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ATP-binding cassette (ABC) transporters play an essential role in xenobiotic resistance through transporting xenobiotics into or out of cells. However, their functional role in mollusk's defense against polycyclic aromatic hydrocarbons (PAHs) remains unclear. In the present study, novel McoABCB1 and McoABCC transporters were identified in the gills of Mytilus coruscus, and their benzo(α)pyrene (Bap) detoxification function was determined by qRT-PCR and efflux assays. McoABCB1 and McoABCC genes were constitutively expressed in all tissue types, suggesting the primary physiological function of these transporters. Bap, a chemical stress agent, could induce the mRNA expression of McoABCB1 and McoABCC in gills. However, at high concentration, Bap inhibited their expression levels at the late stage. Besides, the efflux activities in M. coruscus gills showed a dose-dependent elevation in a Bap pre-exposure group, compared with those in a reversin 205 or MK571 treatment alone group. These results demonstrated the presence of ABCB1 and ABCC transporters in Mytilus coruscus, and their involvement in cellular Bap detoxification.
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INTRODUCTION

Aquatic organisms are under increasing environmental stress caused by the multiple natural and anthropogenic sources of water pollution. Accumulating evidence indicates that these organisms have developed a multixenobiotic resistance (MXR) system, which can eliminate endogenous and exogenous toxic products and metals during evolution (Kurelec, 1992; Bard, 2000). MXR is a powerful cellular defense mechanism that effluxes a number of xenobiotics and/or their conjugate metabolites, representing an important first line of defense (Smital and Kurelec, 1998). MXR is mediated by transmembrane proteins known as ATP-binding cassette (ABC) transporters, which are mainly responsible for the energy dependent, ATP-driven transport of endogenous and exogenous substrates across plasma membranes (Dean, 2005; Szakàcs et al., 2008). ABC transporters belong to a transmembrane protein superfamily found in both prokaryotes and eukaryotes (Haimeur et al., 2004), which can be sub-categorized into either eight subfamilies (A-H) (Dean et al., 2001) or seven subfamilies (A-G) (Klein et al., 1999), based on their structural and functional categories. Eukaryotic ABC transporters are further divided into two groups: half and full transporters. Half transporters possess one hydrophobic transmembrane domain (TMD) and one nucleotide-binding domain (NBD) and generate a functional pump by forming homo- or heterodimers, while full transporters consist of two TMDs and two NBDS in which ATP hydrolysis occurs (Biemans-Oldehinkel et al., 2006; Hollenstein et al., 2007; Oldham et al., 2008). It is recognized that the major ABC transporters involved in the efflux of toxic substrates are P-glycoprotein (Pgp/MDR1/ABCB1, from ABCB subfamily), multidrug resistance associated proteins 1-5 (MRP1-5/ABCC1-5, from ABCC subfamily), and breast cancer resistance proteins (BCRP/ABCG2, from ABCG subfamily) (Leslie et al., 2005). ABCB1 mainly participates in the extrusion of unmodified exogenous compounds, whereas the substrates of ABCC1-5 and ABCG2 transporters are mostly glucuronide- glutathione- and sulfate-conjugated metabolites (Haimeur et al., 2004).

Bivalve molluscan gills are located at the interface between the body and the external environment and are constantly exposed to xenobiotics in polluted waters, hence representing the first defense system barrier (Luckenbach and Epel, 2008; Luckenbach et al., 2008). Numerous toxicological studies have been focused on the gills of bivalve molluscan. To date, the presence of ABCB and ABCC transporters in gills has been demonstrated in different species of bivalve molluscs, including Mytilus edulis (Lüdeking and Köhler, 2002, 2004), Saccostrea forskali (Kingtong et al., 2007), Mytilus californianus (Luckenbach and Epel, 2008; Luckenbach et al., 2008), Dreissena polymorpha (Faria et al., 2011), Ruditapes philippinarum (Liu et al., 2014), Chlamys farreri (Miao et al., 2014), Prorocentrum lima (Huang et al., 2015), and Mytilus galloprovincialis (Franzellitti et al., 2016). In these bivalve species, ABC efflux transporters play an important role in the selective permeability for chemicals in gills, particularly interfering with xenobiotic infiltration (Faria et al., 2011).

However, there is scarce information on the activated ABC transporters associated with a protective mechanism against polycyclic aromatic hydrocarbons (PAHs), including benzo(α)pyrene (Bap) (Haritash and Kaushik, 2009). PAHs exhibit possible carcinogenicity and mutagenicity, and are involved in oxidative stress production, growth retardation, locomotor impairment, and reproductive health problems. Bap, as a representative compound of PAHs, has been widely used in laboratory ecotoxicological studies in recent years (Juhasz and Naidu, 2000). After exposure to Bap, ABCB1 was downregulated in the gills of C. farreri, while its correspondent was significantly upregulated in those of Ruditapes philippinarum (Liu et al., 2014; Miao et al., 2014). These results, and some other reports, have demonstrated that ABC transporters exert defense mechanisms against Bap exposure, varying with different isoforms, localizations, and even species. For instance, inhibition studies using the chemical inhibitors of ABCB1 and ABCCs showed that Bap did not exhibit any effect on the efflux activities of ABCB1 and ABCC2 in human intestinal Caco-2 cells (Buesen et al., 2002). However, in the fish Nile tilapia, the transcriptional expression levels of ABCC2 in gills as well as those of ABCG2 in the liver and proximal intestine were remarkably up-regulated following 14 days of Bap exposure through water. However, the mRNA levels of ABCB1b and ABCC1 were not significantly changed after exposed to a BAP-containing diet and water (Costa et al., 2012). In the fish Gobiocypris rarus, Bap significantly induced the transcriptional expression levels of three ABC transporters (i.e., ABCC1, ABCC2, and ABCG2) in a dose-dependent manner, while demonstrated no apparent effect on ABCB1 mRNA expression (Yuan et al., 2014). Collectively, ABC transporters have a highly complex detoxifying response to Bap exposure, and the available data are still confusing, especially in mollusks, where the relevant information is very scarce and requires further investigation.

The thick shell mussel Mytilus coruscus, is primarily found in the Chinese Yellow Sea, Japan's Hokkaido coastal regions, and the Korean Peninsula (Xu et al., 2019). Given its high nutritional value, M. coruscus is recognized as one of the most economically significant mariculture species in Zhoushan, Zhejiang, China. The port of Zhoushan-Ningbo is the most active in the world and faces the challenge of frequent oil spills resulting in PAH pollution in local marine water, which has become a serious threat to local mussel culture. Thus, it is relatively critical to perform toxicology research on M. coruscus resistance mechanisms against PAH pollution. Furthermore, M. coruscus is considered a model organism for assessing the biological impacts of marine environmental factors across China's coastal regions, due to its sedentary and filter feeding characteristics (Wang et al., 2015; Liu et al., 2016). In the present study, identification of ABC transporter homologs in M. coruscus, followed by their transcriptional response to Bap exposure, as well as their efflux activities altered by pharmacological inhibitors and Bap, were investigated. This work aims to contribute to a better understanding of the detoxification mechanisms of PAH exposure in M. coruscus via ABC transporters.



MATERIALS AND METHODS


Chemicals

The fluorescent dye calcein-AM (Ca-AM) was used as a substrate of both ABCB and ABCC (Holl et al., 1996). Reversin 205 (Sharom et al., 1999) and MK571 (Gekeler et al., 1995) were chosen as a specific inhibitor for ABCB1 and ABCC, respectively. Ca-AM was purchased from Solarbio, while Reversin 205, MK571, Bap, and other reagents were supplied by Sigma-Aldrich.



Animals

Mytilus coruscus adults (8.8 ± 0.6 cm shell length) were supplied by Donghe market (Zhoushan, Zhejiang Province, China) and maintained in tanks filled with artificial sterile seawater (ASW) at 25 ± 1°C and 30%0 salinity for 7 days. The ASW was prepared in accordance with the ASTM procedure E 724-98 (ASTM, 2004), and daily renewed.



Bap Exposure and Tissue Sample Collection

Bap was first dissolved in dimethyl sulfoxide (DMSO), and then mixed with ASW to reach a final DMSO concentration of 0.01% (v/v) and different Bap concentrations of 5, 50, and 100 μg/L. The control group was treated with 0.01% (v/v) DMSO alone under similar conditions. The selected Bap conservation in this experiment was performed according to Di et al. (2011) and represented at par with the low, medium, and high concentrations. The concentrations of Bap in water samples were determined by GC-MS method according to Di et al. (2011, 2017). Briefly, an Agilent 5975 GC-MS system was calibrated with commercial Bap standards to generate a standard curve. Then, 500 mL of water samples were extracted with dichloromethane, and the concentrated solution was transferred to glass microvials for GC-MS analysis. Lastly, Bap concentration was determined by comparing with the standard curve. Upon the exposure to 5, 50, and 100 μg/L of Bap, their actual concentrations in water samples were determined to be 4.28, 42.52, and 89.38 μg/L, respectively. Before renewing the ASW at 24 h, the amounts of Bap in the three treatment groups were 1.14, 17.26, and 45.70 μg/L. Meanwhile, Bap was not detectable at either times in the water samples of the control group.

A total of 240 mussels were randomly divided into 3 groups, with 20 replicates in each group. Three mussels were sampled from each replicate at 0, 1, 6, and 12 days post exposure (dpe). Then, their gills were dissected and pooled together to alleviate the individual variability and analyzed as one sample. The samples were kept at −80°C for RNA extraction. Half of the samples in the Bap treatment group at 1 dpe were stored in ASW for efflux assays.

To assess the tissue distribution of ABC transporters, five tissue types, such as gills, gonads (GO), digestive glands (DI), adductor muscle (AD), and mantles (MA), were dissected from 8 healthy adult mussels. The hemocytes (HA) were also withdrawn, and the procedure was conducted according to our previous report (Dong et al., 2017).



RNA Isolation, cDNA Synthesis, and Gene Cloning

Total RNA was extracted by the Trizol reagent (Invitrogen), and its quality and concentration were assessed using a Nanodrop spectrophotometer (Thermo, USA). cDNA synthesis was performed using the M-MLV reverse transcriptase (Promega, USA) containing an oligo-d(T) primer, according to the manufacturer's instructions. The open reading frame (ORF) sequences of two ABC transporter orthologs (termed as McoABCB1 and McoABCC) were acquired by searching through M. coruscus transcriptional database (Dong et al., 2017), and two pairs of specific primers (Table 1) were designed for amplifying the ORF sequences. To amplify the 5′ and 3′ untranslated regions (UTRs) with adaptor specific primers (Table 1), the rapid amplification of cDNA ends (RACE) was carried out by a RACE cDNA amplification kit (Life Technologies, USA) according to the manufacturer's instructions. The cDNA from gills was used as a template.


Table 1. Primer sequences used for ORF cloning, RACE and qRT-PCR.
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Sequence Analysis of McoABCB1 and McoABCC

The obtained cDNA sequences of McoABCB1 and McoABCC were analyzed using the Basic Local Alignment Search Tool (BLAST), their conserved domains were predicted by the SMART online tool (http://smart.embl-heidelberg.de/smart/set_mode.cgi), and their physicochemical properties were assessed with the ProtParam tool (http://www.expasy.org). To investigate the genetic relationship between the two newly identified molecules and other known ABC transporters, the complete amino acid sequences of these ABC transporters were retrieved from Genbank, and then aligned using Clustalx software. Subsequently, the aligned data were evaluated by a neighbor-joining approach using MEGA X with 5000 replications of bootstrap (Kumar et al., 2018).



Quantitative Reverse Transcription PCR (qRT-PCR)

A total of 10 μL qRT-PCR mixture was prepared by adding 5 μL 2 × SYBR® Premix Ex Taq™ II (TaKaRa), 0.2 μL ROX II, 0.4 μL forward and reverse primers (Table 1), 0.4 μL cDNA sample (100 ng/μL), and 3.6 μL ddH2O. Quantitative reverse transcription PCR (qRT-PCR) was conducted on a 7500 Real Time PCR System (Applied Biosystems, USA). The relative expression level of each target gene was determined using the 2−ΔΔCt method. β-actin was adopted as the housekeeping gene (Livak and Schmittgen, 2001).



Efflux Assays

Efflux assay was performed based on the capability of ABC transporters to transport specific fluorescent substrates. When ABC transporters are active, the fluorescent substrates are released from the cells, and result in a low fluorescence level in the cells/tissues. Conversely, if the efflux activities are disrupted by transporter inhibiting chemicals, substrates may be accumulated within the cells, and a high fluorescence level is observed in the cells/tissues. In the present study, Ca-AM was used as a fluorescent substance, while Reversin 205 and MK571 were chosen as the specific inhibitors for ABCB and ABCC, respectively. Efflux assays was carried out using gill samples based on the methods published by Luckenbach and Epel (2008) as well as Navarro et al. (2012), with slight modifications. Gill tissues were evenly dissected from the mussels treated with and without Bap, and then incubated separately in 1 mL ASW with 0.5 μM Ca-AM and 10 μM reversin 205 or MK571 at 20°C for 90 min. After incubation, the biopsies were washed with ASW to remove the medium. Then, a microbalance was used to measure the weight of tissue pieces, prior to sonication in hypotonic lysis buffer (10 mM KCl, 10 mM Tris, 1.5 mM MgCl2; pH ~7.4) for 20 s. After centrifuging for 10 min at 8,000 rpm, the supernatant was placed into a 96-well black microplate. The fluorescence intensity of Ca-AM was determined with a Leica TCS SP5 II laser scanning microscopy (Germany) under an excitation/emission wavelength of 480 nm/530 nm. The fluorescence values were presented as fluorescence units per mg of fresh gill tissue weight. All data were expressed as the fold changes in fluorescence intensities relative to the control group (DMSO).



Statistical Analysis

SPSS 17.0 software was employed to perform the statistical analyses. qRT-PCR data were analyzed with a two-way analysis of variance (ANOVA) followed by Tukey's range test. Prior to analysis, fluorescence intensities were log10-transformed to meet the assumptions of normality and homoscedasticity of ANOVA. One-way ANOVA with Fisher's Least Significant Difference (LSD) post-hoc test were used to analyze the normally distributed data, while the non-normally distributed data were analyzed by the Kruskal-Wallis test and Mann-Whitney U test (Chen et al., 2018). Statistical difference was deemed significant at a level of P < 0.05.




RESULTS


Cloning and Molecular Characterization of McoABCB1 and McoABCC

Two novel transporter orthologs McoABCB1 (accession number: MK967812) and McoABCC (accession number: MK967813) were first cloned from M. coruscus for the complete cDNA sequences. The full-length cDNA of McoABCB1 contained 4,547 bp nucleotide residues with 4,092 bp ORF sequence encoding a polypeptide of 1,363 amino acid residues. The McoABCC cDNA contained 4,678 bp nucleotide residues with an ORF sequence of 4,497 bp encoding a putative protein of 1,498 amino acid residues. The molecular masses of McoABCB1 and McoABCC were calculated to be 149.9 and 169.3 kDa, and their isoelectric points were 6.22 and 6.52, respectively. A homologous sequence comparison revealed that McoABCB1 and McoABCC exhibited the highest identity of 97.01 and 97.47, respectively, with their respective counterparts in M. galloprovincialis, a close relative of M. coruscus.

Through analysis of the functional domain with SMART, McoABCB1 and McoABCC were found to comprise two subunits, each with a transmembrane-spanning domain (MSD/ABC_membrane) and a nucleotide-binding domain (NBD/AAA) (Figure 1). In addition, McoABCC possessed five transmembrane regions in the N-terminate (Figure 1). The NBDs of McoABCB1 and McoABCC contained typical motifs conserved in mammalian ABC transporters: Walker A and B, ABC signature, D-, H-, and Q-loops (Figure 2).


[image: Figure 1]
FIGURE 1. Domain architecture analysis of the deduced amino acid sequences of McoABCB1 (A) and McoABCC (B). McoABCB1 and McoABCC are comprised of two subunits, each with a transmembrane-spanning domain (MSD/ABC_membrane), and a nucleotide-binding domain (NBD/AAA). In addition, McoABCC possesses five transmembrane regions in the N-terminate. (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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FIGURE 2. Alignments of McoABCB1 and McoABCC with their correspondents from human (HsABCB1, GenBank accession no. AAI30425.1 and HsABCC, GenBank accession no. ABD72213.1). Identical amino acid residues are represented by dark blue color, while pink color indicates the similarity surpass 75 %. The nucleotide-binding Walker A and B motifs, ABC signature motifs, D-, H- and Q-loops in the sequences are denoted by green rectangle (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).


Furthermore, two well-defined branches were demonstrated in the phylogenetic tree, representing ABCB and ABCC transporter families (Figure 3). McoABCC was related to its counterparts from other Mytilus species, i.e., M. galloprovincialis and M. californianus, which clustered into the ABCC family clade (Figure 3). However, in the ABCB branch, M. californianus ABCB1 did not group with Mytilus ABCB1 molecules from M. galloprovincialis and M. coruscus but gathered two other bivalve ABCB1 molecules from Tegillarca granosa and Anadara sativa into one distinct cluster, which distributed on the outermost side of ABCB branch.


[image: Figure 3]
FIGURE 3. Phylogenetic analysis of McoABCB1 and McoABCC. McoABCB1 and McoABCC are denoted by green circle and green triangle, respectively. The species included in our phylogenetic tree are obtained from Genbank database, and their accession numbers are displayed on the tree (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).




McoABCB1 and McoABCC Tissue Distribution

As shown in Figure 4, McoABCB1 and McoABCC transporters were detected in all tissue types. Notably, significant expression levels were observed in DI and gills, followed by HA, AD, and GO, with the lowest expression level found in MA.


[image: Figure 4]
FIGURE 4. Tissue distribution of McoABCB1 and McoABCC transcripts. The transcriptional expression levels of McoABCB1 and McoABCC are detected in various types, such as gills, GO, DI, AD, MA, and HA, by using qRT-PCR assay. Data are presented as mean ± S.D (n = 8 per group), and β-actin was used as a reference gene.




McoABCB1 and McoABCC Expression in Response to Bap Exposure

After exposure to 100 μg/L Bap, the transcriptional expression levels of McoABCB1 and McoABCC were significantly induced at 1 dpe, followed by a sharp inhibition, and reached significantly decreased levels at 6 and 12 dpe for McoABCB1 and, at 12 dpe for McoABCC, as compared to the control group (Figures 5A,B). Following 50 μg/L Bap exposure, the mRNA expression levels of the two ABC transporters were significantly up-regulated at 1 and 6 dpe, while decreased to control levels at 12 dpe (Figures 5A,B). Furthermore, 5 μg/L Bap exposure increased the transcriptional expression levels of McoABCB1 and McoABCC in a time-response manner and reached the highest expression level at 12 dpe (Figures 5A,B).


[image: Figure 5]
FIGURE 5. Expression profiles of McoABCB1 (A) and McoABCC (B) in response to Bap exposure in gills. Data are presented as mean ± S.D (n = 3 per group). Different letters indicate significant differences (P < 0.05).




Effects of Bap, reversin 205, and MK571 on Efflux Activity

As shown in Figure 6, Bap reduced the effects of reversin 205 (ABCB1 inhibitor) and MK571 (ABCC inhibitor) in a dose-dependent manner, with the highest effect achieved at 100 μg/L (Figures 6A,B). In addition, after pre-exposure to 50 μg/L Bap, the efflux activity was not significantly altered in reversin 205 group, but it was markedly reduced in MK571 group (Figures 6A,B).
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FIGURE 6. Fold changes in the Ca-AM fluorescence intensities of M. coruscus gills after treatment with ABCB1 inhibitor reversin 205 (A) or ABCC inhibitor MK571 (B). Data are presented as mean ± S.D (n = 3 per group). Each bar represents the fold increase of fluorescence level compared to control group. Asterisks indicate the significant differences in fluorescence intensities between control and treatment groups (*P < 0.05).





DISCUSSION

ABC proteins transport a broad range of toxic substrates by effluxing them out from the cells through an ATP-driven process. Hence, they play an effective role in the detoxification process. Despite their functional significance, the information on ABC transporters in molluscan species is still scarce; in particular, there remains a substantial lack of genetic data regarding the role of ABC transporters in response to PAHs (a large class of organic pollutants in marine water). The aim of this research was to identify the presence of ABC transporters in M. coruscus and evaluate their protective effects on Bap exposure by assessing their transcriptional expression levels and efflux activities in gills.

In the present study, two novel M. coruscus ABC transporters, namely, McoABCB1 and McoABCC, were identified. It has been generally recognized that ABC transporters consist of two subunits, each with a membrane-spanning domain (MSD) and a nucleotide-binding domain (NBD). In NBDs, some typical and highly conserved motifs, such as ABC signatures, Walker A and Walker B, are detected (Ambudkar et al., 2006). The two newly identified ABC transporters contained two subunits, each with an MSD and an NBD. In addition, the conserved functional domains and sites, including Walker A and B, ABC signature, D-, H-, and Q-loops, were identified in McoABCB1 and McoABCC. The results of Blastn showed that McoABCB1 and McoABCC shared the highest sequence identity with their specific counterpart in M. galloprovincialis, suggesting that ABCB1 and ABCCs from the same genus are close relatives. This was further verified by phylogenetic analysis, showing that McoABCB1 initially grouped with MgABCB1 and then clustered into the ABCB family, whereas McoABCC originally grouped with MgABCC and McABCC and then clustered into the ABCC family. Taken together, these results demonstrate that the novel McoABCB1 and McoABCC belong to the ABC transporter family, and may provide a cellular defense against toxicants, as similar to their counterparts in other animals.

Tissue distribution of McoABCB1 and McoABCC transcripts displayed constitutive expression profiles, with the highest expression levels detected in DI and gills. The DI of mussels contains numerous blind-ending epithelial tubules, which are comprised primarily of basophilic and digestive cells (Faggio et al., 2018). The digestive cell type exhibits a well-established endo-lysosomal vacuolar system, such as heterolysosomes, heterophagosomes, and residual bodies, which takes part during the process of intra-cellular digestion (Dimitriadis et al., 2004). Additionally, the lysosomes of digestive cells are not only involved in the intra-cellular digestion of nutrients and antioxidant defenses (Faggio et al., 2016), but also regarded as an important organelle of organic pollutant and metal sequestration and detoxification (Marigómez et al., 2002; Pagano et al., 2016). Besides, the gills of filter-feeding bivalves are generally considered one of the major target organs for accumulating waterborne pollutants, either dissolved in or bound to particulate matter. In the scallop C. farreri, Cf ABCB1 was also highly expressed in DI and gills (Miao et al., 2014). These findings confirmed the existence of ABC transporters in M. coruscus, and these molecules could exert detoxification and antioxidant effects on stress resistance, similar to their counterparts in other animals.

PAHs combine with the aryl hydrocarbon receptor to form receptor-PAH complexes, which translocate into the nucleus and bind to xenobiotic response elements, thus resulting in the up-regulated or down-regulated expression of detoxification genes (Puga et al., 2002). Besides, PAHs can be directly eliminated from cells through multi-xenobiotic resistance proteins (MXRP), including ABCB1 and ABCCs (Xu et al., 2005). The expression levels of ABCB1 expression in some aquatic animals, such as fish [e.g., N. tilapia (Costa et al., 2013) and catfish (Doi et al., 2001)] and bivalves [e.g., C. farreri (Miao et al., 2014; Cai et al., 2016) and M. edulis (Prevodnik et al., 2007)] were remarkably up-regulated in response to Bap exposure. Similarly, a significant high expression of ABCB1 induced by Bap was observed in M. coruscus, suggesting that ABCB1 may be responsible for the transport of excess Bap in M. coruscus. Unfortunately, there are only a few available studies on the role of ABCC in PAHs detoxification in mollusks for establishing comparisons. In the present study, a significant induction of McoABCC was also observed, suggesting that it possibly takes part in Bap scavenging, as ABCB1 does (Costa et al., 2012; Yuan et al., 2014; Kim et al., 2017). Notably, in 100 μg/L Bap group, the mRNA expression levels of McoABCB1 and McoABCC were significantly induced at 1 dpe, sharply decreased over time, and ultimately reached a lower level compared to control group. On the first day of Bap exposure, the ABC transporter system was primarily triggered to eliminate Bap and/or its metabolites from the cells. The detoxification of PAHs is a complex process involving the ABC transporter system, as well as the AhR pathway, phase I, and phase II xenobiotic-metabolizing enzymes (Hall and Grover, 1990; Cavalieri and Rogan, 1992; Penning et al., 1999; Xue and Warshawsky, 2005). With longer exposure time, intracellular Bap concentration can surpass the detoxification potential of ABC transporters, which in turn leads to the loss of transcriptional activity and increased risk of cell damage.

ABC transporter activities induced by environmental stressors can be measured in whole body or through cell-based assay, using fluorescence dyes and inhibitors (Luckenbach et al., 2014; Jeong, 2017). In these assays, the efflux activity of ABC transporters in response to environmental pollutants can be indirectly measured with or without the efflux transporter-specific inhibitors. Specifically, the transport kinetics of fluorescence dyes can be interfered by the addition of specific substrates, leading to an increase in the fluorescence signals of the whole body and/or cells (Jeong, 2017). Here, we focused on the accumulation of fluorescent Ca-AM in M. coruscus gills pre-exposed to Bap followed by treatment with ABC transporter inhibitors. Reversin 205 and MK571 were selected as ABCB1 and ABCC specific inhibitors, respectively. At the previously reported concentration of 10 μM, reversin 205 and MK571 in gills can accumulate Ca-AM within the dynamic range of the dose–response curves (ABC transporter inhibitor concentrations vs. Ca-AM fluorescence intensities) (Navarro et al., 2012). Therefore, the changes in ABC transporter activities can be interpreted as the ratio of Ca-AM fluorescence intensity in the presence and absence of transporter inhibitor (Navarro et al., 2012).

Our data indicated that the efflux activities in M. coruscus gills showed a dose-dependent elevation in the Bap pre-exposure group compared to the reversin 205 and MK571 exposure alone groups, suggesting that Bap can interact with ABC transporters and reduce the inhibitor activities. In this regard, Bap has been demonstrated to be a target of the MDR efflux pump in human hepatocytes (Fardel et al., 1996). Bamdad et al. (1999) performed a flow cytometric assay to investigate the accumulation of Bap in Tetrahymena pyriformis in the presence of verapamil, which is known to be a model inhibitor for ABCB1. Notably, a higher accumulation of Bap was found, suggesting that MDR pumps may promote cellular resistance to PAH toxicity (Bamdad et al., 1999). Contrary to our results, an enhanced accumulation of Ca-AM was observed in marine ciliate Euplotes crassus exposed to Bap, indicating the inhibition of Bap-mediated efflux activity. It is worth noting that the metabolic mechanisms of Bap can be varied in different organisms; mussels may have evolved a more complicated metabolic mechanism in response to Bap than ciliate. In other words, there may be other mechanisms responsible for the accumulation of Bap in mussels, apart from ABC transporters. Furthermore, Bap exposure intensity, such as concentration and duration, may exhibit certain effects on efflux activity. The Bap exposure intensity used in our study was within the range of ABC transporter strength, in order to ensure that these transporters can function properly to transport the substrate out of the cells. However, in previous studies, ABC transporter activity was exceeded, and the prolonged exposure could damage these molecules, thus resulting in substrate accumulation. This was also evidenced by the aforementioned qRT-PCR results, in which the expression levels of McoABCB1 and McoABCC were decreased with increasing exposure time, which suggests the inhibition of ABC transporter expression by Bap exposure.



CONCLUSIONS

In the present study, two novel ABC transporters, namely, McoABCB1 and McoABCC, were initially identified in M. coruscus, and their response to Bap in gills were subsequently measured by qRT-PCR and efflux assays. The conserved architecture and close phylogenetic relationship with other ABC transporters indicated that these two newly obtained genes belonged to the ABC superfamily. The transcriptional expression levels of these two transporters were significantly up-regulated in all Bap treatment groups, but down-regulation was observed at higher Bap doses and after prolonged exposure. Pre-treatment of Bap followed by the addition of ABC transporter inhibitors in mussels could lead to a dose-dependent up-regulation of efflux activities in gills, when compared to reversin 205 or MK571 exposure alone. Taken together, our results suggest that these two newly identified ABC transporters are involved in the cellular responses to Bap exposure and may play a detoxification role. In addition, the high-dose exposure to Bap could produce signs of toxicity, thus damaging the detoxification system in mussel cells. These findings shed novel light on the detoxification mechanisms of molluscan ABC transporters in response to PAHs.
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Gene Primer sequences (5'-3) Usage

ABCB1-1 ATGCCTGAACCAGAATTATTAG For McoABCB1 ORF cloning

GACTCCACTCTTAGCCATCAGT

ABCB1-2 TGGATTTATAAATGTACCAGGATG
ACTGATTTTCATCACGACGAGC

ABCC-1 ATGGATTACAATCTTTCGGTATG For McoABCC ORF cloning

GTTCATCATCAGTACTCAGTTCT

ABCC-2 AGTACGAATTCATTGTAGATGCAT
AGACACCAAGCCGGCATCTTTTG

ABCB1-&  ATCTCCAAACACAATG For McoABCB1 &' RACE
GCAATTTGTCTACACATGTGG
TGTGTAGGAGACACTCGTCC

ABCB1-3'  GTATCAGAGACAATATTGCTTATG  For McoABCB1 3' RACE
GTGACAAC

CGTGTAGCTATTGCCAGAGC G
TTACGTA

ABCC-&' TCCCAGTTATTATCAA For McoABCC &' RACE
TTCTTCCTCTGTG GAG
CCATCAGGAGAC ‘GTCCA

ABCC-3' GGAACAATGAGAATGAACTTGGAT  For McoABCC 3" RACE
CCGTT

TGAAGGAGGAGATAACCTAAGTGT
TGGTC

Real-ABCB1 GGGAAATGGACTTTGTTGATG  For McoABCBT qRT-PCR
GTGGTTTGTCTCCTTTATCAG

Real-ABCC  GAGAGAATTAAAGAATAGTCAG  For McoABCC qRT-PCR
AATACCAATCTTTTCACATGGG

p-actin GCTACGAATTACCTGACGGACAG  Housekeeping gene
TTCCGAAGAAAGATGGTTGTAACAT
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