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Marine clam is one of the main sources of arsenic (As), and the tidal flats of Jiangsu Province are considered major culturing areas for clams in mid-eastern China. In view of increasingly severe pollution in this region, concerns have been raised by the consumers with the safety of clams they purchased or may purchase. To address these concerns, we conducted a multi-year survey to determine the levels of As and As species in five major clam species cultivated in eight production areas of this region. Based on the above analysis data, Bayesian statistics used a Markov Chain Monte Carlo approach was applied to predict the toxic As residue distributions in clams produced in this region and their health risks to Chinese adults. It was found that the bioaccumulation ability of total As (tAs) and inorganic As (iAs) was species-specific, while Mactra veneriformis (MV) had the strongest accumulation capacity for toxic iAs (0.22–2.85 mg/kg dw). Up to 6.7% of the tested MV samples exceeding the iAs limit of China Food and Drug Administration. The content of iAs was also found to be related significantly to the harvest seasons, with clam in the spawning period (June) having the lowest iAs concentrations. The non-carcinogenic and carcinogenic health risk from dietary exposure to iAs associated with MV consumption was rather high, which suggested that specific attention should be paid to the safety of clam consumption in this region.
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INTRODUCTION
Over the past 10 years, the pollution of the marine environment of China has become increasingly severe, particularly for heavy metal pollution (Wang et al., 2013; Zhang et al., 2013; Bi et al., 2017; Xiao et al., 2017; Cao et al., 2020). More than 20 large rivers and irrigation canals along the coast of mid-eastern China bring terrestrial materials, including heavy metals, into the tidal flats and seas (Cao et al., 2020). In addition, with the rapid development of the coastal economy in Mid-eastern province Jiangsu, the number of industrial enterprises continues to increase. Wastewater containing heavy metals is discharged into rivers and canals and finally into the sea or accumulated in the surface sediments of tidal flats. Therefore, the tidal flats of this area are reportedly one of the most polluted regions along the coast of China (Cao et al., 2020).
Marine clams are filter-feeding organisms, and their living habits and physiological characteristics indicate they are more inclined to accumulate heavy metals from their living environment (Kato et al., 2020). Heavy metal contaminations in marine clams were previously reported in many countries/regions, including Arabian Gulf, Italy, India, etc (Alyahya et al., 2011; Kumar et al., 2021; Tavoloni et al., 2021). As for China, the accumulation of heavy metal in different coastal areas and clam species significantly varied, and As content in some clam samples exceeded the standard limits greatly (Wu et al., 2014; Jia et al., 2018; Cheng et al., 2018; Qiu et al., 2018; Li et al., 2019; Gong et al., 2020; Liu et al., 2020). Coastal tidal flats in Jiangsu province comprise a major culturing area for marine clams, such as Mactra veneriformis (MV), Ruditapes philippinarum (VP), Meretrix meretrix (MM), Cyclina sinensis (CS), Sinonovacula constricta (SC), and others. According to the Fisheries Yearbook of China, in 2018, the aquaculture area and the annual production of clams reached 71,800 hectares and 36,8000 tons, respectively, in this area (The Fisheries Bureau of Ministry of Agriculture, 2019). The clams cultivated here were distributed mainly to mainland China or exported to Japan, South Korea, and even Europe. However, because of the severe pollution, it is extremely important to assess the safety of clam products from this region.
Based on the aforementioned, we conducted preliminary heavy metal testing of clam samples collected from this region in 2014. Our results showed that heavy metal contaminants, including Hg, Cd, Cr, and Pb in the test samples were relatively low and did not exceed the limit, but the As was relatively high, with nearly 2% of the test samples exceeding the maximum limits of the China Food and Drug Administration (CFDA, 2016, GB2672-2017). The toxicity of As is species-dependent, and inorganic As (iAs), including arsenite (AsIII), and arsenate (AsV), is more toxic than organic As (oAs) species, including dimethylarsenous acid (DMA), monomethylarsinic acid (MMA), arsenocholine (AsC), arsenobetaine (AsB), and others (Cubadda et al., 2017). It has been reported that long-term exposure to iAs can cause diseases such as cancer, skin lesions, diabetes, and hypertension (Cubadda et al., 2017). Therefore, it is very necessary to conduct the health risk assessment of human exposure to iAs in food and drinking water (Samal et al., 2021; Moulick et al., 2021). However, reports have indicated that the dominant compounds of As in clam products are the less toxic organic forms. As the proportion of iAs in clam of different species, origins, and harvest seasons varies, the risk to human health also varies significantly (Kato et al., 2020).
Thus, this study aims to assessing the concentration and speciation of As in different clam species collected from multiple geographical locations, harvesting months, and years along the mid-eastern China (specially Jiangsu Province) coastal line. Upon above data, Bayesian modeling approach was further used to estimate the posterior As residue distributions in clams cultivated in this region and their health risks to Chinese adults. It is hope that through this study, we can fully understand the As pollution situation and evaluate whether the consumption of clams cultivated in this region will cause safety problems for potential consumers.
MATERIALS AND METHODS
Sample Collection and Pretreatment
A total of 486 samples were collected for the experiment. We collected five commercially important clam species in eight main clam culture areas (All clams were cultures using the inter-tide zone method) along the Jiangsu coastal line during their harvesting season from April to October in 2014, 2016, and 2018. Detailed sampling information is shown in Figure 1 and Supplementary Table S1. All samples were kindly provided by the Institute of Oceanology and Marine Fisheries (Nantong, Jiangsu, China) and Jiangsu Haitu Research Center (Nanjing, Jiangsu, China).
[image: Figure 1]FIGURE 1 | Sampling sites (red dot) of Clams cultivated in Jiangsu Province (the map was generated with R studio by using the “ggmap” package, map was sourced from “google map”).
After sampling, the exterior surfaces of all the clam samples were cleaned thoroughly with ultrapure water (Milli-Q, Millipore, United States) to remove sediments and other foreign material. One composite sample was merged from 8 to 10 clams (same species) collected from same area and date. All the composite samples were then removed from the shells, chopped, and homogenized using a blender. The chopped tissues were freeze-dried, ground into powder, and stored in polyethylene bags prior to analysis. All specimens were marked carefully and deposited at the College of Pharmacy, Nanjing University of Chinese Medicine, Nanjing, China.
Chemical and Standards
Ultrapure water (Millipore, United States) was used to prepare the standards, mobile phase, and extraction solutions. Nitric acid (HNO3, 70%), NH4 H2PO4, and hydrogen peroxide (H2O2) were obtained from Sinopharm Reagent Co. (Beijing, China). HPLC-grade methanol was purchased from Tedia (United States). Mussel reference tissue (BCR668) was purchased from Sigma-Aldrich (St. Louis, MO, United States). A stock solution of As (1,000 μg/ml, 20190203) was purchased from the National Nonferrous Metals and Electronic Materials Analysis and Testing Center (Beijing, China). Stock solutions of As III (GBW08666), DMA (GBW08669), MMA (GBW08668), AsV (GBW08667), AsB (GBW08670), and AsC (GBW08671) were all obtained from the National Institute of Metrology (Beijing, China).
Arsenic Concentration and Speciation
The tAs concentration and speciation in the test samples were measured on a dry weight basis. The tAs concentrations were detected as described previously (Jia et al., 2018). In brief, triplicates of each sample (∼0.2 g dw) were weighed precisely and digested with 5 ml concentrated HNO3 (70%, v/v) and 1 ml of H2O2 (30%, v/v) in a microwave digester (MARS, CEM Corp., United States). The heating process was as follows: the temperature was elevated from room temperature to 120°C within 5 min and kept for 5 min at 120°C; then from 120 to 150°C within 5 min and kept for 10 min at 150°C; finally from 150 to 190°C within 5 min and kept for 20 min at 190°C. After digestion, the liquid was transferred into a 25 ml volumetric flask, diluted to the marker using the ultrapure water and filtered through 0.22 μm filters. Blank control tests using the Mussel reference tissue (BCR668) were also performed. The tAs concentration was then analyzed using ICP-MS (NexION 350D, PerkinElmer, United States).
Speciation tests were performed using the microwave-assisted extraction method as established previously (Jia et al., 2018). Briefly, triplicates of each sample (∼0.2 g dw) were weighed precisely and extracted in the microwave digester (MARS) for 1.5 h at 100°C with 20 ml of HNO3 (1%, v/v) solution before centrifuging (8,000 rpm, 10 min). The supernatant was then aspirated, and diluted to 25 ml with ultrapure water, extracts were filtered through 0.22 μm filters, and stored at −20°C before use. The arsenic species were analyzed using HPLC-ICP-MS (NexION 350D coupled with Series 200 HPLC, PerkinElmer) equipped with an anion-exchange column (PRP-X100, 250 mm × 4.6 mm, 10 μm, Hamilton, UK). The mobile phase comprised 25 mM NH4H2PO4 (pH8.0) and ultrapure water.
The analytical methods described above were further validated by determining quality parameters including the limits of detection (LOD), limits of quantification (LOQ), linearity, precision, and recovery experiments. LOD/LOQ was determined by spiking the Mussel reference tissue (BCR668) with the tAs or each As species standards, the spiked tissue was then extracted by aforementioned procedure, respectively, and calculated on the basis of three/ten times of the blank signals (S/N = 3 or 10). Linearity was performed by spiking the extracted blank mussel tissue with suitable concentrations of As or each of 6 As species standard solutions prior to the injection. The calibration curves of the tAs and six As species were then calculated using a non-weighted least squares linear regression analysis method. Precision was calculated by the relative standard deviation (RSD%) based on ten injections and determinations of one sample (Meretrix meretrix sample collected from October 2014 at Dongtai County). The recovery (%) was determined by spiking the above sample with suitable concentrations of solutions containing As or a mixture of six As species (n = 10).
Supplementary Table S2 enlist analytical methods validation parameters including linearity, LOD, LOQ, precision and spike recovery. The results proved that the analytical methods used in this manuscript were fulfilling the required criteria in accordance to the specifications by Association of Official Analytical Chemists (AOAC) for analysis (AOAC, 2012).
Data Analysis
Statistical Analysis Methods
We employed one-way analysis of variance (ANOVA) to analyze the differences in tAs or iAs concentrations among the five clam species, three sampling years, seven sampling months, and eight cultivation locations. All the statistical tests were performed with RStudio (United States) open-source software (V1.3.959) using the “ggpubr” package (V0.4.0).
Pearson’s correlation analysis was performed to evaluate the relationship between the tAs and iAs contents in different clam species, sampling seasons, and locations. All correlation tests were performed by RStudio software (United States) using the “ggpubr” package (ggscatter, V0.4.0).
Baysian Estimation of as Distributions in Clam Samples
The As and iAs detection results in the samples were limited by the detection method [the concentration is not detectable below the Limit of Quantitation (LOQ)] and the sample collection method (the collection time and location were limited), and could not fully reflect the As concentration distribution in the different samples. Therefore, we employed the Bayesian inference method to estimate the distribution of As concentration in samples of different populations, harvest times, and locations to provide a basis for subsequent health risk estimation.
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where
∗ a: mean of the observed logarithmically transformed tAs or iAs concentrations
∗ b: standard deviation of the logarithmically transformed tAs or iAs concentrations
To estimate the mean tAs or iAs in the clam samples, we used the Markov Chain Monte Carlo (MCMC) algorithm in our calculations, using follow equation:
[image: image]
where,
CAs/iAs: mean tAs or iAs concentration in clam samples
μ: mean of the log-normal distribution of tAs or iAs concentration
σ: standard deviation of the log-normal distribution of tAs or iAs concentrations.
All the calculations were performed with RStudio (V1.3.959) (United States) software, using the “rjags” (V4.10) package to call the JAGS software (V4.3.0), where the MCMC model was programmed. Package “coda” (V0.19.2) was used to further analyze and visualize the output returned from JAGS. For each MCMC simulation, the total iteration was performed 10,000 times, with the first 5,000 times serving as the burn-in period. A horizontal box plot and log-normal distributions using the “ggplot2” package (V3.3.2) (RStudio, United States) were also generated with the R software. All programming codes used in our analyses are presented in Supplementary Data S1.
Probablistic Assessment of Dietary as Exposure
Dietary consumption data for clam were obtained from a report published in 2018 by the Chinese Center for Disease Control and Prevention. This report contains marine food consumption data for 2015, pertaining to Chinese adults aged between 19 and 58 years in 15 provinces (Su et al., 2016). In this study, we assumed that all the consumed marine food was clam; therefore, the average daily consumption rate of clam was set at 28.6 g (fresh weight, with standard deviation at 48.9 g) in accordance with the above report. The average body weight of Chinese adults was recently reported as being 61.9 kg (with a standard deviation of 15.1 kg). Therefore, the lifetime average daily dose (LADD) of iAs for consuming clam was estimated as follows:
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where,
CiAs: Posterior iAs level in clam samples (mg/g)
DI: Daily intake rate of clam (dry weight, g/day)
BW: Body weight (kg)
The mean and standard deviations were used as input to quantify the degree of total variations in the data pertaining to clam consumption, posterior iAs concentrations in clam samples, and body weight. Because the above-mentioned data did not contain negative values, we believed these all conformed to log-normal distributions. The probabilistic computation in the estimation of LADDs was performed by MCMC simulation, as mentioned in Baysian Estimation of As Distributions in Clam Samples. All R programming R codes are displayed in Supplementary Data S2.
Risk Assessment of Dietary Intake of Clam Cultivated in Jiangsu
The non-carcinogenic health risk of iAs for consumption of clam cultivated in Jiangsu was estimated as follows:
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where HQ is the hazard quotient and RfD is the reference dose for oral exposure to iAs. The United States Environmental Protection Agency (USEPA) recommended an RfD value of 3 × 10−4 mg kg-1 BW/d for iAs (https://cfpub.epa.gov/ncea/iris2/chemicalLanding.cfm? substance_nmbr=278). We referred to this value in the computation of HQs. An HQ value exceeding 1 indicate the possibility of adverse effects on renal and reproductive functions in humans. Because of the probabilistic computation for LADDs, the output of the HQs was presented probabilistically.
The carcinogenic health risk associated with exposure to iAs from clam consumption in Jiangsu Province was calculated according to the following equation:
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Where CR is carcinogenic risk, q*(25.7 mg kg-1 BW/d) is the cancer slope factor regulated by USEPA for iAs corresponding to bladder and lung cancer (https://cfpub.epa.gov/ncea/iris2/chemicalLanding.cfm?substance_nmbr=278).
RESULTS AND DISCUSSION
Total As
Among the 486 clam samples we collected, the tAs concentration fluctuated greatly (see Supplementary Table S3 and Figure 2), ranging from 0.56 to 7.74 mg/kg (dw), with an average of 2.53 mg/kg, median of 2.22 mg/kg, and SD value of 1.25. The literature indicates that the concentration range of tAs in several major clam culturing areas in China is 1.7–3.4 mg/kg (ww) for Shandong province (Wu et al., 2014), 4.29–25.9 mg/kg (dw) for Zhanjiang (Guangdong province) (Zhang et al., 2013), 0.15–1.95 mg/kg for Zhejiang province (ww) (Mu et al., 2013), 0.34–1.60 mg/kg for Fujian province (ww) (Qiu et al., 2018). The tAs concentration we reported in Jiangsu cultivated clam samples, converted into wet weight, was in the range 0.14–1.94 mg/kg (ww), i.e., an intermediate level compared with that of other major culturing areas, lower than that in Guangdong and Shandong, similar with that in Zhejiang province, and higher than that in Fujian province.
[image: Figure 2]FIGURE 2 | Boxplot of total As concentrations in different clam species (A), collecting months (B), sampling years (C), and locations (D) in Jiangsu province, China. The bottom and top of the boxes represent the 25th and 75th percentiles, while error bars represent the 5th and 95th percentiles. The solid lines inside the box represent the median tAs concentrations. In all panels, data were analyzed using one-way analysis of variance (ANOVA), where *p < 0.05; ** p < 0.01; and **** p < 0.0001.
As shown in Figure 2A, there were significant differences in tAs concentrations between different clam species cultivated in Jiangsu (p < 0.0001), reflecting the difference in As bioaccumulation capacity between the different species. Among these, CS was the highest (range 1.03–6.8 mg/kg, mean 2.97 mg/kg, and median 2.87 mg/kg), followed by MV (range 0.44–5.98 mg/kg, mean 2.14 mg/kg, and median 2.0 mg/kg), MM (range 0.9–63.79 mg/kg, mean 1.92 mg/kg, and median 1.76 mg/kg), VP (range 0.76–5.66 mg/kg, mean 2.2 mg/kg, and median 1.99 mg/kg), and SC (range 0.7–2.46 mg/kg, mean 1.31 mg/kg, and median 1.19 mg/kg). The mean value of tAs concentration in CS was 2.2 times that of SC. Therefore, in terms of species difference, we believe that CS had the strongest As bioaccumulation ability, whereas SC had the weakest.
Further, a significant difference was found in the tAs concentration among clam collected in different seasons (p < 0.001, Figure 2B). Among these, June showed the lowest tAs concentration. June is the spawning season for clam cultivated in Jiangsu. As reported previously, the spawning behavior of clam has a significant effect on its As concentration, i.e., a large mass of gametes is released, eliminating the As accumulated in the gametes from the clam bodies (Kato et al., 2020). As shown in Figure 2C, there were significant differences in the tAs concentrations of clam in different sampling years (p < 0.0001). From 2014, and 2016 to 2018, the tAs content in clam samples had increased significantly gradually, indicating that As pollution in the coastal culture areas of Jiangsu province had progressively become severe. The tAs contents among samples collected from different locations also showed significant differences (Figure 2D), probably implying that the As pollution levels of these clam culture areas were different.
As Species
The toxicity of As in seafood depends mainly on its species, and it has been recognized widely that the toxicity of iAs is far greater than that of organic As (oAs) (Kato et al., 2020). Therefore, we employed the HPLC-ICP-MS method to analyze As speciation of all the collected samples. The analyse was conducted to improve understanding of the distribution of oAs and iAs in the clam cultivated in the study area, and to provide a basis for subsequent assessment of their consumption risks. All the results are shown in Supplementary Table S3 and Figure 3.
[image: Figure 3]FIGURE 3 | Contribution of five As species to total As in collected clam samples.
Among the 486 collected samples, the proportion of oAs ranged from 18.5 to 94.8%, with a mean value of 62.3% and median of 65.8%, whereas the proportion of iAs ranged from 9.3 to 68.4%, with a mean value of 22.1% and median of 26.5%. These results suggested that the main As species in most collected clam samples was oAs, and was generally 2–3 times that of iAs. Among the oAs, AsB was the dominant species (mean value 42.7%, median 44.2%), followed by AsC (mean value 12.7%, median 11.9%), DMA (mean value 6.9%, median 6.5%), and MMA had the lowest proportion, which could hardly be detected in most collected samples. As regards iAs, As(III) was the dominant species (mean value 20.5%, median 17.7%), followed by As(V) (mean value 5.9%, median 4.5%). The above results are consistent with the distribution of As species in marine-derived clam previously reported in the literature.
Further, we found that the proportion of oAs and iAs differed significantly among clam species. As shown in Figure 3 and Supplementary Table S3, SC had the highest oAs proportion (mean value 72.7%, median 72.9%), followed by CS, MM, and VP, which shared the same oAs proportion, with mean and median values ranging from 66 to 68%, respectively. The oAs proportion in MV was the lowest among all the clam species, with mean and median values of only 41.5 and 46.7%, respectively. In terms of the proportion of iAs, there is no doubt that MV had the highest percentage compared with other clam species (mean and median values of 41.5 and 40%, respectively). CS, MM, VP, and SC had the same percentage, with mean and median values ranging from 19 to 22%. The proportion of iAs in MV was more than twice as high as that in other clam species. Accordingly, we believe that the MV cultivated in Jiangsu province tended to bioaccumulate toxic iAs species in their bodies, the risk of which to human health should not be underestimated.
Inorganic As
Because of the toxicity of iAs, we focused on the iAs bioaccumulation levels in all the collected clam samples. As shown in Figure 4A, the iAs concentrations indicated significant differences among the five clam species (p < 0.0001). The highest was found in MV, which ranged from 0.22 to 2.85 mg/kg, with mean and median values of 1.1 and 1.08 mg/kg, respectively. The lowest concentration was found in SC, ranging from 0.13 to 0.72 mg/kg, with mean and median values of 0.29 mg/kg. The results of our previous studies have indicated that the water content of clam samples cultivated in Jiangsu was between 75 and 80%. In the current study, the water content was set at 75%. According to the requirements of the national standard issued by the China Food and Drug Administration (CFDA GB2672-2017), the limit for iAs in aquatic products is 0.5 mg/kg (ww), which, converted to dry weight is 2.0 mg/kg (dw) for iAs. The number of MV samples exceeding this limit was seven, accounting for 6.7% of all MV samples. None of the other clam species samples exceeded this limit.
[image: Figure 4]FIGURE 4 | Inorganic As concentrations in different clam species (A), collecting months (B), and sampling locations (C) in Jiangsu province, China. The bottom and top of the boxes represent the 25th and 75th percentiles, while error bars represent the 5th and 95th percentiles. The solid lines inside the box represent the median iAs concentrations. In all panels, data were analyzed using one-way analysis of variance (ANOVA), where * p < 0.05; ** p < 0.01; ****p < 0.0001.
As iAs concentrations differ among clam species, we conducted a correlation study between iAs and tAs in all the collected clam samples to further evaluate their bioaccumulation abilities toward toxic and non-toxic As species. As shown in Figure 5A, there were significant positive correlations between iAs and tAs in all clam species (p < 0.0001). Among these, the strongest correlation between iAs and tAs was MV, with a correlation coefficient of 0.9. As shown in Supplementary Table S4, the slope of the regression curve of MV was the highest (0.36), followed by SC, CS, MM, and VP (ranging from 0.14 to 0.21), which indicated that MV could have the highest toxic iAs bioaccumulation activity among all the tested clam species.
[image: Figure 5]FIGURE 5 | Pearson’s correlation analysis of iAs- total As among different clam species (A) and collecting seasons (B).
From the perspective of harvest seasons, the iAs concentrations in CS, MV, and VP were significantly reduced in June compared with the other collection months (p < 0.01), whereas the iAs content in SC and MM showed no significant difference in the different harvest months (Figure 4B). Correlation analysis between iAs and tAs for the different collection seasons is shown in Figure 5B. This figure indicates that iAs and tAs were significantly positively correlated for different collection months, with June having the strongest correlation at a correlation coefficient of 0.73. As shown by the corresponding regression curve (Supplementary Table S4), the accumulation activity of iAs in June was relatively weaker than it was in other months. Consistent with tAs, the above results suggested that the bioaccumulation of iAs would also be weakened in clam during their spawning period.
As regards the sampling locations, the MV samples collected from Dafeng contained significantly higher iAs than samples from other locations (Figure 4C). This could be ascribed to the strong bioaccumulation ability of iAs in MV species and high iAs content in the clam food chain of this culture area.
Estimated Distribution of tAs and iAs in Clam Cultivated in Jiangsu
Using the tAs and iAs values we observed earlier in clam samples as prior knowledge, we adopted Markov Chain Monte Carlo (MCMC) simulation to generate the posterior distributions of tAs and iAs to further estimate their concentrations in the different clam species (Lin et al., 2020). After conducting MCMC computation for the two tAs/iAs datasets, respectively, Figure 6A shows the predicted posterior distributions of the amounts of tAs(blue)/iAs(red) in five clam species cultivated along the Jiangsu coastline. Supplementary Table S5 shows the mean and standard deviations of the posterior distributions.
[image: Figure 6]FIGURE 6 | Posterior probabilistic distributions of iAs (blue) and tAs (red) concentrations in different clam species cultivated in Jiangsu Province (A); Boxplot of posterior probabilistic distributions of iAs and tAs concentrations in different clam species, the bottom and top of the boxes represent the 25th and 75th percentiles, while error bars represent the 5th and 95th percentiles. The solid lines inside the box represent the median As concentrations (B); Pearson’s correlation analysis of posterior distributions of iAs and tAs among different clam species (C).
As shown in Figure 6A and Supplementary Table S5, the rank of the posterior means of the tAs concentrations in each clam species was CS, MV, MM, VP, and SC. CS presented the highest tAs concentration of all the clam species, with a mean concentration and SD value of 3.47 ± 1.43 mg/kg (dw), whereas SC had the lowest tAs concentration, with a mean and SD values of 1.49 ± 0.54 mg/kg. The above tAs posterior distribution data are consistent with the previously observed data.
As regards iAs posterior distribution in clam, the rank for the posterior means of iAs concentrations in each clam species were MV, CS, VP, MM, and SC. MV had the highest toxic iAs concentration of all the clam species, with a mean concentration and SD value of 1.12 ± 0.58 mg/kg (dw), whereas SC had the lowest iAs concentration, with a mean and SD value at 0.29 ± 0.13 mg/kg (dw) (Figures 6A,B). The posterior mean of iAs in MV was 3.86 times higher than was that in SC. In addition, as shown in Figure 6A, nearly 7% of MV posterior concentrations exceeded the limit of iAs (2.0 mg/kg) set by the CFDA, suggesting that consuming these clam species cultivated in Jiangsu province could cause certain health risk levels.
Based on the estimated tAs and iAs posterior distributions, we further analyzed the correlation between them in different clam species. As shown in Figure 6C, there were strong positive correlations between tAs and iAs in all the clam species (R = 1, p < 0.0001). Among all the correlation regression curves, the highest correlation slope between tAs and iAs was MV, which reached 0.41, further proving that the bioaccumulation capacity of iAs was far stronger than was that of other clam species. In addition, because of the high cost of HPLC-ICP-MS instruments, they are usually not available in most laboratories for quantifying of the concentration of toxic iAs in clam samples. Therefore, the regression curves shown in Figure 6C could help these laboratories to estimate the content of iAs in the clam samples cultivated in Jiangsu province by only measuring their tAs content.
Health Risk Assessment
The content of iAs determines the health risk of As in clam samples. The results of As speciation analysis in this study showed that iAs accounted for 0.13–2.85 mg/kg in all clam samples. Certain samples exceeded the maximum limit of iAs (2.0 mg/kg) issued by the CFDA, suggesting potential health risks for consumption of the clam cultivated in Jiangsu. To estimate the potential health risk of consuming the different clam species, the probability distribution of the non-carcinogenic HQ value of iAs exposure from lifetime consumption of MV, MM, VP, SC, and CS for Chinese adults was obtained by MCMC simulations. The cumulative probability distribution of HQ is shown in Figure 7A, and the related statistical information is presented in Supplementary Table S6. The HQ values for Chinese adults for consuming MV ranged from 0.03 to 4.32, with 1.6% having a risk above the serious or priority level (HQ = 1) (Hu et al., 2017), whereas that of MM, VP, SC, and CS ranged from 0.22 to 1.11, 0.02 to 1.82, 0.01 to 0.91, and 0.02 to 2.17, respectively, with only 0.002, 0.03, 0, and 0.08% having a health risk above the serious or priority level. Based on the USEPA’s proposed cancer slope factor of 25.7 cases for an iAs dose of 1 mg kg-1 BW/d, the average daily consumption of MV may result in a mean of 16.5 cases of bladder and lung cancer per 100,000 Chinese adults with lifetime exposure (Supplementary Table S7). This would result in 6.3–12.2 additional cancer cases than consuming other clam species in this region.
[image: Figure 7]FIGURE 7 | Cumulative probability of HQ of iAs exposure from consumption of different clam species cultivated in Jiangsu for the adult populations of China (A). Cumulative probability of HQ of iAs exposure from consumption of MV sampling at different locations (B) and seasons (C) in Jiangsu for the adult populations of China.
As all mentioned above, more attention is required with respect to the excessive accumulation of iAs in MV and the attendant consumption safety issues. MV accounted for nearly one-third of the total clam production in Jiangsu province. To minimize the health risk for consuming this species, the probability distributions of HQ values from different culturing locations and sampling seasons of MV were calculated by MCMC simulations. The cumulative probability distribution of HQ values concerning collecting locations and seasons are shown in Figures 7B,C, and the related statistical information is presented in Supplementary Tables S8, S9. As regards MV samples collected in June (HQ values ranged from 0.01 to 1.28) at Binghai county (HQ values ranged from 0.03 to 1.37), only 0.03% of these showed risk above the serious or priority level, which is significantly lower than is that for other sample collecting seasons and locations. Therefore, we recommended the consumption of MV harvested in June and collected in Binghai County in Jiangsu Province.
CONCLUSION
Clam, which can more efficiently enrich trace metals from water and sediment, are well known as the primary dietary source of As; however, the concentrations, speciation, and seasonal fluctuation of As in cultivated clam along the mid-eastern China, especially Jiangsu coastline are largely unknown. In this study, for the first time, a 3-year follow-up survey was conducted on As and its species in five major clam species from eight cultivation locations in this area. Among the 486 collected samples, we found that the bioaccumulation of tAs and iAs was species-specific. The tAs ranged from 0.56 to 7.74 mg/kg dw (mean 2.53 mg/kg), with CS (1.03–6.8 mg/kg dw, mean 2.97 mg/kg) containing the most tAs, whereas SC (0.7–2.46 mg/kg dw, mean 1.31 mg/kg) contained the least. The iAs ranged from 0.13 to 2.85 mg/kg, with MV (0.22–2.85 mg/kg, mean 1.1 mg/kg) accumulating the most toxic iAs, whereas SC (0.13–0.72 mg/kg, mean 0.29 mg/kg) accumulated the least. Our studies also demonstrated that the bioaccumulation of tAs and iAs in clam samples was influenced by sampling seasons. Both tAs and iAs concentrations were significantly reduced during the spawning period of clam by eliminating the As accumulated in gametes from their bodies. The MCMC approach was used in this study to estimate posterior distributions of iAs exposure and HQ when consuming clam cultivated in Jiangsu province. According to posterior means, the non-carcinogenic or carcinogenic health risk of iAs associated with MV consumption was rather high, namely approximately 1.6% of the adult population in China had HQ above the serious or priority risk level and a mean of 16.5 cases of bladder and lung cancers per 100,000 Chinese adults with lifetime dietary exposure. Despite the existence of uncertainty and variability in the health risk assessment of this study, our results suggested that more attention should be paid to the relative safety of clam consumption. MV species cultivated in Jiangsu Province should be monitored more carefully. In addition, based on our results, a feasible solution to reduce iAs exposure for MV consumers is to purchase clams harvested in June from Binhai County in Jiangsu Province.
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