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Abstract

:

Previous studies have mainly focused on cadmium (Cd) contamination in conventional rice monocultures, and no research on rice-crayfish coculture has been reported. In this study, a Cd-contaminated (0–30 mg kg−1) rice-crayfish co-culture system was established by adding exogenous Cd. The results showed that the Cd concentration in each tissue of rice and each organ of crayfish increased with increasing soil Cd concentration. Specifically, the Cd concentration in each rice tissue was as follows: root > stem > leaf ≈ panicle > grain > brown rice, and the jointing and heading stages were critical periods for the rapid enrichment of Cd in the aboveground tissues of rice. The Cd concentration in each organ of crayfish was as follows: hepatopancreas > gut > gill ≈ exoskeleton > abdominal muscle. Cd was gradually enriched in the abdominal muscle after 30 days of coculture between crayfish and rice. Pearson’s correlation analysis showed that the soil’s total Cd concentration, available Cd concentration, and water Cd concentration were positively correlated with Cd content in various tissues of rice and various organs of crayfish, whereas EC and TDS in water were markedly related to rice stems, leaves, stalks, and small crayfish. According to the maximum limit of Cd in grain (0.2 mg kg−1) and crustacean aquatic products (0.5 mg kg−1) in China, the safe threshold of soil Cd for rice and crayfish under the rice-crayfish coculture system is 3.67 and 14.62 mg kg−1, respectively. Therefore, when the soil Cd concentration in the rice-crayfish coculture system exceeds 3.67 mg kg−1, the safety risk to humans through the consumption of food from this coculture system will increase. This study provides a theoretical basis for safe food production in a rice-crayfish coculture system using the established Cd pollution model.
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1. Introduction


Economic development and the acceleration of urbanization and industrialization have led to an increase in heavy metal pollution in soils. According to the “National Soil Pollution Survey Bulletin” released in 2014, approximately 20 million hectares of arable land in China has been polluted by heavy metals to varying degrees, of which nearly 3.33 million ha is heavily and moderately polluted. Most of this land is located in economically developed areas [1]. Application of sewage sludge, farmyard manure, or some commercial fertilizers is the main source of Cd in the agriculture soil [2,3]. Cadmium (Cd) is one of the most toxic trace heavy metals to plants and animals. Compared with other trace elements, Cd in soil is more mobile and is more likely to be bioaccumulated in the food chain [4,5], thus endangering the lives of humans and animals. The daily diet accounts for 90% of Cd in the human body, and the half-life of Cd in the human body is 15–20 a. Therefore, long-term consumption of foods with slightly excessive Cd will lead to the accumulation of Cd in the human body and cause chronic toxicity, causing diseases such as cancer, arthritis, emphysema, and renal tubular necrosis [6,7].



Integrated farming of rice and aquatic animals (IFRAA) is an ecological agriculture model that combines rice cultivation and aquatic animal aquaculture with field engineering to obtain higher economic benefits [8]. The IFRAA is widely distributed in Asian countries, such as China, Bangladesh, Myanmar, and Vietnam [9]. In recent years, China’s IFRAA has rapidly expanded [10,11], owing to the strong demand for high-economic-value aquatic products (such as crayfish, shrimp, crab, and fish) [12] and the increasing shortage of arable land resources. This is against the background of China’s agricultural supply side structural reform. By 2020, the total area of IFRAA in China reached 2.33 million ha, of which the total area of rice-crayfish coculture was 1.26 million ha, accounting for the largest proportion of 47.7%, and it is still expanding rapidly [13,14]. The rice-crayfish coculture can produce carbohydrates and aquatic animal protein using limited water and soil resources, reduce the application of chemical fertilizers and pesticides [15], improve the physical and chemical properties of soil [16], and promote the energy cycle and efficient utilization of material resources in the agricultural system [17,18], which is important for ensuring agri-food safety. The sustainable development of the ecological environment is of great significance.



With the intensification of heavy metal pollution and the rapid expansion of rice-crayfish coculture, the risk of human exposure to paddy field pollutants through the consumption of rice and crayfish increases. This is achieved through arable soil, irrigation water, pesticides, organic and chemical fertilizers, and aquatic animal feed [19]. Rice is a staple food for nearly half of the world’s population, especially in Asia [20]. Unfortunately, populations on a rice-based diet are more susceptible to Cd, as rice grown in Cd-contaminated soils are particularly prone to Cd accumulation [21]. Rice consumption is the dominant source of Cd intake by the Asian population. For example, it accounts for 65% and 77% of the total Cd intake for urban and rural residents in southern China, respectively [22]. In addition, crayfish are widely favored because of their low price and delicious taste. Crayfish possess high nutrient levels in aquatic ecosystems and can accumulate Cd from water and consume Cd-contaminated food. The concentration of heavy metal pollutants in their muscles can be several times higher than that in the surrounding environment [23,24], which threatens human safety and health through the amplification and transmission of the food chain. Although there are many studies on the migration, transformation, and safety risks of the heavy metal Cd in rice fields or aquaculture water [25,26], studies on Cd contamination in the rice-crayfish coculture are very rare, and the soil and water environments of the coculture system are very different from those of traditional paddy fields [27]. The transformation, migration, and cycling of Cd in the rice-crayfish coculture occurred at the rice-crayfish-soil-water interface. The distribution pattern and cycling characteristics of Cd in rice-crayfish-soil-water may be affected by Cd concentrations and their chemical forms in the soil and water, systematic Cd input, soil disturbance by crayfish, and the Cd enrichment degree of rice. To the best of our knowledge, only one study has reported the distribution of Cd in crayfish tissues under a Chinese rice-crayfish coculture and performed a human health risk assessment of Cd [28]. Their research, to some extent, has broadened our understanding of Cd content in crayfish under rice-crayfish coculture. However, due to the limitations of investigation methods and the lack of continuous monitoring of Cd content in rice (or crayfish) and environmental factors, their study could not provide more information on Cd migration and transformation under the rice-crayfish coculture and the relationship between Cd levels of the research objects and environmental factors.



In this study, we used an established Cd pollution model under a rice-crayfish coculture and attempted to reveal the migration and transformation characteristics of Cd in the rice-crayfish coculture system through continuous dynamic monitoring of Cd at the water-soil-rice-crayfish interface. The specific objectives were: (1) to clarify the enrichment characteristics of Cd in various tissues and organs of rice and crayfish under the rice-crayfish coculture mode; (2) to explore the relationships between environmental (water and soil) factors and Cd content in rice and crayfish; (3) to determine the soil Cd safety threshold value under the rice-crayfish coculture mode.




2. Materials and Methods


2.1. Study Area


The study site (Figure S1) is in Xuyi County, Huai’an City, Jiangsu Province (118°40′17″ E, 32°59′55″ N), located in the transition area between the northern subtropical zone and the warm temperate zone, with a humid monsoon climate, abundant sunlight, and abundant rainfall. The annual average sunshine hours were 2222 h, the annual average temperature was 14.7 °C, the frost-free period was 215 days, and the annual average rainfall was 1.005 mm.




2.2. Experimental Design


2.2.1. Establishment of Cd-Contaminated RCC Ecosystem


Soil samples for the experiment were collected from Gaoqiao Town, Xuyi County, at a depth of 0–0.4 m. After removing impurities manually, they were air-dried for one week and passed through a 10-mesh sieve. The soil type was waterlogged paddy soil with a pH of 7.8 and a soil organic matter content of 30.2 g kg−1. The background concentration of Cd in soil was 0.60 mg kg−1.



In 2021, a rectangular canvas pool was reinforced with steel bars to artificially establish a rice-crayfish co-culture ecosystem. The length, width, and height of the pool were 4.0 × 2.5 × 1.0 m. A total of 1500 kg of soil was added to each experimental pool. When soil was added, the bottom of the pool was close to the ground to ensure that it was flat, and the experimental pools were adjacent to each other. The soil was filled into the pool in a step-by-step method of adding soil in 15 rounds; that is, after each round of adding 100 kg of soil to each pool, the next round was added. Cadmium (CdCl2) (Shanghai Macklin Biochemical Co., Ltd., Shanghai, China) was added to the soil, and five treatments were set at 0, 1, 5, 15, and 30 mg kg−1, namely T0, T1, T2, T3, and T4, respectively, and each treatment was repeated three times. The cadmium reagent was added at the same time when the soil was put into the pool, and the cadmium reagent to be added in each pool was equally divided into 15 parts, each of which was dissolved in 5 L of water and added to the soil in rounds after it was completely dissolved. After every 100 kg of soil was added, cadmium solution was sprayed. To avoid the interference of rainwater in the experiment, a shed was built above the pool and covered with a light-transmitting shed film that could be retracted at any time according to the rainfall.




2.2.2. Management of Experimental Plot


The rice variety was Nanjing 5718 which has good lodging resistance. It was sown on 28 May and transplanted manually on 26 June. The planting density was 30.0 × 12.4 cm with three seedlings per hill, and the basic seedling is 806,000 ha−1. The N fertilizer used was controlled-release urea with an N content of 46%. The controlled-release period was 80 d, and the total N application rate was 240 kg N ha−1. The P and K fertilizers used were calcium superphosphate and potassium chloride, with application rates of 150 kg P2O5 ha−1 and 150 kg K2O ha−1, respectively. A one-time basal application was used for all fertilizers. All the fertilizers used in this study were purchased from Anhui Maoshi Agricultural Technology Co., Ltd. (Heifei City, China). Deep well water was used for irrigation during the experiment, and no cadmium was detected. After the soil was completely placed into the pool, water was stored at a height of 3–5 cm from the soil surface, and a rake was used to flatten the soil surface. The rice was irrigated with shallow water (3–5 cm) from the transplanting stage to the jointing stage, and water was gradually added ~25 cm from the soil layer after the crayfish was placed in the pool at the heading stage. During the experiment, the high temperature caused water in the pool to evaporate. Thus, the water level was checked and replenished 3 days before each sampling.



The experimental crayfish (Procambarus clarkii) was purchased from Jiangsu Xuyi Crayfish Industry Development Co., Ltd. (Xuyi County, Huai’an City, China). Crayfish larvae with a clean body, healthy and disease-free status, strong vitality, and consistent specifications were selected as experimental materials. The crayfish larvae had an average weight of 10 g ind.−1. The stocking density was 6 ind. m–2, and a total of ~60 ind. were placed in each pool of T1, T2, T3, and T4 treatments. It should be noted that, in general, for the rice-crayfish coculture mode in Xuyi County, crayfish would be introduced into paddy fields after the jointing stage. However, to prevent the death of crayfish due to the high temperature during the experimental period in 2021, the time of this experiment was postponed to the heading stage (29 August). Crayfish was introduced on 27 October, and the growth period lasted for 59 days. The feed was provided on time at 18:00 every day, according to 4% of the crayfish body weight [29,30]. The feed was purchased from Tongwei Co., Ltd. (Chengdu City, China). Owing to the small change in the total body weight of crayfish during the experimental period, the daily feed amount remained unchanged until the day before sampling, and the total feed amount of each pool was 1.89 kg. The feed used is from Chia Tai Feed Co., Ltd., Hangzhou, China, and the Cd content in the feed is determined to be 0.14 mg kg−1.





2.3. Sample Collection and Measurements


2.3.1. Sampling Frequency


Specific sampling arrangements are listed in Supplementary Table S1. Water and soil samples were collected every 7–10 days and mixed into one sample using a 5-point random sampling method. The rice samples were collected at different stages of growth. The samples at the tillering and jointing stages were divided into root, stem, and leaf. The samples at the heading stage, 20 days after the heading stage, and the mature stage were divided into root, stem, leaf, and panicle. The mature samples were divided into rice grain and brown rice. For crayfish samples, five crayfish from each pool were harvested in ground cages every 7 days. The crayfish collected were quickly frozen in liquid nitrogen and dissected into the hepatopancreas, gut, gill, external skeleton, and abdominal muscles [31]. The same parts of five crayfish were mixed into one sample and then stored in a sealing bag at –20 °C for later measurements.




2.3.2. In Situ Determination of Physicochemical Indicators of Water and Soil


Physicochemical indicators of water and soil in each pool were measured in situ every 7–10 days. Water pH, dissolved oxygen (DO), and temperature were measured using a multi-parameter water quality detector (YSI Prosolo, COLO, Yellow Springs, OH, USA), water turbidity was measured with a portable turbidimeter (Hach 2100 Q, OSU, Loveland, CO, USA), water conductivity and TDS were measured with a portable TDS meter (Hengxin AZ8302, Taiwan, China), and soil ORP and pH were measured with a portable redox potential meter (Orion Star A221, Waltham, MA, USA).




2.3.3. Determination of Cd


The collected water samples were mixed and divided into two bottles, each of which was placed in a 150 mL polyethylene bottle for the determination of total Cd (CdT) and dissolved Cd (CdD). The water samples were filtered with an ordinary filter to measure the TCd and filtered through 0.45 μm membrane filters to measure the DCd. Filtered and acid treated samples measuring 100 mL were heated with 5 mL concentrated HNO3 on a hot plate at 95 °C and reduced to a final volume of 10 mL. The concentrations of TCd and DCd in the water were determined by inductively coupled plasma atomic emission spectroscopy (ICP-AES, Thermo 6300, Waltham, MA, USA).



The air-dried soil samples were ground with a mortar and pestle and passed through a 100-mesh sieve for the determination of CdT and available cadmium (CdA). To the 0.25 g soil sample, 6 mL of HNO3, 3 mL of HCL, and 2 mL of HF were added in turns and digested with a microwave digestion system. After digestion was complete, the digested solution was placed in an electric heating furnace to remove the acid. Soil ACd was extracted using the DTPA-TEA method, and the extract was filtered through a 0.45 μm microporous membrane. TCd and ACd content in soil was determined by ICP-AES.



A half gram (dry weight) of rice tissue sample passed through a 45-mesh sieve were put into a microwave digestion tank, and 5 mL HNO3 and 2 mL of H2O2 were added for digestion. The digested solution, which was colorless or light yellow, was further heated to drive away acid, transferred to a 50 mL volumetric flask, and the TCd content was determined by ICP-AES.



One gram (wet weight) of crayfish tissue sample, a few glass beads, and 10 mL (9 + 1) of a mixed solution of HNO3 and HClO4 were placed into a conical flask for digestion overnight. The next day, the conical flask was placed on an electric hot plate for digestion until the digested solution was colorless or slightly yellow, after which the solution was used to determine the TCd content.





2.4. Harvest of Crayfish and Rice


The crayfish was harvested on October 26. After being caught in ground cages, the water was dried with a qualitative filter paper and weighed. The rice was harvested on 29 October. All plants from a 4.75 m2 area (120 hills) in each plot were harvested to determine grain yield and adjusted to 14% moisture content. Plants from 1.19 m2 (30 hills) in each plot were collected to determine the number of spikelets per panicle, filled grain percentage, and 1000-grain weight.




2.5. Statistical Analysis


All data are expressed as the mean ± standard error. The differences in the physicochemical indicators of water and soil at different growth periods were analyzed using variance analysis with the IBM SPSS 26 statistical software program (SPSS Inc., Chicago, IL, USA). The differences in Cd concentrations in various tissues of rice or crayfish among different treatments were analyzed using variance analysis. Pearson’s correlation analysis was used to analyze the relationship between Cd content in rice tissues and crayfish organs and environmental factors, water, and soil, and the correlation analysis heatmap was drawn using Origin 2021 software (OriginLab Corporation, Northanpton, MA 0.060, USA).





3. Results


3.1. Dynamic Change of Physicochemical Indicators of Water and Soil


The values of all eight physicochemical indicators: water pH, water TDS, water DO, water turbidity, and soil pH after crayfish addition were significantly or extremely significantly higher than those before crayfish addition, while water temperature and water EC after crayfish addition were significantly lower than those before crayfish addition (p < 0.0001). The change in soil ORP before and after crayfish addition was not significant (p > 0.05) (Figure S2). Dynamic changes in the physicochemical indicators of water and soil are shown in Figure 1. The pH of the different treatments was relatively similar; it increased slowly after rice transplanting and remained stable (~7.2) after adding crayfish. The water temperature reached a peak (34.0 °C) on the 16th day after rice transplanting, then gradually decreased to 28.5 °C before thr crayfish addition, then it continued to decrease to 23.9 °C, with small fluctuations until the end of the experiment. Water EC showed a similar dynamic change rule to water temperature; however, its variability among the different treatments was slightly larger. The change in water TDS was extremely volatile, it rapidly increased to 782.0 ppm after rice transplanting, and then decreased to (269.5 ppm) on the 52nd day; it continued to rapidly increase to 742.3 ppm after crayfish addition but decreased to 489.4 ppm on the 75th day, and then stayed relatively stable until the end of the experiment. Water dissolved oxygen (DO) decreased from 7.0 mg L−1 on the 15th day to 6.6 mg L−1 on the 16th day after transplanting, and then it increased slightly and remained stable at 6.9 mg L−1. After crayfish was added, water DO continued to increase and reached 7.7 mg L−1 before the end of the experiment. The variability of water turbidity among different treatments was large; it was generally stable after the transplanting of rice, but increased rapidly and then decreased after crayfish addition, and stabilized at 8.5 NTU at the end of the experiment. Soil pH was consistent with water pH, but soil pH was generally slightly lower than water pH (Figure S3). The soil redox potential (ORP) fluctuated greatly and gradually increased to 217.1 mv on the 52nd day after the transplanting of rice; it decreased to 100.1 mv after crayfish addition, and then gradually increased and stabilized at 159.3 mv until the end of the experiment.




3.2. Dynamic Change of Cd Concentration of Water and Soil


The CdT and CdD concentrations in water are shown in Figure 2a,b. For the majority of samples, the CdT concentration in the T0 treatment was low from the beginning to the end of the experiment, and that of the T4 treatment was significantly higher than that of the other treatments (p < 0.05). The CdT concentrations in the T1, T2, T3, and T4 treatments exhibited a similar trend, which was high at the beginning, then dropped dramatically from −16th to 6th d and kept stable at a relatively low level before the crayfish were added. Due to the bioturbation of crayfish, CdT concentrations of T3 and T4 treatments increased slightly after crayfish addition, whereas those of T1 and T2 were still at a relatively low level. The CdT concentrations of all five treatments were kept at a low level until the end of the experiment. The CdD concentration in water showed an extremely similar trend to that of the CdT concentration in water (Figure 2b).



Figure 2c,d shows the dynamic changes of soil CdT and CdA concentrations. Overall, soil CdT concentration in T3 and T4 treatments was at a high level, while other treatments were at a low level. Within 10 days before transplanting, the CdT concentration in the soil of each treatment showed a downward trend (except for the slight increase in the T3 treatment), which was mainly due to the Cd migration from the soil to the water. After the rice transplanting, the CdT concentration in the soil of each treatment continued to decrease, and remained stable on the 16th day after transplanting. It remained stable until crayfish was added to the pool. After the crayfish addition, the CdT concentration of soil in the T2 and T4 treatments increased slightly, while the other treatments did not change much, and then each treatment remained basically stable until the end of the experiment. For CdA, the CdA concentration of T3 and T4 treatments was at a high level from 3.2 mg kg−1 to 12.7 mg kg−1, while that of T0, T1, and T2 treatments was at a low level from 0.03 mg kg−1 to 2.5 mg kg−1. The CdA concentration in the soil showed a similar dynamic trend to CdT.




3.3. Cd intake from Rice and Crayfish Consumption


Among the five treatments, Cd concentration in roots was the highest, followed by stems and leaves, and those in panicles and grains were the lowest (Figure 3). With an increase in soil Cd concentration, the Cd concentration in rice tissues in each treatment increased. Figure 3 shows the dynamic changes in Cd concentration in various rice tissues during different growth periods, and those in leaves, stems, and roots were similar, at relatively low levels at the tillering stage, and gradually increased and remained stable from the elongation stage to the ripening stage. The Cd concentration in the panicles was highest in the heading stage and gradually decreased at the full heading and ripening stages. The Cd concentrations of each treatment in brown rice (0.06 ± 0.03 to 1.93 ± 0.32 mg kg−1) were higher than those in grain (0.05 ± 0.03 to 0.82 ± 0.22 mg kg−1), and the Cd concentrations of T1 and T2 treatments were lower than the limit standard of China (0.2 mg kg−1).



Dynamic changes in Cd concentrations in crayfish organs under different treatments are shown in Figure 4. Generally, of all the treatments, the Cd concentration in the hepatopancreas was the highest, followed by that in the gut, and those in the gill, exoskeleton, and abdominal muscle were the lowest. Specifically, the Cd concentration in the hepatopancreas was low at the beginning, increased gradually until it reached a peak at 29 d, and then decreased rapidly until the end of the experiment (Figure 4a). The Cd concentration in the gut showed an increasing trend from 0 d to 22 d, and then remained relatively stable until the end of the experiment (except that the T4 treatment continued to increase slowly) (Figure 4b). The Cd concentration in gill of T1 and T2 treatments remained at a low level from beginning to the end of the experiment, while those of T3 and T4 treatments varied greatly and peaked at 35 d and then decreased to around 0.66 mg kg−1 at 42 d (Figure 4c). The Cd concentration in the exoskeleton initially increased, then remained relatively stable, and then decreased rapidly on the 35th day (Figure 4d). The Cd concentration in the abdominal muscle was low from the beginning to the 29th day, and then increased sharply until the end of the experiment (Figure 4e). The difference in Cd concentration in crayfish organs of different treatments at 43 d reached a significant level (p < 0.05), especially between high (T3 and T4) and low Cd treatments (T1 and T2) for the hepatopancreas and gut (Figure 4f). The Cd concentration in the abdominal muscle of T1, T2, and T3 treatments was lower than that of the limit standard (0.5 mg kg−1) of crustaceans of China except for T4 treatment.




3.4. Soil Safety Threshold for Food Production in RCC


The Cd concentration of brown rice was positively correlated with the soil Cd concentration and could be fitted by a binomial model (y = −0.0016x2 + 0.1042x − 0.0375, r2 = 0.9921) (Figure 5a). The Cd concentration in grains was also positively correlated with the soil Cd concentration and could be fitted by a binomial model (y = −0.0014x2 + 0.0706x – 0.0401, r2 = 0.9925). Thus, based on this fitted model, the soil Cd safety threshold was determined to be 3.67 mg kg−1, according to the maximum limit of Cd in grains in China.



The Cd concentration in each organ of crayfish increased with increasing soil Cd concentration, and all of them could be fitted by binomial models (Figure 5b). Specifically, the Cd concentration in the abdominal muscles of crayfish was positively correlated with the soil Cd concentration, and the fitting equation was y = 0.0002x2 + 0.0015x + 0.0353 (r2 = 0.9996). Based on this fitted model, the soil Cd safety threshold was determined to be 14.62 mg kg−1, according to the maximum limit of Cd in crustacean aquatic products in China. In conclusion, the soil Cd safety threshold for food safety production under the rice-crayfish coculture system is 3.67 mg kg−1.




3.5. The Relationship between Cd Distribution in Rice Tissues and Crayfish Organs and Environmental Factors


Correlation analysis was performed to identify the environmental factors affecting Cd distribution in various tissues and organs of rice and crayfish (Figure 6). The Cd concentration in each tissue of rice showed significant (p < 0.05) or extremely significant (p < 0.01) positive correlation with soil total Cd and soil available Cd content, and the correlation coefficient was between 0.36 and 0.92; it was extremely significant with total Cd in water (p < 0.01), and the correlation coefficient was between 0.31 and 0.83, but there was no significant correlation with dissolved Cd in water. The Cd concentrations in the rice leaves, stems, and roots were significantly negatively correlated with the EC and TDS of water (p < 0.05). In addition, there was a significant (p < 0.05) or extremely significant (p < 0.01) positive correlation between Cd concentrations in various tissues of rice, and the correlation coefficient was between 0.43 and 0.95. There was also a significant (p < 0.05) or extremely significant (p < 0.01) positive correlation between the Cd concentration in various tissues of rice and the Cd concentration in most organs of crayfish.



Except for the insignificant correlation between Cd in abdominal muscles of crayfish and soil available Cd, the Cd concentration in each organ of crayfish was positively correlated with the soil total Cd and available Cd, with correlation coefficients ranging from 0.55 to 0.95 (p < 0.01). The total Cd concentration in the water was significantly positively correlated with the Cd concentration in the hepatopancreas, gut, gill, and exoskeleton of crayfish (p < 0.01), whereas the correlation with the Cd concentration in the abdominal muscle was not significant. There was no significant correlation between the Cd concentration in each crayfish organ and the dissolved Cd concentration in the water. The Cd concentration in the hepatopancreas, gill, and gut of crayfish was significantly negatively correlated with the EC and TDS of water (p < 0.05), and the correlation with other physicochemical indicators of water and soil was not significant.





4. Discussion


Using the established Cd-contaminated rice-crayfish coculture system, this study quantitatively analyzed the migration law of Cd at the water-soil-rice-crayfish interface and the distribution characteristics of Cd in various tissues and organs of rice and crayfish, respectively. To the best of our knowledge, this is the first study to understand the impact of Cd pollution on food safety in a rice-crayfish coculture system. Our study determined the soil Cd safety threshold for food production under the rice-crayfish coculture system, which is helpful for the safe management of agricultural products in the main distribution area of the rice-crayfish coculture system, with the safety risk of Cd contamination.



In the rice-crayfish co-culture system, the physicochemical properties of soil and water were strongly affected by crayfish bioturbation. For example, in this study, the water turbidity increased from 10.8 NTU to 13.09 NTU after crayfish was added (Figure S2). Therefore, the photosynthesis of plants in water is weakened, which may reduce the amount of DO in the water. However, the amount of DO in the water after crayfish addition increased significantly compared with that of before crayfish addition, which may be mainly because crayfish preyed on plankton, which reduced the DO consumed in the water and finally manifested as an increase in DO (Figure 1). However, the results of this study are contrary to those of previous studies, in which the DO of the water decreased significantly after the addition of fish (p < 0.05), which may be related to the consumption of DO by the fish itself and the degradation of bait and feces [27]. After rice transplanting, the Cd concentration in soil and water decreased rapidly and was gradually transferred to various tissues of rice. Overall, the trends are as follows: root > stem > leaf ≈ panicle > grain > brown rice, which is consistent with previous research results [32]. The jointing and heading stages are the key periods for the rapid accumulation of Cd in the aboveground tissues of rice, and the Cd concentration in the aboveground tissues of rice in this period was relatively higher than that in other periods. Many factors affect the absorption of Cd by rice, such as rice variety, irrigation regime, soil Cd concentration, and soil physicochemical properties, which brings challenges to the comparison between different studies [33,34]. In this study, correlation analysis showed that total Cd in soil and total Cd in water were positively correlated with Cd concentration in various rice tissues. Compared with total Cd, soil-available Cd was more easily absorbed by rice, and there was a significant positive correlation between it and Cd concentration in various rice tissues (p < 0.05). In addition, in the rice-crayfish coculture, since crayfish require deep water irrigation, the soil was in a flooded state, and the soil ORP also decreased significantly compared with that before transplanting (Figure 1). Previous studies have shown that when the soil is under reducing conditions, the content of available iron and manganese in the roots of rice increases, which competitively inhibits the entry of Cd into rice [35]. Therefore, compared with the traditional rice monoculture, the rice-crayfish co-culture system may help to reduce the accumulation of Cd in rice.



The absorption of Cd by different organs of crayfish has been reported; however, previous research has mainly focused on crayfish aquaculture. In this study, the order of Cd concentration in each organ of crayfish was hepatopancreas > gut > gill ≈ exoskeleton > abdominal muscle, which was consistent with previous research results [23,36]. The hepatopancreas, as the body’s metabolism and detoxification tissue for exogenous substances, has the highest degree of contact with exogenous toxins and a longer duration of action; therefore, the concentration of Cd is the highest in the hepatopancreas [37]. Many studies have shown that metallothionein (MT) is mainly related to the detoxification of heavy metals (such as Cd and Hg), and the entry of heavy metals into the body causes the expression of MT, which then combines with heavy metal ions to reduce tissue damage [38]. Crayfish are omnivores and in addition to crayfish feed, they usually eat plant roots or fallen leaves from underwater plants, and sometimes algae and small aquatic insects. Therefore, the higher gut Cd concentration may be due to the high Cd concentration in residual food in the gut of crayfish. In this study, the Cd concentration in the abdominal muscle was the lowest, and Cd was gradually enriched in the abdominal muscle after the crayfish was kept into the paddy field for 30 days, reaching the maximum value at the end of the experiment. Correlation analysis showed that soil total Cd, soil available Cd, and total Cd concentration significantly affected the distribution of Cd in the hepatopancreas, gut, gill, and exoskeleton, while Cd concentration in the abdominal muscle was mainly related to total soil Cd.



The identification of soil safety thresholds is affected by many factors, such as rice variety, soil physicochemical properties, research assumptions, and the simulation models applied [39]. Previous studies determined the safe threshold of soil Cd for rice monoculture systems using different prediction models. For example, Cheng et al. (2014) [40] used linear regression coupled with the Monte Carlo model method to determine the safety threshold of Cd in paddy field soils in the Hangjiahu Plain. The results suggested that when the expected probability of rice Cd reaching the standard was 70%, 80%, and 90%, the safe thresholds of soil Cd were 1.2 mg kg−1, 1.0 mg kg−1, and 0.8 mg kg−1, respectively. Zheng et al. (2019) [41] showed that, the safety thresholds of Cd in typical acid and neutral paddy soils of Jiangsu Province based on species sensitivity distribution (SSD) were 0.78 and 1.17 mg kg−1, respectively. In this study, a parabolic fitting equation was used to determine the soil Cd safety threshold for food production in a rice-crayfish coculture system, which was 3.67 and 14.62 mg kg−1 for rice and crayfish, respectively. These results not only showed that rice is more susceptible to Cd pollution than crayfish, but also showed that the rice safety risk of rice-crayfish coculture is relatively low compared to that of rice monoculture.




5. Conclusions


In this study, the dynamic migration characteristics of Cd in a rice-crayfish co-culture system were investigated. In the rice-crayfish coculture, the jointing and heading stages were critical periods for the rapid enrichment of Cd in the aboveground tissues of rice, and Cd gradually accumulated in the abdominal muscles of crayfish after 30 days of aquaculture. The concentrations of soil total Cd, soil available Cd, and water total Cd significantly affected the Cd concentration in each tissue of rice and each organ of crayfish. The bioturbation of crayfish had a significant impact on the physicochemical indicators of water and soil (except for soil ORP), and the difference before and after crayfish addition was significant (p < 0.05) or extremely significant (p < 0.01). The safety threshold of soil Cd for food safety production under the rice-crayfish coculture system was 3.67 mg kg−1.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/foods11233828/s1, Figure S1: The location of the study area; Figure S2: Physicochemical parameters of water and soil; Figure S3: Dynamic changes of physicochemical indicators in soil; Table S1: Agricultural management records and sampling arrangements.





Author Contributions


H.G.: Conceptualization, writing—original draft, writing—review and editing, supervision, and funding acquisition. X.P.: Visualization, formal analysis, writing the original draft. L.D.: Visualization; J.L.: Visualization; Q.Y.: Visualization; Z.D.: Visualization, writing, review, and editing; Q.X.: Methodology, writing—original draft, writing—review, and editing. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Key Research and Development Project (2018YFD300804) and the Priority Academic Program Development of Jiangsu Higher Education Institutions (PAPD), and the APC was funded by the National Key Research and Development Project.




Data Availability Statement


Data is contained within the article or supplementary material.




Conflicts of Interest


The authors declare that they have no known competing financial interest or personal relationships that could have influenced the work reported in this study.




References


	



FAO. FAOSTAT Production Data. Available online: https://www.mee.gov.cn/gkml/sthjbgw/qt/201404/t20140417_270670_wh.htm (accessed on 17 November 2022).

	



Kubier, A.; Wilkin, R.T.; Pichler, T. Cadmium in Soils and Groundwater: A Review. Appl. Geochem. 2019, 108, 104388. [Google Scholar] [CrossRef] [PubMed]

	



Wang, R.; Sang, P.; Guo, Y.; Jin, P.; Cheng, Y.; Yu, H.; Xie, Y.; Yao, W.; Qian, H. Cadmium in Food: Source, Distribution and Removal. Food Chem. 2022, 405, 134666. [Google Scholar] [CrossRef] [PubMed]

	



Chaney, R.L. How Does Contamination of Rice Soils with Cd and Zn Cause High Incidence of Human Cd Disease in Subsistence Rice Farmers. Curr. Pollut. Rep. 2015, 1, 13–22. [Google Scholar] [CrossRef]

	



Hussain, B.; Umer, M.J.; Li, J.; Ma, Y.; Abbas, Y.; Ashraf, M.N.; Tahir, N.; Ullah, A.; Gogoi, N.; Farooq, M. Strategies for Reducing Cadmium Accumulation in Rice Grains. J. Clean. Prod. 2021, 286, 125557. [Google Scholar] [CrossRef]

	



García-Esquinas, E.; Navas-Acien, A.; Pérez-Gómez, B.; Artalejo, F.R. Association of Lead and Cadmium Exposure with Frailty in US Older Adults. Environ. Res. 2015, 137, 424–431. [Google Scholar] [CrossRef] [PubMed]

	



Liang, Y.; Zeng, T.; Tian, J.; Yan, J.; Lan, Z.; Chen, J.; Xin, X.; Lei, B.; Cai, Z. Long-Term Environmental Cadmium Exposure Induced Serum Metabolic Changes Related to Renal and Liver Dysfunctions in a Female Cohort from Southwest China. Sci. Total Environ. 2021, 798, 149379. [Google Scholar] [CrossRef]

	



Jiang, Y.; Cao, C. Crayfish–Rice Integrated System of Production: An Agriculture Success Story in China. A Review. Agron. Sustain. Dev. 2021, 41, 68. [Google Scholar] [CrossRef]

	



Freed, S.; Barman, B.; Dubois, M.; Flor, R.J.; Funge-Smith, S.; Gregory, R.; Hadi, B.A.R.; Halwart, M.; Haque, M.; Jagadish, S.V.K.; et al. Maintaining Diversity of Integrated Rice and Fish Production Confers Adaptability of Food Systems to Global Change. Front. Sustain. Food Syst. 2020, 4, 207. [Google Scholar] [CrossRef]

	



Chen, Y.; Yu, P.; Chen, Y.; Chen, Z. Spatiotemporal Dynamics of Rice–Crayfish Field in Mid-China and Its Socioeconomic Benefits on Rural Revitalisation. Appl. Geogr. 2022, 139, 102636. [Google Scholar] [CrossRef]

	



Guo, L.; Zhao, L.; Ye, J.; Ji, Z.; Tang, J.-J.; Bai, K.; Zheng, S.; Hu, L.; Chen, X. Using Aquatic Animals as Partners to Increase Yield and Maintain Soil Nitrogen in the Paddy Ecosystems. eLife 2022, 11, 73869. [Google Scholar] [CrossRef]

	



Boenish, R.; Kritzer, J.P.; Kleisner, K.; Steneck, R.S.; Werner, K.M.; Zhu, W.; Schram, F.; Rader, D.; Cheung, W.; Ingles, J.; et al. The Global Rise of Crustacean Fisheries. Front. Ecol. Environ. 2022, 20, 102–110. [Google Scholar] [CrossRef]

	



Xu, Q.; Liu, T.; Guo, H.; Dou, Z.; Gao, H.; Zhang, H. Conversion from Rice–Wheat Rotation to Rice–Crayfish Coculture Increases Net Ecosystem Service Values in Hung-Tse Lake Area, East China. J. Clean. Prod. 2021, 319, 128883. [Google Scholar] [CrossRef]

	



Hou, J.; Zhang, D.; Zhu, J. Nutrient Accumulation from Excessive Nutrient Surplus Caused by Shifting from Rice Monoculture to Rice–Crayfish Rotation. Environ. Pollut. 2021, 271, 116367. [Google Scholar] [CrossRef]

	



Hu, L.; Zhang, J.; Ren, W.; Guo, L.; Cheng, Y.; Li, J.; Li, K.; Zhu, Z.; Luo, S.; Cheng, L.; et al. Can the Co-Cultivation of Rice and Fish Help Sustain Rice Production? Sci. Rep. 2016, 6, 28728. [Google Scholar] [CrossRef] [PubMed]

	



Si, G.; Yuan, J.; Xu, X.; Zhao, S.; Peng, C.; Wu, J.; Zhou, Z. Effects of an Integrated Rice-Crayfish Farming System on Soil Organic Carbon, Enzyme Activity, and Microbial Diversity in Waterlogged Paddy Soil. Acta Ecol. Sin. 2018, 38, 29–35. [Google Scholar] [CrossRef]

	



Xie, J.; Hu, L.; Tang, J.; Wu, X.; Li, N.; Yuan, Y.; Yang, H.; Zhang, J.; Luo, S.; Chen, X. Ecological Mechanisms Underlying the Sustainability of the Agricultural Heritage Rice-Fish Coculture System. Proc. Natl. Acad. Sci. USA 2011, 108, E1381–E1387. [Google Scholar] [CrossRef] [PubMed]

	



Xu, Q.; Dai, L.; Gao, P.; Dou, Z. The Environmental, Nutritional, and Economic Benefits of Rice-Aquaculture Animal Coculture in China. Energy 2022, 249, 123723. [Google Scholar] [CrossRef]

	



Wang, J.; Shan, Q.; Liang, X.; Guan, F.; Zhang, Z.; Huang, H.; Fang, H. Levels and Human Health Risk Assessments of Heavy Metals in Fish Tissue Obtained from the Agricultural Heritage Rice-Fish-Farming System in China. J. Hazard. Mater. 2020, 386, 121627. [Google Scholar] [CrossRef]

	



Yuan, S.; Linquist, B.A.; Wilson, L.T.; Cassman, K.G.; Stuart, A.M.; Pede, V.; Miro, B.; Saito, K.; Agustiani, N.; Aristya, V.E.; et al. Sustainable Intensification for a Larger Global Rice Bowl. Nat. Commun. 2021, 12, 7163. [Google Scholar] [CrossRef]

	



Mao, P.; Wu, J.; Li, F.; Sun, S.; Huang, R.; Zhang, L.; Mo, J.; Li, Z.; Zhuang, P. Joint Approaches to Reduce Cadmium Exposure Risk from Rice Consumption. J. Hazard. Mater. 2022, 429, 128263. [Google Scholar] [CrossRef]

	



Zhu, P.; Liang, X.; Wang, P.; Wang, J.; Gao, Y.; Hu, S.; Huang, Q.; Huang, R.; Jiang, Q.; Wu, S.; et al. Assessment of Dietary Cadmium Exposure: A Cross-Sectional Study in Rural Areas of South China. Food Control. 2016, 62, 284–290. [Google Scholar] [CrossRef]

	



Gedik, K.; Kongchum, M.; DeLaune, R.D.; Sonnier, J.J. Distribution of Arsenic and Other Metals in Crayfish Tissues (Procambarus Clarkii) under Different Production Practices. Sci. Total Environ. 2017, 574, 322–331. [Google Scholar] [CrossRef]

	



Kouba, A.; Buřič, M.; Kozák, P. Bioaccumulation and Effects of Heavy Metals in Crayfish: A Review. Water Air Soil Pollut. 2010, 211, 5–16. [Google Scholar] [CrossRef]

	



Jiang, D.; Hu, Z.; Liu, F.; Zhang, R.; Duo, B.; Fu, J.; Cui, Y.; Li, M. Heavy Metals Levels in Fish from Aquaculture Farms and Risk Assessment in Lhasa, Tibetan Autonomous Region of China. Ecotoxicology 2014, 23, 577–583. [Google Scholar] [CrossRef] [PubMed]

	



Liang, Y.; Wu, Q.-T.; Lee, C.C.C.; Jiang, C.; Wei, Z. Evaluation of Manganese Application after Soil Stabilization to Effectively Reduce Cadmium in Rice. J. Hazard. Mater. 2022, 424, 127296. [Google Scholar] [CrossRef]

	



Luo, W.; Wang, D.; Xu, Z.; Liao, G.; Chen, D.; Huang, X.; Wang, Y.; Yang, S.; Zhao, L.; Huang, H.; et al. Effects of Cadmium Pollution on the Safety of Rice and Fish in a Rice-Fish Coculture System. Environ. Int. 2020, 143, 105898. [Google Scholar] [CrossRef]

	



Tan, Y.; Peng, B.; Wu, Y.; Xiong, L.; Sun, J.; Peng, G.; Bai, X. Human Health Risk Assessment of Toxic Heavy Metal and Metalloid Intake via Consumption of Red Swamp Crayfish (Procambarus clarkii) from Rice-Crayfish Co-Culture Fields in China. Food Control. 2021, 128, 108181. [Google Scholar] [CrossRef]

	



Jover, M.; Fernández-Carmona, J.; Del Río, M.C.; Soler, M. Effect of Feeding Cooked-Extruded Diets, Containing Different Levels of Protein, Lipid and Carbohydrate on Growth of Red Swamp Crayfish (Procambarus clarkii). Aquaculture 1999, 178, 127–137. [Google Scholar] [CrossRef]

	



Sang, H.M.; Fotedar, R.; Filer, K. Effects of Dietary Mannan Oligosaccharide on the Survival, Growth, Immunity and Digestive Enzyme Activity of Freshwater Crayfish, Cherax Destructor Clark (1936). Aquac. Nutr. 2011, 17, e629–e635. [Google Scholar] [CrossRef]

	



Anandkumar, A.; Li, J.; Prabakaran, K.; Jia, Z.X.; Leng, Z.; Nagarajan, R.; Du, D. Accumulation of toxic elements in an invasive crayfish species (Procambarus clarkii) and its health risk assessment to humans. J. Food Compos. Anal. 2020, 88, 103449. [Google Scholar] [CrossRef]

	



Xu, Z.; Zhu, Z.; Zhao, Y.; Huang, Z.; Fei, J.; Han, Y.; Wang, M.; Yu, P.; Peng, J.; Huang, Y.; et al. Foliar Uptake, Accumulation, and Distribution of Cadmium in Rice (Oryza sativa L.) at Different Stages in Wet Deposition Conditions. Environ. Pollut. 2022, 306, 119390. [Google Scholar] [CrossRef] [PubMed]

	



Liang, C.; Xiao, H.; Hu, Z.; Zhang, X.; Hu, J. Uptake, Transportation, and Accumulation of C60 Fullerene and Heavy Metal Ions (Cd, Cu, and Pb) in Rice Plants Grown in an Agricultural Soil. Environ. Pollut. 2018, 235, 330–338. [Google Scholar] [CrossRef]

	



Xu, W.; Shuzhen, H.; AmanKhan, M.; Yu, C.; Linlin, X.; Zebin, R.; Liu, H.; Zhenhua, C.; Shengwei, C.; Ye, Z.; et al. Effect of Water and Fertilization Management on Cd Immobilization and Bioavailability in Cd-Polluted Paddy Soil. Chemosphere 2021, 276, 130168. [Google Scholar] [CrossRef]

	



Yang, Y.; Chen, J.; Huang, Q.; Tang, S.; Wang, J.; Hu, P.; Shao, G. Can Liming Reduce Cadmium (Cd) Accumulation in Rice (Oryza sativa) in Slightly Acidic Soils? A Contradictory Dynamic Equilibrium between Cd Uptake Capacity of Roots and Cd Immobilisation in Soils. Chemosphere 2018, 193, 547–556. [Google Scholar] [CrossRef] [PubMed]

	



Xiong, B.; Xu, T.; Li, R.; Johnson, D.; Ren, D.; Liu, H.; Xi, Y.; Huang, Y. Heavy Metal Accumulation and Health Risk Assessment of Crayfish Collected from Cultivated and Uncultivated Ponds in the Middle Reach of Yangtze River. Sci. Total Environ. 2020, 739, 139963. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Y.; Li, Z.; Kholodkevich, S.; Sharov, A.; Feng, Y.; Ren, N.; Sun, K. Cadmium-Induced Oxidative Stress, Histopathology, and Transcriptome Changes in the Hepatopancreas of Freshwater Crayfish (Procambarus clarkii). Sci. Total Environ. 2019, 666, 944–955. [Google Scholar] [CrossRef]

	



Ikem, A.; Ayodeji, O.J.; Wetzel, J. Human Health Risk Assessment of Selected Metal(Loid)s via Crayfish (Faxonius virilis; Procambarus acutus Acutus) Consumption in Missouri. Heliyon 2021, 7, e07194. [Google Scholar] [CrossRef]

	



Mu, T.; Zhou, T.; Li, Z.; Hu, P.; Luo, Y.; Christie, P.; Wu, L. Prediction Models for Rice Cadmium Accumulation in Chinese Paddy Fields and the Implications in Deducing Soil Thresholds Based on Food Safety Standards. Environ. Pollut. 2020, 258, 113879. [Google Scholar] [CrossRef]

	



Cheng, Y.; Zhou, Q.; Zhao, Y.; Liu, X.; Zhang, T. The Study on Cd Safety Benchmarks of Paddy Soil Based on Monte Carlo Simulation Technology on Hangjiahu Plain. Sci. Technol. Eng. 2014, 14, 1671–1815. [Google Scholar]

	



Zheng, Q.; Wang, X.; Ding, C. Food Safety Thresholds of Cadmium in Two Typical Paddy Soils of Jiangsu Province Based on Species Sensitivity Distribution. Soils 2019, 51, 557–565. [Google Scholar] [CrossRef]








[image: Foods 11 03828 g001 550] 





Figure 1. Dynamic changes of physicochemical indicators of water. (a) water pH; (b) water temperature; (c) water EC; (d) water TDS; (e) water DO; (f) water turbidity. The X-axis represents the experimental schedule. 
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Figure 2. Dynamic changes of Cd in water and soil: (a) total Cd (CdT) in water; (b) dissolved Cd (CdD) in water; (c) total Cd (CdT) in soil; (d) available Cd (CdA) in soil. The X-axis represents the experimental schedule. 
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Figure 3. The dynamic changes of Cd concentration in rice tissues of different treatments: (a) leaf; (b) stem; (c) root; (d) panicle; (e) grain and brown rice. The purple line (0.2 mg kg−1) represents limit standard of Cd in brown rice of China according to the GB 2762-2017. Different lowercase letters represent significant levels of Cd content among different treatments (p < 0.05). 
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Figure 4. The dynamic changes of Cd concentration in crayfish organs of different treatments: (a) hepatopancreas; (b) gut; (c) gill; (d) exoskeleton; (e) abdominal muscle; (f) the Cd concentration in crayfish organs of different treatments at 43 d. Different lowercase letters represent significant levels of Cd content among different treatments (p < 0.05). The purple line (0.5 mg kg−1) represents limit standard of Cd in crustaceans of China. The X-axis represents the experimental schedule. 
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Figure 5. The Cd concentration in rice tissues and crayfish organs of different treatments. The red horizontal dotted line represents the limit standard of Cd in brown rice of China (0.2 mg kg−1) in (a); thus, the safety threshold of soil Cd for brown rice in the RCC was calculated to be 3.67 mg kg−1. The red horizontal dotted line represents the limit standard of Cd in crustaceans of China (0.1 mg kg−1) in (b); thus, the safety threshold of soil Cd for crayfish muscle in the RCC was calculated to be 14.62 mg kg−1. 






Figure 5. The Cd concentration in rice tissues and crayfish organs of different treatments. The red horizontal dotted line represents the limit standard of Cd in brown rice of China (0.2 mg kg−1) in (a); thus, the safety threshold of soil Cd for brown rice in the RCC was calculated to be 3.67 mg kg−1. The red horizontal dotted line represents the limit standard of Cd in crustaceans of China (0.1 mg kg−1) in (b); thus, the safety threshold of soil Cd for crayfish muscle in the RCC was calculated to be 14.62 mg kg−1.



[image: Foods 11 03828 g005]







[image: Foods 11 03828 g006 550] 





Figure 6. The relationship between Cd distribution in rice tissues and crayfish organs and environmental factors. The Cdleaf, Cdstem, Cdroot, Cdpani, Cdgrai, and Cdbr represent Cd concentration in leaf, stem, root, panicle, grain, and brown rice of rice. The Cdhepa, Cdgill, Cdgut, Cdshel, and Cdmusc represent Cd concentration in hepatopancreas, gill, gut, exoskeleton, and abdominal muscle of crayfish. S and W represent soil and water, respectively. CdA and CdD represent available Cd and dissolved Cd, respectively. 
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