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Both cadmium and arsenic are the important metal/metalloid pollutants in the Bohai Sea. In this work, we sam-
pled the dominant species, shrimp Crangon affinis, from three sites, the Middle of the Bohai Sea (MBS), the Yellow
River Estuary (YRE) and the Laizhou Bay (LZB) along the Bohai Sea. The concentrations of metals/metalloids in
shrimps C. affinis indicated that the YRE site was polluted by Cd and Pb, while the LZB site was contaminated

by As. The metabolic differences between shrimps C. affinis from the reference site (MBS) and metal-pollution
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sites (YRE and LZB) were characterized using NMR-based metabolomics. Results indicated that the metal pollu-
tions in YRE and LZB induced disturbances in osmotic regulation and energy metabolism via different metabolic
pathways. In addition, a combination of alanine and arginine might be the biomarker of Cd contamination, while
BCAAs and tyrosine could be the biomarkers of arsenic contamination in C. affinis.

© 2015 Elsevier Ltd. All rights reserved.

With the rapid development of industry, metal pollution has become
a serious environmental problem in the marine and coastal environ-
ments in the Bohai Sea. Mu et al. (2009) reported that cadmium (Cd)
and arsenic (As) were the dominant metal/metalloid pollutants in the
sediments from the Laizhou Bay. In the cultured shellfishes collected
from the Laizhou Bay, an early report showed that the samples from
more than 50% of the sampling sites were polluted by Cd (Liu et al.,
2004). Due to the discharge of industrial effluents along the Yellow
River, the Yellow River Estuary has also become a metal-polluted site
along the Bohai coast. Since the accumulated metals can induce toxic-
ities in marine organisms, the great concern has been raised over the
health risks of metal pollutions to aquatic organisms.

The marine shrimp Crangon affinis is the dominant species and wide-
ly distributed in the Yellow Sea and the Bohai Sea (Cheng, 2005).
C. affinis plays a very important role in the food chain since this species
is the main bait of fishes. Hence, they can maintain the marine ecosys-
tem health (Cheng, 2005). In addition, shrimp C. affinis is consumed as
delicious seafood by local residents (Xu et al., 2008). Therefore, it is nec-
essary to investigate the biological effects of metal pollutions to this
shrimp species. To our knowledge, however, few studies have been fo-
cused on the metal pollution-induced biological effects in shrimp
C. affinis.

In recent years, the-omics techniques, such as genomics, tran-
scriptomics, proteomics and metabolomics, have been widely used in
environmental sciences to elucidate the biological effects induced by
environmental stressors to organisms (Ji et al., 2013; Santos et al.,
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2010; Williams et al., 2009). Metabolomics is a newly established-
omics technique that focuses on all the small molecular metabolites
(<1000 Da) in organisms (Jones et al., 2008; Viant et al., 2003). A com-
parative analysis on the metabolome profiles in organisms under envi-
ronmental stress can provide metabolic responses induced by
environmental stressors (Fasulo et al., 2012; Kwon et al., 2012;
Cappello et al.,, 2013). In a previous study, Kwon et al. (2012) successful-
ly applied NMR-based metabolomics to investigate the biological effects
of metal pollution in marine mussels (Mytilus edulis) sampled from a
metal-polluted area (Onsan Bay). Their work confirmed the applicabil-
ity of NMR-based metabolomics to characterize metal pollution-
induced biological effects in organisms.

In this study, the NMR-based metabolomics was used to investigate
metabolic responses in shrimp C. affinis to metal pollutions. The shrimps
C. affinis were collected from three sites in the Yellow River Estuary, the
Laizhou Bay and the Middle of the Bohai Sea, respectively. Among these
sampling sites, the former two sites might be contaminated by metals or
metalloids (such as Cd, Pb and As), respectively, and the site in the Mid-
dle of the Bohai Sea was a relatively clean and therefore used as the ref-
erence. The muscle tissues of individual shrimps C. affinis were
examined for the metabolic profiles. The aims of this study were to char-
acterize the biological effects in shrimps C. affinis exposed to metal pol-
lutions using NMR-based metabolomics.

The shrimps C. affinis were collected from the Yellow River Estuary
(YRE, 37°45'0” N, 119°15'0" E), the Laizhou Bay (LZB, 39°0'0" N,
120°30’0” E) and the Middle of the Bohai Sea (MBS, 37°15’0” N,
119°30’0” E) along the Bohai Sea in May, 2015 (Fig. 1). Six individual
shrimps with similar sizes were sampled from each site, and the diges-
tive gland and muscle tissues were immediately dissected and flash fro-
zen in liquid N,. After transported to our laboratory, these shrimp
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Fig. 1. The map showing the locations of sampling sites in the Bohai Sea, China. 1. The Middle of the Bohai Sea (MBS): 37°15’0” N, 119°30'0” E; 2. The Yellow River Estuary (YRE): 37°45’0"

N, 119°15’0” E; 3. The Laizhou Bay (LZB): 39°0’0” N, 120°30'0" E.

samples were stored at — 80 °C before metabolite extraction and metal
analysis. All the practical procedures for shrimp sampling were strictly
performed according to the guidelines suggested by Hines et al.
(2007) and Vidal-Lifian and Bellas (2013).

Polar metabolites were extracted from the muscle tissues of shrimps
(n = 6) by a modified extraction protocol using methanol/chloroform
(Zhang et al., 2011). Briefly, the muscle tissue (~60 mg) was homoge-
nized using a high throughput homogenizer (Precellys 24, Bertin Tech-
nologies, France) and extracted in 4 mL/g of methanol, 0.85 mL/g of
water and 2 mL/g of chloroform. The mixture was shaken and centri-
fuged (5 min, 3000 g, at 4 °C), and the supernatant substance was re-
moved. A total of 2 mL/g of chloroform and 2 mL/g of water were
added to the supernatant, and the mixture was vortexed and then cen-
trifuged again (10 min, 3000 g, 4 °C). The methanol/water layer with
polar metabolites was transferred to a glass vial. The sample was dried
in a centrifugal concentrator and stored at — 80 °C before NMR mea-
surement. It was subsequently re-suspended in 600 L of 100 mM phos-
phate buffer (Na,HPO,4 and NaH,PO,4 with 0.5 mM TSP, pH 7.0) in D,0.
The mixture was vortexed and then centrifuged at 3000 g for 5 min at
4 °C. The supernatant substance (550 pL) was then pipetted into a
5 mm NMR tube for NMR analysis.

Extracts of shrimp muscle samples were analyzed on a Bruker AV
500 NMR spectrometer performed at 500.18 MHz (at 298 K) (Zhang
et al,, 2011). One-dimensional (1-D) '"H NMR spectra were obtained
using a 11.9 ps pulse, 6009.6 Hz spectral width, mixing time 0.1 s, and
3.0 s relaxation delay with standard 1D NOESY pulse sequence, with
128 transients collected into 16 384 data points. Datasets were then
zero-filled to 32 768 points, and exponential line-broadenings of
0.3 Hz were applied before Fourier transformation. All '"H NMR spectra
were phased, baseline-corrected, and calibrated (TSP at 0.0 ppm) man-
ually using TopSpin (version 2.1, Bruker).

All one dimensional '"H NMR spectra were converted to a data matrix
using the custom-written ProMetab software in Matlab (V7.0, The
MathWorks, Natick, MA, USA) (Viant et al., 2003). 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 'H 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 trans-
formed with a transformation parameter N = 2.0 x 10~ ° to stabilize
the variance across the spectral bins and to increase the weightings of
the less intense peaks (Zhang et al., 2011). Data were mean-centered
before multivariate data analysis.

The unsupervised pattern recognition method, principal component
analysis (PCA) was used to reduce the dimensionality of the data and
separate the groups of shrimp samples from MBS, YRE and LZB. One-
way analysis of variance (ANOVA) was conducted on the PC scores
from each group to test the statistical significance (P < 0.05) of separa-
tions. 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 sig-
nificant metabolite variations related to metal pollutions. The results
were visualized in terms of score plots to show the classifications and
corresponding loading plots to show the NMR spectral variables con-
tributing 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 re-
sponsible for the classifications between the reference (MBS) and the
metal pollution-exposed group (YRE or LZB) could be detected in the
coefficient-coded loadings plot generated by using MATLAB (V7.0, the
Mathworks Inc., Natwick, USA) with an in-house developed program
and was color-coded with absolute value of coefficients (r). A hot
color (i.e., red) corresponds to the metabolites with highly positive/neg-
ative significances in discriminating between groups, while a cool color
(i.e., blue) corresponds to no significance. The correlation coefficient
was determined on the basis of the test for the significance of the
Pearson's product-moment correlation coefficient. The validation of
the model was conducted using 6-fold cross validation and the cross-
validation parameter Q? was calculated, and an additional validation
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method, permutation test (permutation number = 200), was also con-
ducted in order to evaluate the validity of the PLS-DA models. The R? in
the permutated plot described how well the data fit the derived model,
whereas Q2 value describes the predictive ability of the constructed
model and provides a measure of the model quality. If the maximum
value of Q> max from the permutation test was smaller than or equal
to the Q? of the real model, the model was regarded as a predictable
model. Similarly, the R? value and difference between the R? and Q*
were used to evaluate the possibility of over-fitted models (Feng et al.,
2013). Metabolites were assigned following the tabulated chemical
shifts and by using the software, Chenomx (Evaluation Version,
Chenomx Inc., Edmonton, Alberta, Canada).

Each digestive gland tissue sample from the shrimps (n = 6) was
dried to the constant weight and then digested thoroughly in concen-
trated HNOs3 at 80 °C for 12 h. Metal concentration in the shrimp
samples was determined by inductively coupled plasma mass spec-
trometry (ICP-MS, Agilent 7700 ). Appropriate internal standards (Sc,
Ge, In, Bi) were selected to correct the sensitivity drift and matrix effect.
A quality control sample was repeatedly measured after every 10 sam-
ples. The recovery of the analyzed metals from the standard reference
material (SRM 1566Db, oyster tissue) was within 10% deviation from
the certified values except Cr, of which the certified concentration was
not available. Metal concentrations were expressed as mean 4 standard
deviation (S.D.). All the data of metal concentrations were subjected to
principal component analysis with autoscaling and Student t-test. A P
value less than 0.05 was considered significant. Statistical analysis was
performed using Minitab software (Version 15, Minitab Inc. PA, USA).

Due to the lower capability of metal accumulation than marine bi-
valves such as mussels, oysters and clams, shrimp C. affinis is not a mem-
ber of the bioindicators in ‘Mussel Watch Program’ (Goldberg et al.,
1983). However, shrimp C. affinis is the dominant species in the Bohai
Sea ecosystem and plays a vital role in the food chain (Cheng, 2005).
Therefore it is necessary to elucidate the biological responses induced
by metal pollutions in this species. The average concentrations (ug/g
wet weight) of nine metals (Cr, Mn, Ni, Co, Fe, Cu, Zn, Cd and Pb) and
two metalloids (As and Se) in the shrimps C. affinis collected from the
reference (MBS) and metal contaminated sites (YRE and LZB) are indi-
cated in Table 1. Principal component analysis (PCA) was conducted
to summarize the differences of metal/metalloid concentrations from
different sampling sites. The biplot with shrimp samples from the sam-
pling sites (MBS, YRE and LZB) and variables (nine metals and two met-
alloids) is shown in Fig. 2, with the first two principal components (PCs)
containing 52.26% of the variance from the original eleven dimensions.
As shown in the biplot (Fig. 2), these three groups of samples from
MBS, YRE and LZB were basically separated along PC1 or PC2 axis.

Table 1

Metal/metalloid concentrations in the digestive gland tissues from shrimps Crangon affinis
sampled from three sampling sites, the middle of the Bohai Sea (MBS), the Yellow River
Estuary (YRE) and the Laizhou Bay (LZB).

Metal/metalloid
concentration®

Sampling site

MBS YRE LZB
Cr 0.29 + 0.07 0.36 + 0.17 0.24 + 0.07
Mn 9.64 + 295 7.26 + 1.79 651 + 1.87
Ni 0.83 +0.17 0.54 + 0.07 0.55 4 0.18
Co 0.19 + 0.05 022 + 0.11 0.18 + 0.05
Fe 1.68 + 0.53 1.65 + 0.40 1.58 + 0.54
Cu 62.17 + 17.81 75.84 + 23.78 68.02 + 10.61
Zn 33.58 + 8.47 29.03 + 1.92 30.81 + 6.69
As 22.00 + 8.1 9.78 + 4.50 92.11 + 55.39"
Se 413 £ 091 254 + 042" 322+ 126
cd 1.54 + 0.49 342 + 087" 2334130
Pb 0.19 + 0.04 0.31 + 0.09" 0.22 + 0.06

* (P <0.05) means the significant differences of metal concentrations between
clean (MBS) and metal pollution sites (YRE or LZB) (Student t-test).

¢ Data are shown as mean 4+ standard deviation (n = 6). Values are presented as jig/g
wet weight.
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Fig. 2. The biplot containing PC scores of shrimp samples from three sampling sites, MBS
(¥), YRE (*) and LZB (M) and variable (eleven metals/metalloid) contributions for the
clustering of shrimp samples. Ellipses represent mean =+ standard deviation for each
group of samples from different sites.

Overall, the shrimp samples from YRE showed significantly higher tis-
sue concentrations of Cd and Pb than those in the samples from MBS.
Clearly, the shrimp samples from LZB site accumulated the highest
level of As (Table 1 and Fig. 2). As reported previously, both Cd and As
were the main metal/metalloid pollutants in the Bohai Sea environment
(Mu, 2009), which was similarly observed in this work as shown by the
concentrations of Cd and As in shrimps C. affinis.

The representative 'H NMR spectra of muscle tissue extracts of
shrimps sampled from MBS, YRE and LZB sites are shown in Fig. 3. A
total of 33 metabolites were identified, including amino acids (valine,
leucine, isoleucine, alanine, arginine, glutamate, glutamine, proline, gly-
cine, etc.), osmolytes (betaine, taurine, homarine, myo-inositol and
hypotaurine), energy storage compounds (glucose, glycogen and ATP)
and organic acids (lactate, succinate and fumurate). Apparently, the
TH NMR spectra were dominated by the organic osmolyte, betaine
which plays an important role in the osmotic regulation in marine in-
vertebrates (Fig. 3).

PCA was performed on the 'H NMR spectral data to summarize the
similarities and differences between the shrimp groups from the sam-
pling sites. The PC scores plot presented significant (P < 0.05) separa-
tions between reference (MBS) and metal pollution-exposed groups
(YRE and LZB). In details, the shrimp group from MBS site is located
along positive PC2 (14.57% of variation) axis (Fig. 4). Both YRE and
LZB groups are separated along negative PC2 axis. In addition, the YRE
and LZB groups are clearly separated along positive and negative PC1
axis (58.41% of variation), respectively. These significant separations be-
tween three groups of shrimp samples demonstrated the significant
metabolic differences in shrimps sampled from these sampling sites,
MBS, YRE and LZB. To discover the metabolic responses, O-PLS-DA
was conducted on the 'H NMR spectral data from the reference (MBS)
and metal pollution-exposed shrimp groups (YRE and LZB), respectively
(Fig. 5). The score plots (Fig. 5A and C) generated from O-PLS-DA indi-
cated clear classifications between the reference (MBS) and metal
pollution-exposed groups (YRE and LZB), with reliable Q? values
(>0.4). The significant metabolic responses induced by metal pollutions
of these sampling sites (YRE and LZB) were labeled in the corresponding
loading plots of O-PLS-DA (Fig. 5B and D).

As shown in the loading plot of O-PLS-DA (Fig. 5B), the shrimp sam-
ples from YRE site had higher levels of alanine, arginine, glutamine and
AMP and lower levels of malonate, phosphocholine, glycine and
homarine, than those in the shrimp samples from the reference site,
MBS. The metabolic profiles in the shrimp samples from LZB site pre-
sented higher concentrations of arginine, glycine, ATP and AMP and
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Fig. 3. Representative 1-dimensional 500 MHz 'H NMR spectra of the muscle tissue
extracts from shrimps C. affinis from the reference site (MBS, A) and metal polluted sites
(YRE and LZB, B and C). Keys: (1) leucine, (2) isoleucine, (3) valine, (4) ethanol,
(5) lactate, (6) threonine, (7) alanine, (8) unknown 1 (1.54 ppm), (9) arginine, (10)
glutamate, (11) proline, (12) glutamine, (13) succinate, (14) [>-alanine, (15)
hypotaurine, (15) asparagine, (17) lysine, (18) malonate, (19) choline, (20)
phosphocholine, (21) betaine, (22) taurine, (23) glycine, (24) myo-inositol, (25)
homarine, (26) AMP, (27) B-glucose, (28) a-glucose, (29) glycogen, (30) unknown 2
(5.96 ppm), (30) ATP, (31) fumarate, (32) tyrosine, (33) histidine, (34) phenylalanine
and (35) NAD™.

lower concentrations of branched chain amino acids (BCAAs: valine,
leucine and isoleucine) lactate, proline, myo-inositol, homarine, glu-
cose, tyrosine, histidine and phenylalanine (Fig. 5D). The metabolic re-
sponses including arginine, AMP and homarine were similarly altered
in the shrimp samples from YRE and LZB sites.

Free amino acids are usually involved in both osmotic regulation and
energy metabolism in marine invertebrates (Viant et al., 2003). In the
shrimp samples from YRE site, several amino acids including alanine, ar-
ginine and glutamine were of higher abundance than those in the
shrimp samples from the reference site (MBS), which suggested the dis-
turbance in osmotic regulation induced by metal pollution in shrimps.
As known osmolytes, however, both glycine and homarine were of rel-
atively low abundances compared with those shrimp samples from the
MBS site. It seemed that these two metabolites were decreased to

80
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Fig. 4. Mean principal component analysis (PCA) scores plot of PC1 versus PC2 for 'H NMR
spectra of the muscle tissue extracts from shrimps C. affinis sampled from MBS (), YRE
(m) and LZB (A). The classes were presented as mean = standard deviation of PC scores
for each group of shrimp samples.

compensate for the increased amino acids, alanine, arginine and gluta-
mine to regulate the osmotic balance in shrimps. Phosphocholine and
ADP are involved in the conversion to choline and ATP. Malonate is a
competitive inhibitor of the enzyme succinate dehydrogenase that is
also related to energy metabolism. AMP is the product in ATP hydrolysis.
The altered AMP, phosphocholine and malonate implied the distur-
bance in energy metabolism caused by metal pollution in shrimps
from the YRE site. In the previous study, both alanine and arginine
were elevated in Cd-exposed clam Ruditapes philippinarum (Wu et al.,
2013a), which is consistent with the alteration of alanine and arginine
in shrimps from YRE site. Interestingly, Cd is the main metal contami-
nant in the shrimp from YRE site. Therefore, a combination of alanine
and arginine might be the biomarker of Cd contamination in shrimp
C. affinis. In the shrimp samples from LZB site, the altered amino acids
and organic osmolytes, including BCAAs, arginine, glycine, proline, tyro-
sine, histidine, phenylalanine, myo-inositol and homarine, clearly indi-
cated the disturbance in osmotic regulation. The elevated ATP and
AMP and the depleted glucose demonstrated the enhanced energy con-
sumption to deal with the stress induced by metal pollution in these
shrimps from LZB site. In addition, the depleted lactate displayed the re-
duced anaerobiosis in the shrimps from LZB site. In arsenate-exposed
clam R. philippinarum, the similar alteration of BCAAs and tyrosine was
also observed (Wu et al., 2013b). Since the shrimp samples from LZB
site were contaminated by arsenic, these amino acids could be used as
biomarkers of arsenic contamination in shrimp C. affinis.

The concentrations of metals/metalloids in shrimps C. affinis indicat-
ed that the YRE site was mainly polluted by Cd and Pb, while the LZB site
was contaminated by As. In this study, the metabolic differences be-
tween shrimps C. affinis from the reference site (MBS) and metal-
pollution sites (YRE and LZB) were characterized using NMR-based
metabolomics. Results indicated that the metal pollutions in YRE and
LZB induced disturbances in osmotic regulation and energy metabolism
via different metabolic pathways marked by the different metabolic bio-
markers compared with those shrimp samples from the reference site,
MBS. In addition, a combination of alanine and arginine might be the
biomarker of Cd contamination in shrimp C. affinis. The amino acids in-
cluding BCAAs and tyrosine could be used as biomarkers for arsenic
contamination in shrimp C. affinis. This study demonstrates that meta-
bolomics is useful to elucidate the metabolic responses and biological
effects induced by metal pollutions.
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Fig. 5. OPLS-DA scores derived from 'H NMR spectra of the muscle tissue extracts from shrimps sampled from reference site (4) and metal polluted sites (W), (A) MBS vs. YRE and (C) MBS
vs. LZB and corresponding coefficient plots (B) and (D). The color map shows the significance of metabolite variations between the two classes (reference and metal polluted sites). Peaks
in the positive direction indicate metabolites that are more abundant in the metal polluted groups. Consequently, metabolites that are more abundant in the samples from reference site
are presented as peaks in the negative direction. Keys: (1) alanine, (2) arginine, (3) glutamine, (8) unknown 1 (2.76 ppm), (5) malonate, (6) phosphocholine, (7) glycine, (8) homarine,
(9) AMP, (10) branched chain amino acids: valine, leucine and isoleucine, (11) lactate, (12) unknown 2 (1.54 ppm), (13) proline, (14) myo-inositol, (15) glucose, (16) ATP, (17) tyrosine,

(18) histidine and (19) phenylalanine.
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