superoxide glomerata metabolism
dismutase
GQ-13 New - Manganese- Scapharca gi|253684161 21186.8/6.11 3 Superoxide
superoxide broughtonii metabolism
dismutase
BJ-1 - New Calreticulin Crassostrea gi|148717307 48499.3/4.53 13 Protein degradation,
gigas transcription
regulation, etc.
BJ-5 - New Malate Nucella lapillus gi|6746611 36590.4/8.44 5 Tricarboxylic acid cycle
dehydrogenase
precursor
BJ-7 - New Hemocyte Crassostrea gi/66970169 21423.8/4.84 1 Superoxide
extracellular gigas metabolism
superoxide
dismutase
BJ-9 - New Hemocyte Crassostrea AAY60161.1 26706.3/5.03 1 Superoxide
extracellular gigas metabolism
superoxide
dismutase

2 Spot ID refers to the labeled number in the gels of Fig. 2.

b Fold change was calculated by dividing expression abundance in the contaminated oysters by that observed in the clean ZP, and the down-regulated proteins were
assigned negative reciprocals. Values are only shown for significant differences (P<0.05, Student’s t-test). ‘-’ indicates no significant difference with that of the ZP. ‘ND’

indicates non-detectable, and ‘New’ indicates newly appearing.
¢ Species in which proteins were identified.

4 Accession number from National Center for Biotechnology Information database.

¢ MW =molecular weight; pl=isoelectric point.

mainly due to the lack of genomic information, the too low spot
abundance, or the use of the MALDI-TOF/TOF, although we were
able to putatively identify 19 proteins (Table 2). Thus, the use of
more up to date instrumentation/bioinformatics such as nanoflow
liquid chromatography-tandem mass spectrometry might improve
the success rate of protein identification in the oysters [20,23]. The
fold change, theoretical molecular weight and pl, peptide species
count and biological function of the 19 proteins are reported in
Table 2.

The identified proteins are involved in a variety of biological pro-
cesses, such as amino acid metabolism, ATP synthesis, cell structure

and motility, glycolysis, fatty acid metabolism, protein biosynthe-
sis, protein degradation, tricarboxylic acid cycle, and superoxide
metabolism (Table 2). It appears that the systemic cellular dys-
functions were associated with multiple-metal exposure, and the
disorders might be partly associated with the reduced growth rates
observed in the contaminated populations [25]. Firstly, we found
that the expression of medium-chain acyl-CoA dehydrogenases
decreased by 3.4-fold in the BJ oysters. It is known that the defi-
ciencies in acyl-CoA dehydrogenases can result in an insufficiency
in fatty acids oxidization, thus consequently leading to an inabil-
ity to gain energy and make sugar from fat stores [42]. Secondly,



F. Liu, W.-X. Wang / Journal of Hazardous Materials 239-240 (2012) 241-248 247

metabolic disorder of amino acids may occur in the oysters under
metal stress, since there was down-regulation of two important
enzymes, i.e., 4-hydroxyphenylpyruvate dioxygenase (HPPD) and
methionine adenosyltransferase (MA). The HPPD, a Fe-containing
enzyme, functions in the catabolism of tyrosine [43], was decreased
by 1.9-fold in the B] oysters. The MA, with an important function in
producing S-adenosylmethionine (SAM) [44], was down-regulated
by 14.7-fold in the GQ oysters. The inhibition of SAM cycle may
partly contribute to the observed slow growth rate of the metal-
exposed oysters, since SAM is required for cellular growth [45].
Thirdly, we observed differential expression of actin proteins in
the BJ animals but not in the GQ ones. Actins are highly conserved
proteins participating in many important biological processes such
as muscle contraction, cell motility, cell integrity [46]. The altered
expression of the proteins probably disrupted normal physiologi-
cal functions of the gill in food gathering, respiration and nutrient
requisition. However, the frequently reported cytoskeletal proteins
may not be specific to metal stress, and they probably repre-
sent common cellular stress responses [47]. Finally, the highly
contaminated BJ oysters had a significantly lower expression of
mitochondrial H* ATPase, which is crucial in ATP metabolism. The
suppressed ATP production could probably affect nutrient uptake
and maintenance of transmembrane proton gradient for transport
of the nutrients into the cells [48].

Likely, the oysters had employed specific cellular strategies for
metal detoxification, making them tolerant of such high concentra-
tions of bioaccumulated metals, especially Cu, Zn and Cd. Firstly, the
GQ and BJ populations showed remarkable expression of super-
oxide dismutase (SOD), which is the first line of defense against
reactive oxygen species resulted from metal over-load [49]. The
second approach was probably by improving energy production
for metal sequestration/detoxification, as indicated by the signifi-
cant increases of enolase and malate dehydrogenase precursor in
the B] oysters [50,51]. Thirdly, subcellular fractionation analysis
revealed that only a negligible fraction of Cu and Zn was distributed
into cellular metal-sensitive fractions [24]. Indeed, a previous ultra-
structural study of metal-contaminated oysters found that Cu and
Zn were immobilized in membrane-limited vesicles as different
chemical compounds [52].

4. Conclusion

In conclusion, the present study revealed that proteome pattern
is a powerful discriminator of metal contamination in biomoni-
tors, and it is also useful in contamination classification. A further
robust identification/verification of the altered proteins may lead
to the discovery of novel specific biomarkers, which shall signifi-
cantly improve our ability in metal pollution assessment. We also
found that the integrated pattern change of gill proteome corre-
lated linearly with the integrated contamination or toxic effect of
the metals/metalloid, suggesting that proteome pattern may be a
good indicator of contamination or toxicity of metal mixtures in
the aquatic organisms.
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