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Benzo[a]pyrene (BaP) is a polycyclic aromatic hydrocarbon (PAH) that is well known for its teratogenic, mu-
tagenic and carcinogenic effects. In this study, we applied metabolomics to investigate the tissue-specific me-
tabolic responses of the Pinctada martensii digestive glands and gills after a short-duration exposure to BaP (1 pg/
L and 10 pg/L). After 72h of exposure to BaP, the majority of metabolite changes were related to osmolytes,
energy metabolites, and amino acids. BaP (1 pg/L) accelerated energy deterioration and decreased osmotic

regulation, while BaP (10 pg/L) disturbed energy metabolism and increased osmotic stress in the digestive
glands. Both BaP doses disturbed osmotic regulation and energy metabolism in the gills. BaP also induced
neurotoxicity in both tissues. These findings demonstrated that BaP exhibited tissue-specific metabolic responses
in P. martensii. The difference in these metabolite responses between the digestive glands and gills might prove to
be suitable biomarkers for indicating exposure to specific marine pollutants.

1. Introduction

Benzo[a]pyrene (BaP) is a polycyclic aromatic hydrocarbon (PAH)
and has strong mutagenic, teratogenic, and carcinogenic effects on
various species (Yan et al., 2010; Tung et al., 2014; Santacroce et al.,
2015). Furthermore, BaP has a high affinity for sediment in the aquatic
environment, where it can persist and act as a mutagenic agent
(Phillips, 1999; Wills et al., 2010). Some researchers have particularly
reported the genotoxic effects of BaP on zebra mussel (Dreissena poly-
morpha) (Binelli et al., 2008). Other studies also demonstrated the in-
duced behavior effects of zebrafish embryos (Knecht et al., 2017) and
CYP1A induction and morphological changes in Mediterranean blue
mussel (Mytilus galloprovincialis) (Speciale et al., 2018).

Metabolomics is the study of endogenous, low molecular weight
metabolites within a cell or tissue (Viant, 2007). This systems-based
approach can reveal the mechanisms of metabolic reactions induced by
contaminants by comparing the profiles of metabolomes in normal or-
ganisms (Tuffnail et al., 2008; Watanabe et al., 2015; Cappello et al.,
2016b; Chiu et al., 2017). Previously, Zhang et al. (2011a) successfully
utilized nuclear magnetic resonance (NMR)-based metabolomics to in-
vestigate BaP induced hormesis phenomenon in clams (Ruditapes phi-
lippinarum). The metabolic changes in osmolytes, amino acids, energy
metabolites and neurotransmitters of undermussels (Mytilus

galloprovincialis) under exposure to PAHs were also determined using
the same technique (Cappello et al., 2013). These results indicated that
NMR-based metabolomics is a powerful tool to elucidate PAH pollution-
induced toxic effects on organisms.

The pearl oyster Pinctada martensii, a commonly used shellfish for
economically producing pearls, is mainly found in subtropical and
tropical oceans (Shi et al., 2013). In our previous research, P. martensii
was shown to be an applicable indicator organism for marine pollution
due to its high propensity for bioaccumulation (Wang et al., 2017; Xie
et al., 2017). The digestive glands and gills are the important target
organs of marine bivalves that can accumulate pollutants (Canesi et al.,
2010; Fernandez-Tajes et al., 2011; Banni et al., 2014; Dorts et al.,
2014). In this study, we selected the tissues of these two target organs of
P. martensii to investigate the tissue-specific effects of BaP via '"H NMR-
based metabolomics.

2. Materials and methods
2.1. Animals and experimental design
Adult P. martensii (shell length 6.78 + 0.35cm, aged 2 years,

n = 120) were collected from a site in Li'an Bay (Hainan, China) in
spring. Pearl oysters were acclimatized in aerated sand-filtered
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seawater (salinity 32%o; pH8.2 = 0.1; temperature 27 = 1°C) for
7 days in the laboratory. Throughout the periods of acclimation P.
martensii were fed with the marine microalgae Tetraselmis chui at a ra-
tion of 2% of tissue per dry weight daily. The samples were randomly
divided into four groups of 30 oysters per 40 L tank. One group cultured
in seawater was used as seawater control. Another group cultured in
seawater with 0.001% acetone (v/v) was used as solvent control group.
The other two groups were exposed to BaP (1 ug/L and 10 ug/L) dis-
solved in acetone at the final concentration of 0.001%. The con-
centrations of BaP used in the experiments were determined according
to pre-experiment and previous report (Chen et al., 2016). The pearl
oysters were fasted, and the seawater was renewed once every day
during the exposure periods. After a 72-h exposure, the tissues of the
digestive glands and gills of 12 individuals from each group were dis-
sected. All the tissues were flash-frozen in liquid nitrogen and remained
frozen until metabolite extraction.

2.2. Metabolite extraction

Polar metabolites in the tissues of P. martensii were extracted using a
modified protocol (Wu et al., 2008). Briefly, the digestive glands and
gills (approximately 100 mg) were homogenized and extracted in a
solvent mixture of methanol:chloroform:water (400 pL: 200 pL: 85 pL).
The tissue extracts were subsequently dissolved in 600 uL of phosphate
buffer [100 mM NaH,PO, and Na,HPO, with 0.5mM sodium 3-tri-
methlysilyl-2, 2, 3, 3-d4-propionate (TSP), pH 7.0] in D,O. The mixture
was vortexed and centrifuged at 3000g for 5 min at 4 °C. A total volume
of 550 L supernatant substance was pipetted into a 5 mm NMR tube for
subsequent NMR analysis.

2.3. 'H NMR spectroscopy and data analysis

Extracted metabolites were analyzed using the NMR spectrometer
(500.18 MHz, at 298K) (BioSpin AV500, Bruker, Switzerland). One-
dimensional (1D) spectra were acquired using an 11.9 ps pulse, 0.1s
mixing time, and 3.0 s relaxation delay with a standard 1D NOESY pulse
sequence. All spectra were recorded using a spectral width of
6009.6 Hz, and 128 transients collected with 16,384 data points (Liu
et al., 2011). All '"H NMR spectra were phased, baseline-corrected, and
calibrated (TSP at 0.0 ppm) using TopSpin (version 2.1, Bruker) (Zhang
et al., 2011b). The chemical shifts of metabolites were analyzed using
Chenomx Suite (Evaluation Version, Chenomsx, Inc., Canada) to identify
the major metabolites (Viant et al., 2003).

Multivariate data analysis was performed using SIMCA-P* (V11.0,
Umetric, Sweden). In this study, supervised partial least squares dis-
criminant analysis (PLS-DA) and orthogonal projection to latent struc-
ture with discriminant analysis (O-PLS-DA) were sequentially per-
formed to reveal the statistically significant metabolite responses
induced by BaP exposure.

The results were visualized in terms of the 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 the interpretability of the model.
Subsequently, the metabolic differences responsible for the classifica-
tions between the solvent control group and BaP-exposed groups could
be detected in the coefficient-coded loadings plots. The coefficient plots
were generated using Matlab (V7.0, the Math Works Inc., Natwick,
USA). The correlation coefficient was determined according to the test
for the significance of the Pearson's product-moment correlation coef-
ficient. The R? in the permutated plot described how well the data fit
the derived model. Q? describes the predictive ability of the derived
model and provides a measure of the model quality (Feng et al., 2013).
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3. Results and discussion

3.1. 'H NMR spectroscopy of the digestive gland and gill extracts of P.
martensii

Certain prominent metabolites were distinguished in the digestive
glands and gills (See Supplementary Fig. S1). These metabolites were
classified as organic osmolytes (taurine, hypotaurine, betaine, ho-
marine, dimethylglycine and glycine), amino acids (e.g., valine, iso-
leucine, leucine), citric acid cycle intermediates (succinate and mal-
onate), and energy storage compounds (glucose and adenosine
triphosphate (ATP)). Several metabolites were identified in different
tissue extracts. Specifically, glycogen, nicotinamide adenine dinucleo-
tide phosphate (NADP "), and phenylalanine were identified in the di-
gestive gland tissue extracts, and fumarate was only detected in the gill
tissue extracts. However, all spectra were dominated by the critical
organic osmolyte taurine.

3.2. Effects of BaP on the metabolome of the digestive glands and gills

After being exposed to BaP for 72h, O-PLS-DA analysis indicated
that both BaP treatments (1pg/L and 10pg/L) significantly altered
some metabolites (P < 0.05) in the digestive gland and gill tissues, as
shown in Figs. 1 and 2.

3.2.1. Effects of BaP on the metabolome of digestive glands

In terms of metabolites of the digestive glands, the level of gluta-
mate was significantly increased by the low concentration of BaP-ex-
posed treatment, while the levels of branched chain amino acids
(BCAAs) (valine, isoleucine, leucine), taurine, glycine, glucose, inosine,
tyrosine, histidine, and phenylalanine were significantly decreased.
Simultaneously, the levels of homarine and ATP were significantly
elevated with high BaP-exposure treatment, whereas the levels of
BCAAs, taurine, glycine, glucose, inosine, tyrosine, histidine, phenyla-
lanine, glutamate, threonine, and arginine were dramatically reduced
(Fig. 1 and Table 1).

Amino acids are involved in energy metabolism, osmotic regulation,
and other essential life processes (Viant et al., 2003). The lower levels
of tyrosine, histidine, phenylalanine, and arginine clearly indicated that
BaP induced energy metabolism disorders. The concentration of argi-
nine correlates with ATP/adenosine diphosphate (ADP) levels in in-
vertebrates (Fasulo et al., 2012). The decreased arginine level suggested
that a high dose of BaP disrupted energy metabolism occurring in the
urea cycle.

Glutamate is involved in multiple physiological functions and plays
a key role in cellular metabolism (Newsholme et al., 2003). Excessive
accumulation of glutamate cause glutamate neurotoxicity, induces
neuronal over-activation and ultimately leads to cell death (Liu et al.,
2015; Cappello et al., 2016a). Similarly, glycine can produce neuronal
stimulation and neurotoxicity and is associated with the activation of N-
methyl-p-aspartate (NMDA) receptors (Newell et al., 1997). The altered
levels of glutamate and glycine indicated that BaP might affect the
regulation of nerve signal transduction in the digestive gland.

Taurine and homarine are vital organic osmolytes in marine mol-
lusks (Tikunov et al., 2010; Zhang et al., 2011a). BCAAs function as
osmolytes and are involved in osmotic regulation in marine in-
vertebrates. Therefore, the presence of disordered osmolytes suggests
that osmotic stress in the digestive gland was induced by BaP exposure.

In the present study, the differential changes in various amino acids,
glucose, ATP, and some osmolytes indicate that short-duration exposure
to BaP disturbed osmoregulation, energy metabolisms, and nerve signal
transmission in the digestive gland tissue of P. martensii.

3.2.2. Effects of BaP on the metabolome of the gills
For metabolites of the gills, the low concentration of BaP induced
significant increases in alanine, glutamate, glucose, and ATP levels and
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