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Abstract

:

The Hg accumulation in different commercial varieties of Oryza sativa L. was evaluated in the region of La Mojana, Colombia, where rice cultivation has become the staple food of the population living in this area. The varieties studied were Fedearroz-473 (FA473), Fedearroz-2000 (FA2000), and Fedearroz-Mocari (FAM). Soil spiked at different Hg levels was evaluated, (130, 800, and 1500 µg kg−1) using a 32 factorial design that consisted of 3 (rice varieties) × 3 (Hg contents). The biomass, 1000-grain weight, and the accumulation of Hg in the roots, grains, and husks were determined. The highest biomass was found in the FA473 (308.76 ± 108.26 g), and the lowest was found in FAM (144.04 ± 26.45 g) in the 1500 µg kg−1 Hg soil in both cases. The weight per 1000-grains decreased significantly in the soil containing 800 µg of Hg kg−1. Hg accumulation in the organs of the evaluated varieties was higher in the roots, followed by in the husks and grains. The Hg in the rice grains of the evaluated varieties presented levels close to the permissible limit of the Chinese standard (20 μg Hg kg−1) in the evaluated soils and were only exceeded by FA473. Although in natural soil concentrations, the non-cancer health risk (HQ) from rice consumption was lower for FA473 and FAM; Hg enrichment in the soil of La Mojana region may endanger the health of future populations due to their high consumption of rice.
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1. Introduction


Mercury (Hg) is one of the most highly studied pollutants because of its impacts on human health and ecosystems worldwide. Currently, its distribution, dynamics, and geochemistry are subjects of particular interest for the scientific community [1]. In terms of sources of Hg contamination, gold mining is the most significant [2]. Recently, a study on Hg in the trophic chain of Colombia has revealed important findings regarding the use of Hg during gold exploitation in different regions of this country [3], confirming what was previously disclosed by other authors, who reported that Colombia is one of the regions with the highest incidence of this dangerous metal in the world [4]. Therefore, in Colombia, Law 1658 from 2013 and the Minamata Agreement in 2018 were established, which propose the total elimination of the use of Hg in mining activities by 2018 and in various industrial activities by 2023 [5].



The La Mojana region is one of the most ecologically, economically, and socially important areas in Colombia, mainly due to the wetland complex of the Momposina depression. Historically, its ecosystems have suffered environmental contamination by toxic metals associated with surrounding mining activities, especially gold mining, which involves the use of Hg to recover this precious metal [3]. Hg mainly enters different ecosystems by transport through rivers, such as the San Jorge, Cauca, and Magdalena rivers. The first two rivers are particularly known as important sites for gold production [3]. Additionally, several studies have revealed a significant degree of Hg contamination in different environmental matrices along these waterways [6,7,8]. Furthermore, for the water bodies of the La Mojana region, where significant levels of this metal have been detected, the accumulation of Hg in the surrounding plant and animal communities and its potential genotoxic effect on the biota [9] have been noted.



The most dangerous Hg exposure pathway for humans is through the intake of contaminated food, mainly because foods such as rice and fish may contain the most dangerous chemical species of the metal, namely methylmercury [2,10], although in trace quantities. For the inhabitants of the La Mojana region, both foods are consumed in the daily diet. In the first half of 2020, La Mojana region contributed to 8.6% of the total 394,421 ha of rice grown in Colombia, reflecting the importance of this crop for the area and constituting a socioeconomic pillar in all the municipalities that make up La Mojana region, to the point that it can be considered the primary source of income that is used to meet the basic needs of this region [11].



Hg can accumulate in the different tissues of O. sativa L., even reaching the grain. Recent research indicates that when Hg is present in the soil, regardless of its level, it can reach the grain in variable quantities depending on different factors, especially environmental and genetic factors [12]; some characteristics of the soil affect Hg mobility, among which are pH, redox potential, organic matter content, and cation exchange capacity, the presence of chemicals such as oxides, Se compounds and sulfates, and the presence of Hg-resistant bacteria and fungus [13,14,15,16,17,18,19]. On the other hand, water management regimes can significantly affect Hg mobility in soils; Wang et al. [19] found that the total Hg bioaccumulation in rice tissues was greatly reduced under aerobic conditions compared to flooded treatments in paddy fields and pot experiments in greenhouses. In countries such as China, where the diet is largely based on high rice consumption, the health risk due to the intake of Hg-contaminated food may be higher than the risk due to fish consumption [20].



In Colombia, research conducted by Argumedo-García et al. [21] showed that rice sold in the municipality of San Marcos (Sucre) had Hg levels in the order of parts per billion. Additionally, another study by Argumedo-García et al. [22] showed how Hg levels were maintained in rice sold and consumed in the municipalities of Ayapel and San Marcos, even after cooking.



Given that a large number of O. sativa L. [23] varieties are grown in the La Mojana region, the objectives of this study were (i) to evaluate whether Hg concentrations in the roots, husks, and grains of O. sativa L. plants cultivated in La Mojana region soils contaminated with Hg can increase as the Hg content in the soil increases and (ii) to determine whether exposure to these Hg concentrations influences the growth and development of the different commercial varieties grown in these soils. These findings would be used to inform the inhabitants of the most appropriate rice varieties for planting that would not constitute a potential risk to their health.




2. Materials and Methods


2.1. Experiments in Pots


This study was conducted in a greenhouse located at the Faculty of Agricultural Sciences at the University of Córdoba, Colombia, from October 2014 to February 2015. The average temperature was 27.8 °C, the relative humidity was between 76 and 82%, and the location was at 8°55′, 75°49′ W and at an altitude of 20 m [24].



Surface soil (0–30 cm) from a rice-growing site in the La Mojana region was transported to the laboratory in pre-washed polyethylene fiber sacks.



Once it was in the laboratory, the soil was homogenized and sieved through a 4 mm sieve before being subjected to the different experimental treatments and was characterized according to its contents of organic matter (loss on ignition; [25]), Ca, Mg, and K (extractable with 1 M ammonium acetate pH 7; [26]); sulfur (S) (extractable with 0.008 M monophosphate; [26]); total mercury, which was extracted using the EPA 7473 method [27], and phosphorus (P) (Bray II; [26]); and its pH [28] and texture (Bouyoucos method; [26]). Ten kilograms of soil were added to each pot. The pots had a cylindrical form with a nominal volume of 10 L. In this study, the original Hg soil concentration from the La Mojana region was 130 µg kg−1 Hg (S130); this non-spiked soil was considered as a control, and although it was not free of mercury, it is important to mention that this concentration is below the Maximum Allowable Concentrations Ranges in Agricultural Soils (500–5000 µg kg−1 Hg) but it is slightly above the Crustal Average and World-soil average (70 µg kg−1 Hg) [29]. For the initial mercury concentrations of 800 (S800) and 1500 (S1500) μg kg−1, the Hg was added using a solution of Hg(NO3)2 to the original soil containing 130 µg kg−1 Hg (S130). To ensure a homogeneous distribution of mercury in the soil, a saturated paste was prepared with a ratio of soil to distilled water of 1:2; this mixture was prepared in plastic containers, stirred manually with wooden paddles until a homogeneous consistency was obtained, then a calculated volume of a Hg(NO3)2 solution was added, the stirred again, and the soils were stabilized and dried under ambient conditions for 15 days before determining their Hg concentrations. The experiment was conducted under an aerobic water management regime.




2.2. Seed Treatment


The commercial rice varieties Fedearroz 2000 (FA2000), Fedearroz 473 (FA473), and Fedearroz Mocarí (FAM) were purchased from the National Federation of Rice Growers of Colombia (Federación nacional de arroceros de Colombia, Fedearroz, Monteria-Colombia). All seeds were submerged in a container filled with distilled water for two minutes, and the floating seeds were discarded and those remaining at the bottom were planted in plastic containers, for a total of four seeds per pot.




2.3. Agronomic Management


A fertilization plan was established using the physicochemical analyses of the soil; DAP (diammonium phosphate) and urea were applied 16 days after the emergence of the rice plants as the first fertilization since the phosphorus fertilizer contributed additional nitrogen to that provided by the urea. On days 45 and 80 after emergence, a second and third application of urea and KCl was made to prevent a possible deficiency in the macroelements that are essential for normal plant development. Weed control was carried out manually in each experimental unit. The crop was irrigated, as the experimental units were isolated in plastic containers, and there were no infiltration losses. Water was supplied twice a day, in the morning and afternoon, so there was no water stress.




2.4. Estimation of Aboveground Biomass and Weight per 1000 Grains


The biomass of aboveground tissue was determined on a dry matter basis (g) at the end of the harvest cycle by extracting the plants and drying them in a Binder 5–300 °C oven with an integrated timer for four days at 60 °C. The masses of each sample were measured using an OHAUS Adventurer analytical electronic balance, model AP2140 [30]. The weight per 1000 grains as a yield component of the rice was estimated, for which the grains of each treatment were separated from the spike and were weighed on an analytical balance.




2.5. Chemical Analysis and Sampling


The rice plants were divided into roots, stems, leaves, grains, and husks. Each organ was dried, weighed, and macerated before its analysis. The Hg levels were only determined in the grains, husks, and roots of the rice plants. Approximately 15 to 20 mg of each organ was weighed to determine the Hg using a Direct Mercury Analyzer (DMA-80 TRICELL, Milestone Inc., Sorisole, Italy). The samples were burned at 650 °C to release the Hg vapors that were trapped in a gold amalgamator, and these were subsequently desorbed for detection at 253.7 nm by atomic absorption spectroscopy according to the specifications established in the EPA method 7473 [27]. The method was validated by the triplicate analysis of certified reference tomato leaves (CRM 1753a, 34 µg kg−1). Recovery ranged from 97 to 102%, with a relative standard deviation of 5.35%. The limit of detection, which was calculated as the target concentration determined from the calibration curve at low concentrations plus three times the standard deviation (n = 7), was 0.01 ng of total Hg per sample, and the calibration curves showed R2 values greater than 0.9995.




2.6. Experimental Design


To compare the commercial rice varieties at different soil Hg doses, a 32 factorial design was used. One factor was the three varieties of rice; FA473, FA2000, and FAM, and the other factors were the Hg concentrations in the soil (130, 800, and 1500 µg kg−1 of Hg), for a total of 9 treatments, with 3 replicates and a total of 27 experimental units.




2.7. Translocation Factor (TF)


The translocation of Hg in the rice crops was calculated using the translocation factor (TF), which was defined as follows:


  TF =    C  G r a i n      C  R o o t      



(1)




where    C  R o o t     and    C  G r a i n     are the concentrations of Hg (μg/kg) in the roots and the grains of the rice, respectively. A TF higher than 1 indicates that the plant translocates metals effectively from the roots to the aerial parts [31].




2.8. Health Risk Due to Rice Intake


To evaluate the potential risk to human health from rice consumption, the methodology proposed by the USEPA [32] was used to determine the health risk due to the noncarcinogenic effects of Hg exposure.



Exposure to dietary Hg through rice intake was defined as the estimated weekly intake (EWI, μg Hg/kg body weight/week) as follows:


EWI = C × IR/BW



(2)




where C is the mean Hg concentration in the grain for each treatment (μg Hg/g); IR is the weekly rice intake rate (g/week), which, for the La Mojana region, the value reported by Argumedo-García et al. [21] of 1218 g/week was used; and the BW is the body weight (kg), which was assumed to be 70 kg for this study.



The non-carcinogenic health risk as hazard quotients (HQ) was used to assess the potential health risk from the Hg as follows:


HQ = EWI/PTWI



(3)







In which the provisional tolerable weekly intake of Hg (PTWI) is 4 μg Hg/kg of body weight/week according to the JECFA [33]. An HQ ratio of less than one is assumed to be safe according to the risk of noncarcinogenic effects. If the HQ exceeds one, there is a possibility that noncarcinogenic effects will occur [20].




2.9. Data Treatment


Values are represented as means plus or minus (±) the standard deviation. A two-way ANOVA with interactions and multiple comparisons for pairwise contrasts with Tukey’s test were used as the statistical analysis for the factorial design for the three commercial varieties, which were performed using different doses of mercury in the soil and using a statistical package in SAS Plus 4.1 software (SAS Institute Inc., Cary, NC, USA). All of the analyses were conducted with an alpha level of 0.05.





3. Results and Discussion


3.1. Soil Characterization


The soil presented a clay loam texture with a slightly acidic pH of 5.70, the percentage of organic matter was 2.51%, and there were high available contents of Ca (16.2 meq Ca/100g), Mg (10.4 meq Mg/100g), and S (55.4 mg kg−1), as established by Muñiz-Torres [34]. The concentrations of the available K (124.8 mg kg−1) and available P (18.9 mg kg−1) were lower than those necessary for the physiological development of the plant [35]. A clay loam soil has a moderate content of clay, which can adsorb metallic cations because it contains minerals that enable their immobilization [36]. However, the acidic nature of this soil can promote the mobility of metal ions, leading to the increased absorption of mercury by the rice plants [37].




3.2. Effect of Hg on the Biomass and Weight per 1000 Grains of O. sativa L.


Dry biomass showed differential behavior in response to increasing the soil Hg concentration (Figure 1a), and two-way ANOVA showed that the soil Hg concentration variable and its interaction with the rice variety variable can significantly affect the growth of O. sativa L. plants. The biomass of FA473 increased as the soil Hg concentration increased, with the low-level Hg treatment (148.77 ± 28.40 g) being significantly different from the mid- (283.85 ± 18.76 g) and high-level Hg (308.76 ± 108.26 g) treatments. On the contrary, FA2000 showed an inverse trend, decreasing in biomass as the soil Hg concentration increased, presenting 215.00 ± 22.22 g at low-level Hg, 208.24 ± 21.46 g at mid-level Hg, and 144.04 ± 26.45 g at high-level Hg, although these differences in the treatments were not significant. Finally, the highest biomass was recorded for FAM at the intermediate Hg concentration, although the lowest dry biomass of all of the treatments was obtained at the highest level of Hg in the soil, with 140.02 ± 2.36 g.



The results for the FA473 variety were the opposite of those reported by Marrugo-Negrete et al. [30], who found that exposure to different Hg doses (0, 5, 10, 20, 40, and 80 mg.kg−1) significantly inhibited the biomass development of Jatropha curcas. The FA473 variety exhibited a certain tolerance and favorable adaptation to the Hg since its biomass increased with the concentration of the metal in the soil, which is consistent with the results reported by Sitarska et al. [38] for the species Lemna minor and Salvinia natans. The authors reported stimulated biomass production due to the presence of mercury. The presence of heavy metals can lead plants to exhibit a tolerance that is sometimes more pronounced as the concentration of the contaminant increases since the presence of heavy metals within the plant cell walls activates the transport of ions to the vacuole thus, avoiding metal toxicity [39,40,41].



The weight per 1000 grains of the three commercial varieties at different initial soil Hg levels was between 17.64 and 20.62 g, with an overall mean of 19.16. (Figure 1b). The variety and soil Hg concentration variables, as well as their interaction, were highly significant (p < 0.01) on the weight per 1000 grains of O. sativa L. (Table 1). The weight per 1000 grains of the three varieties was significantly lower for the 800 μg kg−1 Hg concentration compared to the extreme levels, 130 and 1500 μg kg−1 Hg, which presented the highest weights per 1000 grains of the three varieties. According to the results obtained in the present study, it is not clear how the Hg concentration in the soil affects the weight per 1000 grains of O. sativa L. Few studies have clarified how abiotic stress (mercury in soil) can affect rice grain yield, and to the best of our knowledge, only Zhu et al. [42] has proposed an explanation arguing that rice grain yield is closely related to a variety of components such as the number of panicles per plant, spikelets per panicle, full spikelets, and 1000 grain weight, which are affected in different ways by the mercury levels in soils.



According to the growth (as dry biomass) and yield component (as 1000-grain weight), the rice varieties FAM and FA473 seem to be better adapted in the soils of the La Mojana region to the mercury levels of this study under controlled conditions. We assume that these rice varieties could have better development in normal field conditions in the soils of the La Mojana region, where Hg concentrations ranging from 5.30 to 383.41 μg kg−1 have been reported [43].




3.3. Accumulation of Hg in Roots of O. sativa L. Varieties


Figure 2 shows the Hg concentrations in the roots, grains, and husks of the commercial varieties of O. sativa L. that were grown in soil contaminated with different mercury levels. In general, the Hg concentrations in the different organs studied here presented the following order: root > husk > grain, with overall means of 739.04, 74.18, and 17.02 µg kg−1 Hg, respectively.



The Hg concentration in the O. sativa L. roots for the three varieties studied here increased significantly with the Hg concentration in the soil (Figure 2), and only the FAM variety showed no differences between the 800 and 1500 µg kg−1 levels according to the a priori comparisons. The highest root concentration (1950.70 ± 347.15 μg kg−1) was observed in the FA2000 variety for the 1500 μg kg−1 Hg treatment, which was twice as high as that of the other varieties with the same level of Hg in the soil. It is widely accepted that the highest levels of Hg metal are present in the roots [30,44,45,46], mainly because this part of the plant is in contact with the contaminated medium. This distribution could also be a defense mechanism since some authors estimate that approximately 80% of the metal adheres to the cell walls, leading the root to act as a barrier to limit the passage of metal to the aerial parts of the plant [47].



According to the factorial ANOVA, the concentration of Hg in the O. sativa L. root is significantly affected by the morphotype and soil Hg concentration variables and the interaction between said variables, resulting in a p < 0.005.




3.4. Accumulation of Hg in Husk of O. sativa L. Varieties


According to two-way ANOVA, the Hg concentration in the rice husk is significantly influenced by the soil Hg concentration variable and its interaction with the morphotype variable (Table 2). Regarding the Hg accumulation in the O. sativa L. husk, each variety presented different behavior. In the FA473 variety, the accumulation of Hg in the husk increased significantly when the Hg in the soil increase (Figure 2a). In contrast, in the FAM variety, increasing the Hg concentration in the soil did not significantly increase the Hg in the husk (p > 0.05 in the contrasted pairs) (Figure 2c). The FA2000 variety presented the highest mean concentrations for the husk compared to the other varieties, with the highest being at the intermediate level, with values of 105.32 ± 3.51 μg kg−1. We cannot explain the higher Hg accumulation in the husk of the FA2000 variety; however, some authors have proposed that one of the sources of mercury in this organ, in addition to the uptake of Hg from the soil and water by roots, could be attributed to the volatilization of the Hg from soil [49], which is probably due to Hg-resistant bacteria [13]. Even though the dense biomass developed in these treatments can inhibit Hg phytovolatilization, the Hg vapor emissions from the soil in the experiment could be considerable [50,51,52,53].




3.5. Accumulation of Hg in Grain of O. sativa L. Varieties


In contrast with Hg in the root, the Hg concentration in the grain was significantly influenced by the morphotype and its interaction with the soil Hg concentration (Table 2).



Although an increase in the Hg concentration in the soil led to a higher accumulation of the metal in the rice grains, these differences were not statistically significant for the FA2000 variety (Figure 2b). While this variety recorded the highest Hg accumulations in the other organs studied here, the mean concentrations of Hg were below 20 μg kg−1, the threshold established by the Chinese National standard [48], with this being the only rice variety for which this threshold was not exceeded at any of the soil Hg levels. In the FA473 rice variety, the highest and lowest mean Hg concentrations in the grains from this study were presented, with 8.64 ± 1.28 μg kg−1 (only this treatment complies with the maximum level of total Hg in rice prescribed by the European Commission of 10 μg kg−1) [54] and 26.15 ± 3.23 μg kg−1 for the 130 μg kg−1 and 1500 μg kg−1 Hg soils, respectively (Figure 2a), with the high-level Hg treatment being significantly different from the mid-and low-level treatments according to the a priori comparisons (p < 0.05). In the FAM variety, which was cultivated at 1500 μg kg−1 soil Hg, a mean of 20.09 ± 0.48 μg kg−1 Hg was accumulated in the grain. However, for the lowest soil Hg concentration treatment, the accumulation of Hg in the grain was below the Chinese threshold.



All of the treatments in the present study presented Hg concentrations in the rice grain that were below those reported by Zhu et al. [42], who found Hg levels in the grain between 52.0 and 623.2 µg kg−1 in an experiment developed in China with 38 rice varieties grown in a soil with 4. 72 mg kg−1 of Hg; however, in that same experiment, the 38 rice varieties grown in soils with 0.47 mg kg−1 of Hg accumulated between 1.1 and 59.0 µg kg−1 of Hg in the grain (mean of all treatments of 19.3 µg kg−1 of Hg), which are values that are within the range of those observed in the present study. Peng et al. [55] also reported Hg accumulation in rice grain in a similar range to that found in the present study, with 8.5 to 43.2 µg kg−1 of Hg being present in soils from China, with a Hg concentration of 3.99 mg kg−1.



Rothenberg et al. [12] studied the behavior of Hg accumulation in the polished rice grain of 50 rice varieties grown at three different sites in Guizhou, China, that were classified as being highly contaminated (49,000.0 ± 2100 ng g−1), moderately contaminated (11,000.0 ± 1900 ng g−1), and background (170 ± 11 ng g−1), finding the highest values of Hg in the grain from moderately contaminated sites, with significant differences compared to the other sites. They emphasized that the values were 6.6 times higher than those of highly contaminated sites and 42 times higher than those of the background sites. This finding allowed the authors to conclude that the Hg concentration in the soil does not predict the Hg levels in the grain.



The root–grain translocation factor was less than one unit for all of the treatments (Figure 2d), decreasing as the mercury concentration in the soil increased. The highest translocation factor occurred for the FA2000 variety at the low Hg soil concentration, with 0.129, or approximately ten orders of magnitude higher than the rest of the treatments. These results reaffirm what was obtained for Hg accumulation in the grain, where it was found that there is a limited capacity to accumulate the metal in this organ for the three varieties of O. sativa L. studied here, even under scenarios in which the Hg concentration in the soil is ten orders of magnitude (1500 μg kg−1) higher than the values reported in the agricultural soils of the La Mojana region (130 μg kg−1).



Feng et al. [56] maintain that even when large quantities of Hg accumulate in the roots of rice plants, transport to the aerial organs is limited to the presence of the phytochelatins that form complexes with the metal as well as to the presence of other biomolecules with high potential to bind Hg. Other authors such as Meng et al. [57] argue that the inorganic Hg that reaches the grain can enter atmospherically, which has recently been confirmed by Strickman and Mitchell [58]. In an experiment involving inorganic mercury and methylmercury tracers, where it was observed that the limited translocation of Hg to the grain can be completely regulated by methylmercury levels in the soil, this chemical species of mercury was absorbed from the soil and bioaccumulate in the root and was finally translocated to the grain of O. sativa L. [59]. The previous statement is not intended to suggest that all of the Hg detected in the grains of this experiment is of an organic nature, as high temperatures in the greenhouse could promote increases in the levels of atmospheric mercury and the subsequent absorption of the metal by the plant.




3.6. Health Risk Due to Hg Rice Grain


The HQ values used to assess the potential health risk of rice intake are shown in Table 3. These values show that the intake of rice grown in Hg-contaminated soils for the different treatments evaluated here does not represent a health risk, with ratios lower than 0.36 in all cases and EWI values that are much lower than the provisional tolerable weekly intake (PTWI) of Hg (4 μg Hg/kg body weight/week) established by the JECFA [33]. The highest HQ values correspond to the FA473 variety grown in soils with a Hg concentration of 1500 μg kg−1, and the lowest values were found in the FAM variety grown in the soil with the lowest soil Hg concentration. The above findings suggest that the FAM variety can be cultivated in the soils of La Mojana region, reaching maximum HQ values similar to those found in FA2000 at high soil Hg levels but with minimum values at the ambient concentrations of the study soil.





4. Conclusions


In this experiment, three varieties of Oryza sativa L. were established, developed, and harvested in mercury-contaminated soils, which proved to be tolerant to the levels studied without visible phytotoxic damage. However, the FA2000 variety showed the lowest weight per 1000-grains under all of the evaluated Hg concentrations. The commercial varieties present differences in the mercury accumulation in their tissues, with the highest concentration being present in the roots. This accumulation led to an increase in grain Hg concentration, with the exception of the FA2000 variety, where the soil Hg concentration had no significant effect on grain Hg accumulation. All three varieties showed that Hg translocation from root to grain is lower at higher soil concentrations. The FA473 and FAM varieties showed the lowest risk in terms of rice intake at natural soil concentrations but increased Hg concentrations in the soil may represent a potential health risk to consumers of this grain. Therefore, under the current conditions found in La Mojana region, the cultivation of the FAM variety is suggested due to its yield component and lowest EWI values that are related to health risk.







Author Contributions


Conceptualization, J.M.-N. and G.E.-M.; methodology, B.R.-C.; validation, G.E.-M. and I.U.-C.; formal analysis, S.M.-M.; investigation, G.E.-M.; writing—original draft preparation, G.E.-M.; writing—review and editing, S.M.-M. and I.U.-C.; supervision, J.M.-N.; project administration, J.M.-N.; funding acquisition, J.M.-N. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by Universidad de Cordoba, Monteria-Colombia, grant number FCB-11-16 and FCB-02-17.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Raw data that support the findings of this study available on request.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Schaefer, A.M.; Zoffer, M.; Yrastorza, L.; Pearlman, D.M.; Bossart, G.D.; Stoessel, R.; Reif, J.S. Reif Mercury Exposure, Fish Consumption, and Perceived Risk among Pregnant Women in Coastal Floridsa. Int. J. Environ. Res. Public Health 2019, 16, 4903. [Google Scholar] [CrossRef] [PubMed]

	



Kolipinski, M.; Subramanian, M.; Kristen, K.; Borish, S.; Ditta, S. Sources and Toxicity of Mercury in the San Francisco Bay Area, Spanning California and Beyond. J. Environ. Public Health 2020, 2020, 8184614. [Google Scholar] [CrossRef]

	



UPME. Ministerio de Minas y Energia. In Estudio de la Cadena del Mercurio en Colombia Con Énfasis en la Actividad Minera de Oro; 2014. Available online: https://bdigital.upme.gov.co/bitstream/001/1315/5/v.2anexo%201.pdf (accessed on 1 November 2021).

	



Cordy, P.; Veiga, M.; Crawforsd, B.; Garcia, O.; Gonzalez, V.; Moraga, D.; Roeser, M.; Wip, D. Characterization, Mapping, and Mitigation of Mercury Vapour Emissions from Artisanal Mining Gold Shops. Environ. Res. 2013, 125, 82–91. [Google Scholar] [CrossRef] [PubMed]

	



Alvarez-Pugliese, C.E.; Machuca-Martínez, F.; Pérez-Rincón, M. Water Footprint in Gold Extraction: A Case-Study in Suárez, Cauca, Colombia. Heliyon 2021, 7, e07949. [Google Scholar] [CrossRef] [PubMed]

	



Marrugo-Negrete, J.; Verbel, J.O.; Ceballos, E.L.; Benitez, L.N. Total Mercury and Methylmercury Concentrations in Fish from the Mojana Region of Colombia. Environ. Geochem. Health 2008, 30, 21–30. [Google Scholar] [CrossRef]

	



Olivero-Verbel, J.; Johnson-Restrepo, B.; Mendoza-Marín, C.; Paz-Martinez, R.; Olivero-Verbel, R. Mercury in the Aquatic Environment of the Village of Caimito at the Mojana Region, North of Colombia. Water Air Soil Pollut. 2004, 159, 409–420. [Google Scholar] [CrossRef]

	



Vargas Licona, S.P.; Marrugo Negrete, J.L. Mercurio, Metilmercurio y Otros Metales Pesados En Peces de Colombia: Riesgo Por Ingesta. Acta Biol. Colomb. 2019, 24, 232–242. [Google Scholar] [CrossRef]

	



Marrugo-Negrete, J.; Durango-Hernández, J.; Calao-Ramos, C.; Urango-Cárdenas, I.; Díez, S. Mercury Levels and Genotoxic Effect in Caimans from Tropical Ecosystems Impacted by Gold Mining. Sci. Total Environ. 2019, 664, 899–907. [Google Scholar] [CrossRef]

	



Feng, X.; Li, P.; Qiu, G.; Wang, S.; Li, G.; Shang, L.; Meng, B.; Jiang, H.; Bai, W.; Li, Z.; et al. Human Exposure To Methylmercury through Rice Intake in Mercury Mining Areas, Guizhou Province, China. Environ. Sci. Technol. 2008, 42, 326–332. [Google Scholar] [CrossRef] [PubMed]

	



De la Ossa-Quiñones, A.E.D. La O. la mojana y el arroz, más que un cultivo. Rev. Arroz 2021, 69, 46–50. [Google Scholar]

	



Rothenberg, S.E.; Feng, X.; Zhou, W.; Tu, M.; Jin, B.; You, J. Environment and Genotype Controls on Mercury Accumulation in Rice (Oryza sativa L.) Cultivated along a Contamination Gradient in Guizhou, China. Sci. Total Environ. 2012, 426, 272–280. [Google Scholar] [CrossRef] [PubMed]

	



Mello, I.S.; Targanski, S.; Pietro-Souza, W.; Frutuoso Stachack, F.F.; Terezo, A.J.; Soares, M.A. Endophytic Bacteria Stimulate Mercury Phytoremediation by Modulating Its Bioaccumulation and Volatilization. Ecotoxicol. Environ. Saf. 2020, 202, 110818. [Google Scholar] [CrossRef] [PubMed]

	



Chang, J.; Shi, Y.; Si, G.; Yang, Q.; Dong, J.; Chen, J. The Bioremediation Potentials and Mercury(II)-Resistant Mechanisms of a Novel Fungus Penicillium spp. DC-F11 Isolated from Contaminated Soil. J. Hazard. Mater. 2020, 396, 122638. [Google Scholar] [CrossRef] [PubMed]

	



Ding, C.; Zhang, T.; Li, X.; Wang, X. Major Controlling Factors and Prediction Models for Mercury Transfer from Soil to Carrot. J. Soils Sediments 2014, 14, 1136–1146. [Google Scholar] [CrossRef]

	



Hu, H.; Li, Z.; Feng, Y.; Liu, Y.; Xue, J.; Davis, M.; Liang, Y. Prediction Model for Mercury Transfer from Soil to Corn Grain and Its Cross-Species Extrapolation. J. Integr. Agric. 2016, 15, 2393–2402. [Google Scholar] [CrossRef]

	



Hang, X.; Gan, F.; Wang, J.; Chen, X.; Chen, Y.; Wang, H.; Zhou, J.; Du, C. Soil Mercury Accumulation and Transference to Different Crop Grains. Hum. Ecol. Risk Assess. Int. J. 2016, 22, 1242–1252. [Google Scholar] [CrossRef]

	



Wang, Y.; Dang, F.; Zhao, J.; Zhong, H. Selenium Inhibits Sulfate-Mediated Methylmercury Production in Rice Paddy Soil. Environ. Pollut. 2016, 213, 232–239. [Google Scholar] [CrossRef] [PubMed]

	



Wang, X.; Ye, Z.; Li, B.; Huang, L.; Meng, M.; Shi, J.; Jiang, G. Growing Rice Aerobically Markedly Decreases Mercury Accumulation by Reducing Both Hg Bioavailability and the Production of MeHg. Environ. Sci. Technol. 2014, 48, 1878–1885. [Google Scholar] [CrossRef]

	



Han, J.; Chen, Z.; Pang, J.; Liang, L.; Fan, X.; Li, Q. Health Risk Assessment of Inorganic Mercury and Methylmercury via Rice Consumption in the Urban City of Guiyang, Southwest China. Int. J. Environ. Res. Public Health 2019, 16, 216. [Google Scholar] [CrossRef] [PubMed]

	



Argumedo-García, M.P.; Consuegra-Solórzano, A.; Vidal-Durango, J.V.; Marrugo-Negrete, J.L. Exposición a Mercurio En Habitantes Del Municipio de San Marcos (Departamento de Sucre) Debida a La Ingesta de Arroz (Oryza sativa) Contaminado. Rev. Salud Pública 2013, 15, 886–898. [Google Scholar]

	



Argumedo, G.M.P.; Vergara, R.C.; Vidal, D.J.V.; Marrugo, N.J.L. Evaluación de La Concentración de Mercurio En Arroz (Oryza Sativa) Crudo y Cocido Procedente Del Municipio de San Marcos- Sucre y Zona Aurífera Del Municipio de Ayapel—Córdoba. Rev. Univ. Ind. Santander Salud 2015, 47, 169–177. [Google Scholar]

	



Cadena Torres, J.; Cuello Pérez, D.M.; Romero Ferrer, J.L.; Pérez Cantero, S.P. Caracterización Del Sistema de Producción de Arroz Criollo En La Mojana, En Colombia. Cien. Agri. 2021, 18, 67–82. [Google Scholar] [CrossRef]

	



Cardona Ayala, C.; Jarma Orozco, A.; Áramendiz Tatis, H.; Peña Agresott, M.; Vergara Córdoba, C. Respuestas Fisiológicas y Bioquímicas Del Fríjol Caupí (Vigna unguiculata L. Walp.) Bajo Déficit Hídrico. Rev. Colomb. Cienc. Hortic. 2015, 8, 250. [Google Scholar] [CrossRef]

	



Coquery, M.; Welbourn, P.M. The Relationship between Metal Concentration and Organic Matter in Sediments and Metal Concentration in the Aquatic Macrophyte Eriocaulon Septangulare. Water Res. 1995, 29, 2094–2102. [Google Scholar] [CrossRef]

	



IGAC. Métodos Analíticos del Laboratorio de Suelos; Departamento Administrativo Nacional de Estadística: Bogotá, Colombia, 2006; Volume XXIII, ISBN 958-9067-98-0. [Google Scholar]

	



USEPA. EPA Method 7473 (SW-846): Mercury in Solids and Solutions by Thermal Decomposition, Amalgamation, and Atomic Absorption Spectrophotometry. In Selected Analytical Methods for Environmental Remediation and Recovery (SAM) 2017; U.S. Environmental Protection Agency (EPA): Washington, DC, USA, 2007. [Google Scholar]

	



NTC. NTC-Norma Técnica Colombiana—5264: Calidad de Suelo, Determinación del pH; Bogotá, D.C., Ed.; Instituto Colombiano de Normas Técnicas y Certificación (ICONTEC): Bogota, Colombia, 2008. [Google Scholar]

	



Kabata-Pendias, A. Trace Elements in Soils and Plants/Alina Kabata-Pendias, 4th ed.; CRC Press: Boca Raton, FL, USA, 2011; ISBN 0-429-19203-7. [Google Scholar]

	



Marrugo-Negrete, J.; Durango-Hernández, J.; Pinedo-Hernández, J.; Enamorado-Montes, G.; Díez, S. Mercury Uptake and Effects on Growth in Jatropha Curcas. J. Environ. Sci. 2016, 48, 120–125. [Google Scholar] [CrossRef] [PubMed]

	



Álvarez-Mateos, P.; Alés-Álvarez, F.-J.; García-Martín, J.F. Phytoremediation of Highly Contaminated Mining Soils by Jatropha curcas L. and Production of Catalytic Carbons from the Generated Biomass. J. Environ. Manag. 2019, 231, 886–895. [Google Scholar] [CrossRef] [PubMed]

	



USEPA. Summary Report on Issues in Ecological Risk Assessment; EPA/625/3-91/018, Risk Assessment Forum; Eastern Research Group, Inc.: Lexington, MA, USA, 1991. [Google Scholar]

	



JECFA. Joint Food and Agriculture Organization/World Health Organization Expert Committee on Food Additives. In Proceedings of the Summary and Conclusions of the Meetings of the Joint FAO/WHO Expert Committee on Food Additives, Geneva, Switzerland, 26 October–5 November 2020. [Google Scholar]

	



Muñiz Torres, O. Uso de Fertilizantes En Puerto Rico. Enfoques Prácticos. Technical Guide; University of Puerto Rico: Río Piedras, PR, USA; College of Agricultural Sciences: State College, PA, USA; Agricultural Extension Service: Knoxville, TN, USA, 1992. [Google Scholar]

	



Pulver, E.L. Manejo Estratégico y Producción Competitiva del Arroz Con Riego en América Latina; International Center for Tropical Agriculture: Cali, Colombia, 2010. [Google Scholar]

	



Singer, D.; Herndon, E.; Zemanek, L.; Cole, K.; Sanda, T.; Senko, J.; Perdrial, N. Biogeochemical Controls on the Potential for Long-Term Contaminant Leaching from Soils Developing on Historic Coal Mine Spoil. Soil Syst. 2020, 5, 3. [Google Scholar] [CrossRef]

	



Adamczyk-Szabela, D.; Markiewicz, J.; Wolf, W.M. Heavy Metal Uptake by Herbs. IV. Influence of Soil PH on the Content of Heavy Metals in Valeriana officinalis L. Water Air Soil Pollut. 2015, 226, 106. [Google Scholar] [CrossRef]

	



Sitarska, M.; Traczewska, T.M.; Stanicka-Łotocka, A.; Filyarovskaya, V.; Zamorska-Wojdyła, D. Accumulation of Mercury in the Biomass of Selected Pleustophytes. Environ. Prot. Eng. 2014, 40, 165–174. [Google Scholar] [CrossRef]

	



Patra, M.; Bhowmik, N.; Bandopadhyay, B.; Sharma, A. Comparison of Mercury, Lead and Arsenic with Respect to Genotoxic Effects on Plant Systems and the Development of Genetic Tolerance. Environ. Exp. Bot. 2004, 52, 199–223. [Google Scholar] [CrossRef]

	



Ali, H.; Khan, E.; Sajad, M.A. Phytoremediation of Heavy Metals—Concepts and Applications. Chemosphere 2013, 91, 869–881. [Google Scholar] [CrossRef] [PubMed]

	



Cabrita, M.T.; Duarte, B.; Cesário, R.; Mendes, R.; Hintelmann, H.; Eckey, K.; Dimock, B.; Caçador, I.; Canário, J. Mercury Mobility and Effects in the Salt-Marsh Plant Halimione Portulacoides: Uptake, Transport, and Toxicity and Tolerance Mechanisms. Sci. Total Environ. 2019, 650, 111–120. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, C.; Shen, G.; Yan, Y.; He, J. Genotypic Variation in Grain Mercury Accumulation of Lowland Rice. J. Plant Nutr. Soil Sci. 2008, 171, 281–285. [Google Scholar] [CrossRef]

	



MinMinas Concentraciones de Mercurio en Aire y en Suelo, en Las Zonas de Influencia Minera de los Diez (10) Principales Departamentos Productores de Oro en COLOMBIA; Convenio Interadministrativo GGC 524–2017; Ministerio de Minas y Energia—Universidad de Córdoba-Colombia: Córdoba, Colombia, 2017.

	



Vidal Durango, J.V.; Marrugo Negrete, J.L.; Jaramillo Colorado, B.; Perez Castro, L.M. Remediación de Suelos Contaminados Con Mercurio Utilizando Guarumo (Cecropia peltata). Ing. Desarro. 2010, 27, 113–129. [Google Scholar]

	



Pérez Vargas, H.M.; Vidal Durango, J.V.; Marrugo, J.L. Evaluación de La Capacidad Acumuladora de Mercurio Del Ají (Capsicum annuum). Rev. Salud Pública 2015, 16, 897–909. [Google Scholar] [CrossRef]

	



Marrugo-Negrete, J.; Durango-Hernández, J.; Pinedo-Hernández, J.; Olivero-Verbel, J.; Díez, S. Phytoremediation of Mercury-Contaminated Soils by Jatropha Curcas. Chemosphere 2015, 127, 58–63. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.; Greger, M. Clonal Differences in Mercury Tolerance, Accumulation, and Distribution in Willow. J. Environ. Qual. 2004, 33, 1779–1785. [Google Scholar] [CrossRef]

	



China National Standard GB 2762-2017 China Food Safety National Standard for Maximum Levels of Contaminants in Foods; National Health and Family Planning Commission of the People’s Republic of China; China Food and Drug Administration: Beijing, China, 2017.

	



Meng, M.; Li, B.; Shao, J.; Wang, T.; He, B.; Shi, J.; Ye, Z.; Jiang, G. Accumulation of Total Mercury and Methylmercury in Rice Plants Collected from Different Mining Areas in China. Environ. Pollut. 2014, 184, 179–186. [Google Scholar] [CrossRef] [PubMed]

	



Fay, L.; Gustin, M. Assessing the Influence of Different Atmospheric and Soil Mercury Concentrations on Foliar Mercury Concentrations in a Controlled Environment. Water Air Soil Pollut. 2007, 181, 373–384. [Google Scholar] [CrossRef]

	



Meng, B.; Feng, X.; Qiu, G.; Cai, Y.; Wang, D.; Li, P.; Shang, L.; Sommar, J. Distribution Patterns of Inorganic Mercury and Methylmercury in Tissues of Rice (Oryza sativa L.) Plants and Possible Bioaccumulation Pathways. J. Agric. Food Chem. 2010, 58, 4951–4958. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, L.; Meng, B.; Feng, X. Mercury Methylation in Rice Paddy and Accumulation in Rice Plant: A Review. Ecotoxicol. Environ. Saf. 2020, 195, 110462. [Google Scholar] [CrossRef] [PubMed]

	



Marrugo-Negrete, J.; Durango-Hernández, J.; Díaz-Fernández, L.; Urango-Cárdenas, I.; Araméndiz-Tatis, H.; Vergara-Flórez, V.; Bravo, A.G.; Díez, S. Transfer and Bioaccumulation of Mercury from Soil in Cowpea in Gold Mining Sites. Chemosphere 2020, 250, 126142. [Google Scholar] [CrossRef]

	



European Union. EU Commission Regulation (EU) 2018/73 Amending Annexes II and III to Regulation (EC) No 396/2005 of the European Parliament and of the Council as Regards Maximum Residue Levels for Mercury Compounds in or on Certain Products 2018. Available online: https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A32018R0073 (accessed on 1 November 2021).

	



Peng, X.; Liu, F.; Wang, W.-X.; Ye, Z. Reducing Total Mercury and Methylmercury Accumulation in Rice Grains through Water Management and Deliberate Selection of Rice Cultivars. Environ. Pollut. 2012, 162, 202–208. [Google Scholar] [CrossRef]

	



Feng, C.; Pedrero, Z.; Li, P.; Du, B.; Feng, X.; Monperrus, M.; Tessier, E.; Berail, S.; Amouroux, D. Investigation of Hg Uptake and Transport between Paddy Soil and Rice Seeds Combining Hg Isotopic Composition and Speciation. Elem. Sci. Anthr. 2016, 4, 000087. [Google Scholar] [CrossRef]

	



Meng, B.; Feng, X.; Qiu, G.; Anderson, C.W.N.; Wang, J.; Zhao, L. Localization and Speciation of Mercury in Brown Rice with Implications for Pan-Asian Public Health. Environ. Sci. Technol. 2014, 48, 7974–7981. [Google Scholar] [CrossRef]

	



Strickman, R.J.; Mitchell, C.P.J. Accumulation and Translocation of Methylmercury and Inorganic Mercury in Oryza sativa: An Enriched Isotope Tracer Study. Sci. Total Environ. 2017, 574, 1415–1423. [Google Scholar] [CrossRef]

	



Meng, B.; Feng, X.; Qiu, G.; Liang, P.; Li, P.; Chen, C.; Shang, L. The Process of Methylmercury Accumulation in Rice (Oryza sativa L.). Environ. Sci. Technol. 2011, 45, 2711–2717. [Google Scholar] [CrossRef]








[image: Toxics 09 00304 g001 550] 





Figure 1. Dry biomass in grams per pot (a) and weight (g) per 1000 grains (b) of the commercial Oryza sativa L. varieties at different Hg levels in La Mojana region soil. 
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Figure 2. Concentrations of Hg (μg kg−1) in the roots, husks, and grains of varieties (a) FA473, (b) FA2000, (c) FAM, and (d) Oryza sativa L.; translocation factors grown in soils with different Hg levels. Different letters indicate statistically significant differences (α = 0.05). The dashed line at 20 μg kg−1 is the threshold established by the Chinese National standard [48]. 
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Table 1. Factorial ANOVA for biomass and weight per 1000 grains of commercial varieties when exposed to soils containing different Hg levels.
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Source of Variation

	
Df

	
SS

	
F

	
p-Value






	
Biomass




	
Variety

	
2

	
11,944.7

	
3.893

	
0.056




	
Concentration

	
2

	
14,434.4

	
4.704

	
0.036




	
Variety * Concentration

	
4

	
38,179.2

	
6.221

	
0.009




	
Error

	
10

	
15,341.7

	

	




	
Total

	
18

	
79,900

	

	




	
Weight per 1000 grains




	
Variety

	
2

	
12.999

	
410.7

	
<0.001




	
Concentration

	
2

	
16.713

	
528.1

	
<0.001




	
Variety * Concentration

	
4

	
3.096

	
48.9

	
<0.001




	
Error

	
10

	
0.285

	

	




	
Total

	
18

	
32.808

	

	








* Df: degrees of freedom; SS: sum of squares; F: F-test; p-Value: probability.
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Table 2. Factorial ANOVA for the Hg concentration in the roots, grains, and husks of the commercial varieties of Oryza sativa L. grown in soils containing different Hg levels (α = 0.05).
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Source of Variation

	
Df

	
SS

	
F

	
p-Value






	
Root




	
Variety

	
2

	
328,298

	
10.099

	
0.003




	
Concentration

	
2

	
4,316,391

	
132.787

	
<0.001




	
Variety * Concentration

	
4

	
848,646

	
13.054

	
<0.001




	
Error

	
11

	
178,784

	

	




	
Total

	
19

	
5,698,977

	

	




	
Grain




	
Variety

	
2

	
301.318

	
12.824

	
0.001




	
Concentration

	
2

	
11.490

	
0.489

	
0.625




	
Variety * Concentration

	
4

	
155.978

	
3.319

	
0.047




	
Error

	
12

	
140.980

	

	




	
Total

	
20

	
701.723

	

	




	
Husk




	
Variety

	
2

	
732.780

	
3.491

	
0.067




	
Concentration

	
2

	
1621.710

	
7.726

	
0.008




	
Variety * Concentration

	
4

	
1602.191

	
3.817

	
0.035




	
Error

	
11

	
1154.435

	

	




	
Total

	
19

	
5294.442

	

	








* Df: Degrees of freedom; SS: Sum of squares; F: F-test; p-Value: probability.
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Table 3. HQ values for the different study treatments.
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Variety

	
Hg Concentration in Soil (mg kg−1)

	
Mean HQ






	
FA2000

	
0.13

	
0.227 a




	
0.8

	
0.218 a




	
1.5

	
0.228 a




	
Total FA2000

	
0.224




	
FA473

	
0.13

	
0.116 b




	
0.8

	
0.232 a




	
1.5

	
0.350 c




	
Total FA473

	
0.232




	
FAM

	
0.13

	
0.099 b




	

	
0.8

	
0.222 a




	

	
1.5

	
0.241 a




	
Total FAM

	
0.183








Note: Different lowercase letters (a, b, c) indicate statistically significant differences (α = 0.05).
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